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Chapter 1
Perspectives on Carbon Nanomaterials 
in Medicine Based upon Physicochemical 
Properties: Nanotubes, Nanodiamonds, 
and Carbon Nanobombs

Amanda M. Schrand

1.1  Introduction

Carbon nanotubes (CNTs) have been used in a variety of engineering [1] and bio-
medical applications [2] over the past decade as drug, protein, and nucleic acid 
delivery tools [3, 4] for the destruction of cancer cells [5, 6], diagnostics [7], and as 
noninvasive and highly sensitive imaging aids (due to their intrinsic near-infrared 
fluorescence and Raman and photoacoustic signals) [8]. The rich surface chemistry 
of nanocarbon materials lends itself to numerous modifications including the at-
tachment of specific drugs such as the antifungal drug amphotericin B and the an-
titumor agent methotrexate [4], deoxyribonucleic acid (DNA) [9, 10], and polyeth-
ylene glycol (PEG) [11]. The term “theranostics” was coined to emphasize both the 
therapeutic and diagnostic capability of CNTs and has been applied in the context of 
oncology (the study of cancer) and nanomedicine [12] with CNT-mediated targeted 
hyperthermia becoming one mechanism of action [13]. Carbon nanostructures also 
span fields as diverse as medicinal biochips [14], new high-performance platforms 
for magnetic resonance (MR) molecular imaging [15], tissue engineering [16], and 
neuroscience [17]. One of the rigorous challenges is to ensure the biocompatibility 
and potential for biodegradability of carbon nanomaterials [18]. So far, the results 
are inconclusive to the short- and long-term beneficial and detrimental effects at 
the single cell and body system levels (Fig. 1.1), although many studies have been 
performed [20–23]. For the purpose of simplicity, this chapter does not attempt to 
include the multitude of carbon nanomaterials available for study such as carbon 
dots, C60 fullerenes, etc., but rather focuses on one of the newest classes of popular 
carbon nanomaterials: nanodiamonds (NDs).

© Springer International Publishing Switzerland 2016
M. Zhang et al. (eds.), Carbon Nanomaterials for Biomedical Applications,  
Springer Series in Biomaterials Science and Engineering 5,  
DOI 10.1007/978-3-319-22861-7_1
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1.2  Differential Toxicity of Carbon Nanomaterials

In contrast to the historical perspective that carbon-based materials present minimal 
reactivity toward cells of the body [24], nano-sized carbons are characterized by 
very small sizes, high surface-to-volume ratios, and reactive surface chemistries, 
which can impact cellular permeability and dynamics [25, 26]. However, not all 
carbon-based nanoparticles (NPs) display similar biocompatibility profiles. One 
common assay utilized to assess cytotoxicity in cell cultures is the 3-(4,5-Dimeth-
ylthiazol-2-yl)-5-(3-Carboxymethoxyphenyl)-2-(4-Sulfophenyl)-2H-Tetrazolium 
(MTS) assay [82]. This assay consists of a cell-permeable, soluble tetrazolium salt 
and electron coupling reagent (phenazine methosulfate) that is added to the cellular 
environment after the appropriate dosing periods. During incubation with MTS, 
the dehydrogenase enzymes present within the mitochondria of healthy cells re-
duce the MTS into a dark purple, water-soluble formazan compound, which can be 
quantified with a microplate reader at 490 nm. Absorbance values measured at zero 
incubation time are subtracted from the final readings to account for background 
absorbance due to the NPs or the solution. The changes are compared to controls 
(cells not exposed to NPs), and percent reduction is calculated.

Many examples of this assay can be found in the literature with regard to carbon 
nanomaterial cell culture studies. For example, Schrand et al. demonstrated differen-
tial biocompatibility between neuronal and lung cell lines after exposure to aqueous 
suspensions of carbon NPs (ND; carbon black, CB; multi-walled nanotube, MWNT; 
single-walled nanotube, SWNT) at concentrations from 25 to 100 µg/mL for 24 h 
with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
[27]. The trend for biocompatibility was ND > CB > MWNT > SWNT. The lung cells 

Fig. 1.1  Summary of nanoparticle interactions within a single cell and systems of the body. 
(Adapted from [19, 70]). NP-Ab nanoparticle-antibody, UV ultraviolet, EM electromagnetic, ROS 
reactive oxygen species
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(macrophages) were more greatly affected by the presence of carbon NPs generating 
up to five times the amount of reactive oxygen species (ROS) compared to the neu-
roblastoma cells after exposure to either MWNTs or SWNTs. However, there was a 
lack of ROS generation from either cell line after incubation with the NDs as well as 
intact mitochondrial membranes further supporting the low toxicity of NDs. These 
studies suggest a complex role for cell-specific responses and purity (i.e., residual 
catalyst content) in the inflammatory response as well as other factors that may be 
related to dispersion/aggregation dynamics. By comparison, the incubation of fluo-
rescently labeled NDs (5–100 µg/mL, 24 h) with three different cell types revealed 
no significant differences in biocompatibility compared to control cells (MTT as-
say). The different cell lines were representative of both rodent and human cell lines 
including murine neuroblastoma (N2A), human skin cells (HaCat), and rat alveolar 
macrophage (CRL-2192). Additionally, morphological examination did not show 
any alterations in cell shape compared to controls. Another example is the work by 
Zhu et al. on the cytotoxicity assessment of human lung macrophages after exposure 
to unpurified or acid-purified multi-walled CNTs [28]. In addition to the MTS as-
say, the cells were assessed for the generation of ROS, morphological changes, and 
uptake. The results demonstrate that multi-walled CNTs can accumulate in human 
lung macrophage cells to different degrees based on their surface chemistry where 
MWNT–COOH reduce cell viability in a dose-dependent manner under the given 
experimental conditions (5–50 µg/mL, 2–24 h). However, images of individual cells 
can demonstrate morphological changes even at the lowest concentrations.

Although there has been no direct link between the primary dimension of car-
bon NPs and their resultant biocompatibility, Jia et al. [29] found that the toxicity 
of carbon NPs followed a mass sequence of biocompatibility with C60 > quartz > 
MWNT > SWNT in alveolar macrophages after exposure for 6 h. By comparison, 
Grabinski et al. [30] found that larger carbon fibers or carbon nanofibers were more 
biocompatible than MWNTs or SWNTs in mouse keratinocytes (HEL-30) [30]. 
Smaller-sized CB (14 nm) compared to larger-sized CB (260 nm) increased the 
production of ROS and macrophage inflammatory protein-2 messenger ribonucleic 
acid (MIP2 mRNA) expression [31, 32]. In contrast, other studies have shown that 
smaller or shorter CNTs were more biocompatible than larger-sized CNTs or carbon 
fibers [33–36].

The examination of carbon NPs with regard to both size and surface chemistry 
was studied by Liu et al. [37]. They examined the biocompatibility of carboxyl-
ated NDs (cNDs) and uncarboxylated NDs and CNTs in human lung A549 epithe-
lial cells and HFL-1 normal fibroblasts [37]. Treatment with ND or cND (5 and 
100 nm) at concentrations ranging from 0.1 to 100 µg/mL for 4 h followed by 
recovery for 24–48 h did not affect the overall cell morphology including the cy-
toskeleton or nuclei, did not reduce cell viability per the MTT assay, and did not 
alter the expression of protein extracts via sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) analysis. The smaller 5-nm cNDs slightly reduced 
viability compared to the larger 100-nm cNDs but with no significance. In con-
trast, uncarboxylated CNTs (10–50 nm and 100–200 nm) significantly decreased 
cell viability at concentrations as low as 0.1 μg/mL in A549 cells or 1 μg/mL in 
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HFL-1 cells, compared to concentrations greater than 10 μg/mL for carboxylated 
CNTs (cCNTs). There was also a more pronounced cytotoxic effect for the longer 
100–200-nm cCNTs compared to the shorter 10–50-nm cCNTs [37].

Therefore, to date, research shows that when compared side by side to other car-
bon nanomaterials (CNTs, fullerenes), NDs are consistently better tolerated by cells 
[27, 38, 39]. One major factor in the variability between studies is the purity of the 
samples. Impurities (or contaminants) such as residual metal catalysts (i.e., Fe, Ni, 
Co) in CNTs [40–57] and other materials containing Fe and transition metals [58–
60] are now routinely screened prior to and during toxicity studies. Although NDs 
are not synthesized via metal catalysts, metal contaminants are introduced from the 
containers used for the detonation of ND, which must be removed by post-synthe-
sis purification procedures [61]. For example, some initial ND powders contained 
~ 5.7 % Fe, which was reduced to ~ 1.2 % Fe [62]. Additional methods for cell cul-
ture analysis of carbon and metal-based NPs for health- and safety-related assess-
ment include a variety of biochemical and microscopic techniques [63–68], for ex-
ample, modification of existing procedures such as DNA damage with microfluidic 
electrophoretic separation technology [69]. For an overview of methods for studying 
biocompatibility at the cellular and system level as well as a historical perspective 
on diamond particle biocompatibility, please see previous work [66, 70–73].

1.3  Considerations for Nanodiamond in Medicinal 
Applications

There has been an explosion of potential applications for NDs due to their large-
scale production [74] and commercial availability (Diamond Center, PlasmaChem) 
in designer forms. However, it is the purity, fluorescence, variety of surface modi-
fications, and high biocompatibility that have contributed to their popularity among 
other carbon NPs. Indeed, NDs can maintain most, if not all, of their inherently de-
sirable properties upon surface functionalization (such as fluorescence, biocompat-
ibility, etc.) in contrast to many other forms of carbon or more traditional NPs such 
as semiconductor quantum dots (see recent reviews by Mochalin et al., Schrand et 
al., Ho, Xing, and Dai [66, 71, 75–77]). Furthermore, they can be imaged with mul-
tiple modalities including Raman spectroscopy, fluorescent confocal microscopy, 
electron microscopy, etc. [38, 78–81].

1.4  Nanodiamond Property–Biocompatibility 
Relationship: In Vitro Studies

Although the majority of the literature, including our previous work [27, 39, 66, 67, 
70–72, 80–83], has demonstrated high biocompatibility for different types of NDs, 
there are some studies that have shown negative effects in blood cells and deeper 
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at the genomic level [83, 84]. Therefore, smaller, nano-sized diamonds are being 
scrutinized for biological interactions due to their superior physicochemical prop-
erties for incorporation into cutting-edge biomedical innovations (i.e., nano-sized 
therapeutic carriers, probes, labels; Schrand et al. 2009; [72]).

By definition, well-purified NDs are almost perfect crystalline structures with 
negligible fractions of non-diamond carbon. They consist of polyhedra with a dia-
mond core built up of sp3 carbon, which may be partially coated by a graphitic shell 
or amorphous carbon with dangling bonds terminated by various functional groups. 
An additional characteristic feature of NDs is nitrogen impurities (up to 2–3 wt%), 
which can form complexes in the core of ND particles, and the presence of twins 
and grain boundaries in the crystallites [75]. A summary of ND properties for con-
sideration in biocompatibility or toxicity studies is presented in Table 1.1.

Physicochemical properties of NDs for biomedical applications
Property Characteristics Application
Structural Small size of primary monocrys-

talline particles (~ 4–5 nm)
Unique interactions with bio-compounds 
on same size scale

Availability of variable sizes and 
narrow size fractions

Diverse applications based on size (UV 
protection, photonic structures)

Different forms (i.e., particulate, 
coating/film, substrate)

Tailorability for different 
bio-environments

Large specific surface area 
(300–400 m2/g)

High affinity/adsorption capacity for 
binding proteins, enzymes; enterosor-
bents, purification

Low porosity/permeability of 
films

Component of small pore membranes for 
ultrafiltration or lion-porous membrane 
for extended time storage

High specific gravity (3.5 g/cm2) Dense structure for solid phase support
Chemical Chemically resistant to degrada-

tion/corrosion, pH stability
Implants, coatings, films, substrates for 
cell growth

High chemical purity Biocompatible interface
Possible sp2 carbon shells Adsorption of hydrophobic biomolecules, 

EM radiation absorption for thermal 
therapy

Numerous oxygen-containing 
groups on surface

Hydrophilic, water-dispersible suspen-
sions for further coupling to bio-entities/
into other matrices

Ease of surface functionalization 
(chemical, photochemical, mech-
anochemical, enzymatic, plasma- 
and laser-assisted methods)

Attachment of drugs and biomolecules; 
polymer, metal composite materials

Radiation/ozone resistance X-ray, protective coatings and surfaces, 
detection devices

Large number of unpaired elec-
trons on the surface

Free radical scavenger/multiple radical 
donor, electrochemistry

Table 1.1  Properties of nanodiamonds (NDs) for biological consideration. (Adapted with permis-
sion from Schrand et al. 2009)
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1.4.1  Nanodiamond Size Studies

Investigations into size-dependent biological behavior of NDs have not proven any 
measurable differences. For example, an early study on ND biocompatibility by Yu 
et al. [85] investigated relatively large synthetic abrasive diamond powders (type 
1b, 100 nm, Micron + (Micro Diamond Abrasive) MDA, synthesized by Element 
Six, acid purified) that were proton beam irradiated to introduce very stable, bright, 
and internal fluorescent nitrogen vacancy defects [85]. They found very high vi-
ability, indicative of in vitro biocompatibility, with human kidney cells (293T) after 
3 h of incubation at concentrations up to 400 µg/mL assessed with the MTT assay. 
Smaller, nonfluorescent, detonation NDs (2–10 nm, supplied from the NanoCar-
bon Research Institute Inc.) at lower maximum concentrations (≤ 100 µg/mL) over 

Physicochemical properties of NDs for biomedical applications
Property Characteristics Application
Biological High biocompatibility, low 

toxicity
Cell, tissue, organ, and organism studies

Readily bind bioactive sub-
stances (i.e., proteins, DNA, etc.) 
with retained functionality

Targeted therapeutics/molecules, labels, 
hormones, inhibitors, antigens, drugs

Solid phase carrier Multiple cell delivery methods including 
ballistic, transfection

Optical Photoluminescence: non-pho-
tobleaching, nonblinking, origi-
nates from N-vacancy defects

Fluorescent probe and imaging tool for 
biolabeling

High refractive index, optical 
transparency

Scattering optical label for live cells, pos-
sible UV sunscreen

Unique Raman spectral signal Nondestructive detection with living cells
Mechanical High strength and hardness Composite additive, possible cell lysis, 

ballistic delivery to tissues and cells, 
autoclaving

Fine abrasive Homogenization of composites/cosmet-
ics, skin polishing

Electrochemical Electrochemical plating with 
metals

Improves durability, life of medical 
instruments/implants

Redox behavior of DND Chem/biosensors: potential production 
of ROS

Thermal Can withstand very high/low 
temperatures

Sterilization (i.e., autoclave), composite 
manufacturing, liquid nitrogen storage

Technical Inexpensive, mass production 
(i.e., detonation synthesis)

Commercial availability

Exist naturally in meteorites and 
laboratory synthesized by diverse 
techniques

Availability of various quality/purity 
samples

NDs nanodiamonds, UV ultraviolet, ROS reactive oxygen species, DND detonation nanodiamond, 
EM electromagnetic, DNA deoxyribonucleic acid, N nitrogen

Table 1.1 (continued)
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longer periods of time (typically 24 h) were studied by Schrand et al. from 2007 to 
2009 [27, 39, 83] (Schrand et al. 2009) and [86] in other cell lines. Liu et al. found 
that there were slight, but not significant, reductions in cell viability after incubation 
with smaller 5-nm cNDs compared to larger 100-nm cNDs [36].

1.4.2  Influence of Nanodiamond Surface Chemistry and 
Contaminants

The effects of processing techniques including, but not limited to oxidation pro-
cedures, aggregate disintegration, high-temperature heat treatment, etc. on NDs 
should be evaluated with regard to alterations in the surface chemistry, which may 
impact on cellular functions [34, 87–89]. For example, the impact of surface chem-
istry on 2–10-nm detonation-produced NDs, purified with strong acids or bases, on 
cell viability was examined by Schrand et al. [38]. At concentrations up to 100 µg/
mL, all of the NDs, containing surface groups such as –COOH, –COONa and –
SO3Na, were nontoxic to a variety of cell types including neuroblastomas, macro-
phages, PC-12 cells, and keratinocytes after 24 h with the MTT assay. The most no-
ticeable difference between two cell types (neuroblastoma and macrophage) was in 
the amount of carbon NPs internalized by the cells, which was likely related to the 
greater decreased viability and increased ROS for the macrophages. The inherent 
function of the macrophages to initiate an inflammatory response or programmed 
cell death may also occur to a greater extent in this immune cell. However, despite 
these proposed cell-specific differences, there was a lack of ROS generation and 
a retention of mitochondrial membrane integrity in cell lines incubated with NDs.

Studies on the biocompatibility of acid-purified NDs in RAW 264.7 murine 
macrophages by Huang et al. monitored the response of genes involved in inflam-
mation including the production of three different cytokines: interleukin-6 (IL-6), 
tumor necrosis factor α (TNFα), nitric oxide synthase (iNOS), and the Bcl-x gene 
involved in apoptotic behavior/toxicity [86]. After 24–72 h of incubation with 100-
µg/mL NDs, no significant change in the expression of the cytokines was detected 
with the real-time polymerase chain reaction (RT-PCR) compared to controls. Ad-
ditional experiments examining morphological changes and DNA fragmentation in 
macrophages as well as viability with the MTT assay in HT-29 human colorectal 
adenocarcinoma cells revealed the high innate biocompatibility of the NDs.

In addition to surface chemistry alterations, other contaminants to the underly-
ing elemental composition can include residual ceramic or other abraded material 
fragments from mechanical (bead milling) or ultrasonic processing for aggregate 
disruption (i.e., ZrO2 in ND from stir-media milling for dispersion), fragments of 
graphitic/amorphous structure at grain boundaries, and approximately 2 wt% fuller-
ene-like conjugated sp2 carbon [90–92]. More recently, there has been progress in 
dry milling with water-soluble salts and sugars, which show promise as biocompat-
ible and environmentally friendly alternatives for aggregate disruption [93]. Other 
considerations for effects on biocompatibility include various levels of nitrogen 
doping [94] or residual solvents from dispersion processes, which may be inher-
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ently toxic such as tetrahydrofurane or dimethyl sulfoxide [95, 96]. Functionaliza-
tion of NDs with biomolecules for biological applications did not seem to induce 
cytotoxicity in Chinese hamster ovary (CHO) cells, and these functionalized NDs 
retained their ability to localize intracellularly [97].

Of concern, however, are some other studies, which have suggested that NDs may 
possess some deleterious effects toward biological organisms. For example, Silba-
joris et al. [98] found that ND particles can induce up to 14-fold increases in IL-8 
expression in human airway epithelial cells. IL-8 is a chemokine involved in the 
inflammatory response; this upregulation implies that the ND particles retain the 
ability to trigger an inflammatory response when inhaled. Moreover, embryonic stem 
cells have been shown to yield moderately increased expression of DNA proteins, 
such as p53 and MOGG-1, when they are incubated with NDs [84]. This response 
was more pronounced when the cells were exposed to oxidized NDs rather than pure 
NDs, implying a role of surface chemistry. Still, these levels are much lower than 
those observed when cells were incubated with MWNTs, suggesting that NDs may 
still be the most biocompatible and promising relative to other forms of NPs.

Studies with stable and fluorescent rhodamine-labeled NDs incubated with both 
animal and human cell lines did not induce morphological changes and maintained 
high viabilities at concentrations up to 100 µg/mL [38, 80, 81]. Studies with fluores-
cently labeled NDs by Vaijayanthimala et al. [99] also did not implicate any toxicity 
at exposures for 5 h at concentrations as high as 100–200 μg/mL across multiple 
cytotoxicity endpoints. The mechanisms of uptake and intracellular localization are 
examined in greater detail in the following section.

1.4.3  Nanodiamond Intracellular Localization and Kinetics: An 
Important Consideration for Long-Term Biocompatibility

The kinetics of both nonfluorescent and fluorescent ND (FND) entry and localiza-
tion inside cells has been examined with microscopic, radiolabeling, and spectro-
scopic techniques. Internalized ND aggregates are localized within the cytoplasm 
but not within the nucleus [38, 80, 81, 85, 100, 101]. Recently, the authors of this 
review and other groups [99, 102] have addressed this issue by using FNDs to track 
their localization into cells based on time and concentration [80, 81]. Schrand et al. 
[80] initially elaborated upon the preparation of cells for assessing ultrastructural 
localization of NPs with transmission electron microscopy (TEM) to show the time-
dependent uptake of NDs in neuro-2A (N2A) cells. Follow-on studies with FNDs 
and both electron and fluorescent microscopy were performed to investigate the 
time-dependent uptake of ND into cells as well as determine their localization [81]. 
The TEM studies enabled both verification of uptake and higher-resolution subcel-
lular localization of NDs. Images in Fig. 1.2a, b show the FNDs outside cells (white 
arrows), internalized into membrane-bound structures resembling early endosomes 
inside cells (black arrows) as well as free in the cytoplasm after lysosomal process-
ing (Fig. 1.2b).
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Because an endocytic mechanism appeared to be at work, the co-localization 
of ND in distinct subcellular locations was probed with organelle-specific stains 
for early endosomes and lysosomes in a chronological study [81]. Confirmation 
of the increased uptake of NDs over time was demonstrated with confocal micros-
copy after static incubation with 10 µg/mL of NDs over 1–24 h (Fig. 1.3). Early 
endosomes are observed during the early stages of clathrin-dependent endocytosis 
as membrane vesicles pinch off containing extracellular transports including NPs. 
Lysosomes are single-membrane compartments found in most eukaryotic cells 
that are responsible for the breakdown of materials. In the case of endocytosis, ly-
sosomes develop gradually from late endosomes, which are vesicles that initially 
carry materials into the cell. The coalescence of the endosome with the low pH 
environment of the lysosome causes the degradation and release of the contents. 
Therefore, we expect to observe early localization of ND to endosomes, followed 
by localization to lysosomes, and finally to the cytosol. In cells fixed and stained 
for detecting early endosomes, control N2A cells show diffuse green staining with 
some punctate spots that represent invaginating early endosomes (Fig. 1.3a). After 
1 h, green punctate dots can still be observed; however, there is some overlap of 
red signal from ND with the green dots, suggesting that there is early and rapid 
localization to early endosomes (Fig. 1.3b). After 3 h, there was some overlap-
ping of the red signal from ND and the green signal representative of lysosomes 
resulting in yellow spots, suggesting that ND co-localized with the lysosomes 
(Fig. 1.3c). After 6 h, the density of this overlap greatly increases, suggesting 
that movement to the lysosomes follows early endosomes localization (Fig. 1.3d). 
After 24 h, most of the ND appeared to be released from the lysosomes and was 
found in the cytoplasm as red aggregates while the lysosomes remained stained 
in green (Fig. 1.3e).

Other studies have confirmed that FNDs rely upon energy-dependent clathrin-
mediated endocytosis to enter the cell [99]. Similarly, Liu et al. provided evidence 

Fig. 1.2  Internalization and localization of nanodiamonds (NDs) in neuroblastoma (neuro-2A, 
N2A) cells. a, b Transmission electron microscopy (TEM) images of thin sections of N2A show-
ing NDs interfacing with the plasma membrane as well as internalized into the cytoplasm and 
vacuoles. (Adapted with permission from [80])

 



A. M. Schrand12

to suggest that cNDs enter cells via both clathrin-mediated endocytosis and mac-
ropinocytosis [103]. Moreover, the surface charge of FNDs has been shown to 
affect uptake: The uptake of poly-L-lysine-coated FNDs was better than that of 
oxidative-acid-purified FNDs at the same concentration. In addition, NDs may en-
ter cells through the process of phagocytosis. Karpukhin et al. demonstrated that 
detonation nanodiamonds (DNDs) may be phagocytosed by neutrophils, leading to 
ROS production [104]. A more recent study has implicated that FNDs may exit the 
cellular cytosol through the process of exocytosis. For example, Fang et al. demon-
strated through flow cytometry that up to 30 % of FNDs exocytosed from 3T3-L1 
preadipocytes after 6 days [102]. However, exocytosis was much lower for HeLa 
and 489-2.1 cells, implicating the crucial effect of cell type. The occurrence of exo-
cytosis suggests that the presence of FNDs within the cell is a dynamic equilibrium 
process. Ongoing studies by the author and ITC colleagues suggest that carbon 
dot-decorated NDs also localize inside skin cells [105]. Although carbon dots are 
not a new class of carbon nanomaterials [106], when a specific acid treatment of 
detonation soot is performed, forming tiny rounded sp2 carbon species (carbon dots) 
result and can be covalently attached to the surface of detonation diamond NPs. 
The photoluminescence of the carbon dot-decorated NDs can be tailored by chang-
ing the oxidation process parameters. Carbon dots-decorated NDs possessing stable 
luminescence are demonstrated to be excellent probes for bio-imaging applications 
and inexpensive additives for nanocomposites.

Fig. 1.3  Confocal microscopy of neuro2A (N2A) cells for co-localization of ND-T Nanodiamond 
Carboxytetramethylrhodamine (TAMRA) (10 mg/mL) and early endosomes or lysosomes after 
various time points. Labels: ND-T (red), Hoechst nuclear dye (blue), and LysoTracker/early endo-
some antigen 1 (EEA1) (green). Combined red and green signals, indicative of co-localization of 
ND-T in lysosomes or early endosomes, appear in yellow or orange. a Control with EEA1. b 1 h, 
stained for EEA1. c 3 h, stained for LysoTracker. d 6 h, stained for LysoTracker. e 24 h, stained for 
LysoTracker. Notice that not all ND-Ts are localized to lysosomes, but some NDs are free in the 
cytoplasm, and not all lysosomes contain ND-T. Images were taken at 60× magnification. EEA1 
at 3, 6, 24 h and LysoTracker at 0, 1 h were omitted for clarity and ease of presentation. (Adapted 
with permission from [81]). EE early endosome, L lysosome, E endosome
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1.5  In Vivo Considerations for Nanodiamond 
Biocompatibility

The use of animals including mice, rats, and rabbits for in vivo nanotoxicity stud-
ies allows a more in-depth understanding of NP kinetics. However, even within the 
same animal model, there has been a great divergence in toxicity results for pulmo-
nary studies of CNTs in animals [107–113] or C60 in aquatic species and animals 
[114–120]. It is suspected that differences in the starting materials (i.e., metal impu-
rities, residual solvent) or administration routes/procedures may be responsible for 
the varied biocompatibility results. In contrast, micro- or nano-sized diamonds show 
consistently positive results for in vivo applications. For example, micron-sized dia-
mond particles did not contribute to inflammation when introduced to implant tra-
versing canals in rabbits [121], canine knee joints [122], or the complement system 
[123], and NDs do not affect the weight or reproductive ability of mice or induce 
inflammation in rats [124–130]. The latter studies will be briefly summarized below.

Unfortunately, the early in vivo studies with detonation NDs were complicated 
by the low colloidal stability and high polydispersity, which made it difficult to 
establish dose–response relationships. In one study, ND suspensions in starch gel 
were orally introduced to animals with a catheter in order to increase the sedimenta-
tion stability [131]. Other treatments to remove contaminants and further function-
alize the surface of NDs with hydrophilic surface moieties (i.e., oxy, carboxyl, and 
carbonyl groups) were used to produce medical-quality ND hydrosols. The abil-
ity to prepare stable and sterile ND hydrosols that could be cryogenically stored 
and administered by various methods led to a series of long-term experiments in 
animals, including mice, rats, and dogs. The species-specific responses to 0.002–
1.0 wt% ND administered by different means (i.e., oral, intravenous, intramuscular) 
were studied and are summarized below [125, 126, 128–131].

In mice, completely replacing water in the diet of animals aged between 3 and 
6 months with 0.002–0.05 wt% ND hydrosols neither caused death nor affected 
the growth or internal organ (liver, lungs, heart, kidneys, and pancreas) weight dy-
namics compared to control animals. Further, the substitution of water with ND 
hydrosols did not influence mouse reproductive ability, for at least the first three 
generations as animals consuming ND hydrosols from birth produced healthy off-
spring. Within the duration of the experiments, the total amount of ND delivered 
to the animals was between 16 and 450 mg per mouse depending on the concen-
tration of ND in hydrosols. The effects of NDs on blood cells and blood plasma 
chemistry were examined after prolonged substitution of water with ND hydrosols 
with minimal changes. Similar studies in rats showed that intramuscularly injected 
NDs localized at the injection sites as gelatinous clots that contained considerable 
amounts of protein components on their surface. However, no pronounced visual 
or histological manifestations of inflammation were detected. The low toxicity was 
confirmed with an estimated median lethal dose (LD50) of > 7000 mg/kg compared 
to an LD50 of 3000 mg/kg for sodium chloride orally administered to rats. In another 
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series of experiments, dogs intravenously injected with 0.3–20 mL of sterile ND hy-
drosols in glucose (0.001–5 wt%) did not die after the dosage [125, 126, 128–131].

Studies have also exposed NDs to mice via intratracheal instillation [132]. This 
study reported that the NDs localized largely to the lung, although there is also dis-
tribution in the spleen, liver, bone, and heart. The authors implied that there could 
be dose-dependent toxicity in these organs based on histological and biochemical 
evaluation. Similarly, Yuan et al. found that NDs mostly accumulated in the liver 
after intravenous injection with the spleen and lung being other target organs [133]. 
Approximately 60 % of the initial NDs remained in the liver, and approximately 8 % 
remained in the lung both 30 min and 28 days after initial exposure, with potentially 
cytotoxic effects. Finally, Rojas et al. reported similar results with amino-function-
alized DNDs, with the majority of particles localized to the lung, spleen, and liver 
[134]. These particles were excreted through the urinary tract. The addition of sur-
factant agents did not change the biodistribution, although it did diminish excretion 
through the urinary tract.

These studies suggest that the significant amount of NDs that make it inside the 
cell may pose a significant cytotoxic risk at the in vivo level. In support of this con-
cern, Marcon et al. reported that cNDs could induce embryotoxicity and teratoge-
nicity, interfering with neurulation and gastrulation with high mortality in Xenopus 
laevis embryos [135].

Recent studies of fluorescently labeled NDs either fed to or microinjected into 
Caenorhabditis elegans worms [136] demonstrate that bioconjugation can tailor the 
localization to either the intestinal lumen (bare NDs) or intestinal walls (dextran or 
bovine serum albumin-coated NDs, BSA-coated NDs). By comparison, microin-
jected NDs are dispersed in the distal gonad and oocytes at approximately 30 min 
after injection and effectively delivered to the embryos. The injected NDs are pres-
ent in the cytoplasm of many cells in the early embryos (Fig. 1.6b) but are predomi-
nantly localized to the intestinal cells of the late embryo. A comparison of the worm 
life spans, brood sizes, and ROS production demonstrate that both the life span and 
the potential for progeny production are unaffected by the treatments with either 
dextran- or BSA-coated NDs. Therefore, the longevity of C. elegans measured over 
25 days, the reproductive potential measured over 4 days, and the stress response 
after 4 h did not produce any deleterious effects compared to controls.

Yuan et al. [133] investigated the pulmonary effects and localization of NDs in 
mice intratracheally administered 1 mg/kg NDs and examined at 1–28 days post-
exposure. There were no long-term signs of biochemical, ultrastructural, or histo-
pathological alterations, but there was a temporary lung index increase at the early 
time point of 1 day postexposure. Further, the ND burden within alveolar macro-
phages decreased over time. Representative histopathological and TEM imaging of 
lung tissue from mice intratracheally instilled with 1 mg/kg NDs-50 at 1 day post-
exposure. The normal lung architecture indicates that exposures to NDs does not 
produce detectable pulmonary toxicity. However, the high-resolution TEM images 
of lung tissue show NDs localized to phagosomes within macrophages.

Cumulatively, these past in vivo studies suggest that NDs possess enormous po-
tential based on their biodistribution throughout animal models. Moreover, their 
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cytotoxicity does not appear to be a major concern, although there seems to be 
some disagreement depending upon the animal model utilized and the particular 
end points that are assessed. However, most importantly, NDs appear to possess 
valuable biological effects and properties characteristic of an enterosorbent (detoxi-
fying agent), which may be exploited in potential biomedical and bioengineering 
applications.

1.6  Carbon Nanobombs

The development of nanostructures that can be remotely activated to produce a de-
sired effect is an attractive strategy for a diverse range of applications ranging from 
electronics, cancer therapeutics, and drug delivery platforms to sophisticated bio-
sensors. Near-infrared (NIR) light, which spans wavelengths from ∼700–1100 nm 
holds particular promise in bionanotechnology-enabled applications because both 
NIR light and NPs have the potential for remote activation leading to exquisite lo-
calization and targeting scenarios. Additionally, control of both spatial and temporal 
energy input in the form of highly localized heating results in precise destruction 
with low collateral damage to the surrounding environment, cells, and tissues. The 
heat delivered to the target depends upon many factors including laser power, NP 
concentration, efficiency of NPs to convert energy to heat, heat dissipation rates, 
solvent type, volume, etc.

A recent fundamental study by Schrand et al. examined aqueous solutions of 
carbon and metal-based NPs (CB, single-walled CNTs, silver NPs, and copper NPs) 
upon exposure to continuous NIR (λ = 1064 nm) laser irradiation at powers of 2.2 W 
and 4.5 W [137]. The differential heating of bulk aqueous suspension of NPs with 
varying physicochemical properties revealed maximum temperatures of 67°C with 
visible evidence of condensation and bubble formation (Fig. 1.4a–f). It is unknown 
whether the bubbles formed due to micro/nanoexplosions of the NPs or simply lo-
calized heating around NP aggregates. In either case, the generation of heat/pressure 
in aqueous environments poses utility in medical as well as marine applications. 
The doubling of the power from 2.2 to 4.5 W led to doubling of the bulk solution 
temperature (Fig. 1.4g, h). The basis of the NP heating was hypothesized to be due 
to the strong intrinsic optical absorbance in the NIR spectral window and the trans-
duction of this NIR photon energy into thermal energy. The highest absorbance and 
heating was found for the CB spherical NPs followed by carboxylic acid-purified 
single-walled CNTs, raw single-walled CNTs, then gold nanoparticles (GNPs). The 
use of ultraviolet-visible (UV-vis) measurements prior to NP heating was also used 
to accurately predict these trends prior to NIR irradiation.

Follow-on studies with hybrid NPs systems by Schrand et al. in 2012 elucidated 
NIR laser interactions with bio-conjugates. Specifically, SWNTs bio-conjugated to 
GNPs of three different sizes (10, 30, 60 nm), then exposed to 1064 nm NIR laser 
irradiation displayed size-dependent heating kinetics (Fig. 1.5) [138]. For example, 
the SWNT-GNP hybrids containing the smallest GNPs experience greater heating 
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and subsequent GNP release upon NIR laser irradiation compared to SWNT surfaces 
modified with larger 60 nm GNPs. The authors hypothesize that the greater attach-
ment efficiency of the smaller GNPs to the biomolecules allowed for increased heat 
transduction. Therefore, it is possible to physically modify, through heating or po-
tentially pressure/explosive-driven phenomena, the surface of hybrid nanostructures 
remotely via NIR laser irradiation leading to selective and small area bio-target abla-
tion. It can be envisioned from this work and others that reactive components could 
be stabilized upon or inside various nanostructures. Indeed, energetic fills of copper 
azide have been confined inside CNTs [139]. Therefore, nanostructures will likely 
become much more sophisticated over time to contain multiple components for ef-
fective detonation at the nanoscale. Additionally, schemes that rely upon dissociation 
of one component for the next stage of reaction could be initiated in this manner.

However, a photoacoustic mechanism resulting in localized heating and subse-
quent pressure buildup has been proposed for the selective bio-effects of bundles 
of single-walled CNTs in cell cultures as cancer-destroying “nanobombs” (Fig. 1.6 
and 1.7) [140, 141]. Single-walled CNTs were reported by Panchapakesan et al. 
[140] to kill human BT474 breast cancer cells by adsorbing water molecules in 
SWNT sheets or water loosely adsorbed on top of the cells upon exposure to laser 
light of 800 nm at light intensities of approximately 50–200 mW/cm2. Temperature 
monitoring revealed that the water molecules inside the cells rose to more than 

Fig. 1.5  Overview of the biomolecular functionalization and capture process to form hybrid sin-
gle-walled nanotube—gold nanoparticle ( SWNT-GNP) nanostructures, which are further modified 
upon near-infrared (NIR) laser exposure and a–i representative transmission electron micrographs 
demonstrating labeling of biofunctionalized SWNTs with GNPs before and after exposure to NIR. 
(1) Binding of biomolecules onto SWNT surface. (2) Hybridization of complementary target bind-
ing sequences. (3) Addition of GNPs. (4) Detachment of GNPs via NIR laser exposure. Transmis-
sion electron microscopy (TEM) images of a 10-nm GNPs, b 30-nm GNPs, c 60-nm GNPs, d 
SWNT-GNP10 nm, e SWNT-GNP30 nm, f SWNT-GNP60 nm, g SWNT-GNP10 nm post NIR, h 
SWNT-GNP30 nm post NIR, and i SWNT-GNP60 nm post NIR. (Adapted from [138])
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100 °C. Conversion of optical energy into thermal energy and the subsequent con-
finement of thermal energy in SWNT caused the water molecules to evaporate and 
develop extreme pressures in SWNT causing them to explode in solutions. In an-
other study by Kang et al. [141], cancer cells were selectively targeted for destruc-
tion by first functionalizing SWNTs with folate acid, which selectively binds to 
overexpressed folate cell surface receptors. The SWNT explosion inside the cells is 
initiated when the cells with internalized SWNTs are irradiated with a 1064-nm Q-
switched millisecond pulsed laser. The results are 85 % of cancer cells with SWNT 
uptake die within 20 s compared to 90 % retention of normal cell viability. The 
bulk temperature of the cell cultures does not increase in excess of 3°C. Therefore, 
SWNT-based nanobomb agents can potentially outperform most nanotechnological 
approaches in killing cancer cells without toxicity.

It is worth mentioning here that the targeting and tracking of carbon nanoma-
terials in biological systems has been accomplished with a variety of microscopic 
and spectroscopic techniques including Raman spectroscopy and various forms of 
electron microscopy (Fig. 1.6) [80, 142]. Methods to enhance detection and contrast 
include the attachment of cisplatin on bio-conjugates and were visualized with Z-
contrast STEM. For example, PEG-SWNT–cisplatin was attached to the targeting 
ligand epidermal growth factor (EGF) to successfully inhibit the growth of head 
and neck tumor xenografts in mice [142]. Representative STEM and Raman spectra 

Fig. 1.6  Z-contrast scanning transmission electron microscopy (STEM) images and Raman spec-
tra of polyethylene glycol (PEG)ylated single-walled carbon nanotubes (SWCNTs). a STEM image 
of a PEG-SWCNT bundle conjugated with anticancer drug cisplatin. Bright dots correspond to 
clusters of Pt atoms (i.e., cisplatin molecules). b STEM image of a PEG-SWCNT bundle alone 
shows no bright dots. c–e Raman spectra showing signature peaks (relative intensities) of c pris-
tine SWCNTs, d purified or acid-treated SWCNTs, and e SWCNTs wrapped with PEG. RBM radial 
breathing mode. (Adapted with permission from [142])
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for pristine and functionalized single-walled CNTs are shown in Fig. 1.6 and 1.7. 
Notice the prominent G-band between 1500–1600 cm− 1 indicative of the presence 
of SWNTs in the tissue samples 24 h post intravenous injection (Fig. 1.7b).

Similar analogies to the above-described biological studies have also been per-
formed to study the ignition characteristics of SWNTs remotely activated by a cam-
era flash for distributed ignition in liquid rocket fuel sprays and homogeneous-
charged compression ignition (HCCI) engines [143, 144]. Specifically, the SWNT-
mediated flash-ignition was investigated with respect to the effects of O2 concentra-
tion and the presence of solid oxidizers such as ammonium perchlorate (AP) on the 
minimum ignition energy as well as the duration and temperature of the reaction 
[143]. Ignition parameters such as ignition delay, burn temperature, and burn dura-
tion could be tailored by mixing CNTs with other NPs and powdered material to 
meet certain ignition requirements with the potential for scalability. Additionally, 
the photo-ignition approach can lead to light weight, low power, and robust systems 
with volumetric distributed ignition capability.

Fig. 1.7  a Raman spectra of tissues from vital organs removed from the mice after being treated 
with polyethylene glycol (PEG)-single-walled carbon nanotubes (SWNTs). Mice treated with 
PEG-SWNTs 24 h post intravenous injection, tissue removed 24 h post intravenous injection for 
Raman analysis with control lung tissue. The Raman G band for SWNTs in the 1500–1600 cm−1 
region is clearly observed in mice treated with PEG-SWNTs, while spectral analysis of tissues of 
mice not treated with SWNT (bottom trace) showed no indication of the characteristic G band. b 
Raman spectra of tissues of vital mouse organs after being treated with non-PEG-SWNTs, 24 h 
post intravenous injection. All spectra are the average of three spots from a given tissue slide. 
(Adapted with permission from [142])
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1.7  Future Goals for the Nanocarbons in Medicine

The factors that determine long-term toxicity or biocompatibility will probably 
never be directly extrapolated from cell culture studies to human health. Howev-
er, through cell culture and animal studies a greater understanding of the detailed 
mechanisms at work for the interactions, uptake, localization, release, and biochem-
ical effects is underway. With regard to certain classes of carbon NPs, the current 
body of research overwhelmingly suggests that NDs are biocompatible with many 
mammalian cell lines [27, 39, 66, 67, 70–72, 80–82, 85, 86, 105]. Regardless of the 
size of the NDs, both in vivo and in vitro studies of NDs of varying purities with 
conjugations to fluorophores or other biomolecules retained levels of cell high vi-
ability and minimal protein and genomic alterations. However, the role of ND size 
should be examined in a systematic manner because 5-nm NDs, which have > 15 % 
of the carbon atoms on their surface, have shown different properties than 100-nm 
NDs [145]. An understanding of size effects is further complicated by the dynamic 
nature of NPs in fluids, including protein corona formation and tight or loose ag-
gregate formation as well as cellular surface interactions. At this time, most NPs, 
including NDs, cannot be controlled as individual particles in biological environ-
ments to target entry into the cell nucleus or across tightly controlled barriers (i.e., 
blood-brain barrier) without direct microinjection or other invasive methods. It will 
still be interesting, however, to quantify the uptake amount of NDs into individual 
cells or systems to partially elucidate size-dependent effects on biocompatibility. 
With regard to advancing testing methods, the strength of in vitro biocompatibility 
studies could be improved by providing consistent positive and negative controls 
and benchmark NPs to assess the validity of the toxicity assays. This includes in-
dependent testing of the solvents or surfactants incorporated with the NPs as well 
as common matrices in the case of polymer nanocomposites. Because micron-sized 
diamond particles were chosen as negative control particles for other ceramics, 
nano-sized diamonds could be proposed as control particles for nano-sized carbon 
biocompatibility studies. However, the properties would need to be uniform, of high 
purity and the binding of the biochemical assay probes (i.e., MTT or ROS) should 
continue to be scrutinized for directly interfering with the toxicity assay results 
[146, 147].

Advances in ND synthesis methods, purification procedures, and functionaliza-
tion routes necessitates further investigation into the mechanisms responsible for 
either the positive or negative effects. Unfortunately, the detailed purity and sur-
face chemistry of the NDs used in many experiments have not been detailed along-
side the biocompatibility results, making it difficult to ascertain the significance, if 
any, of the impurities and surface functional groups. Further, these surface groups 
may be masked by biomolecules such as serum proteins, which effectively “coat” 
the ND surface. Alternatively, the surface groups or impurities may be unstable or 
soluble thereby releasing unwanted chemical species into the biological environ-
ment. Given the number of chemical species applied to NDs in recent experiments, 
it is essential to better understanding the evolving properties of NDs in biological 
environments related to the cellular response and kinetics. A recent review by [148] 
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discusses the implications of complex ND-based drug-imaging-targeting delivery 
systems on biocompatibility.

The recent animal studies have shown great progress in examining the biocom-
patibility of NDs with promising results. However, extensive fundamental studies 
will be required before clearly understanding the long-term bio-effects of NDs. In 
particular, questions remain regarding (1) the doses used during the studies, (2) 
optimal routes of administration (oral, intratracheal, intravenous, etc.), (3) the ef-
fects of their very small primary particle size for translocation into unintended areas 
of the body or cell, (4) proper tracking, and (5) clearance/bio-persistence. The use 
of radiotracers [132] has aided the tracking of NDs; however, there are conflicting 
results for localization to the lung, liver, kidney, heart, and blood with or without 
effects, which need to be clarified. For example, Zhang et al. [132] administered 
20× the dose of Yuan et al.[133]. Further, the few studies that demonstrate negative 
effects at the cellular and genomic level upon exposure to NDs should be clarified 
in the context of the ND properties, cell lines, and assays. For example, the intra-
tracheal administration of NDs did not produce pulmonary toxicity and allowed 
clearance by macrophages, but certain cell types may be less robust during the early 
embryonic stages [84, 135]. Mechanical damage has not been shown, although it 
should not be ruled out due to different synthesis and processing methods, which 
could result in sharp edges and bio-persistence similar to studies with micron-sized 
diamond particles [149, 150]. Side effects of such phenomena could include re-
spiratory ailments, alterations in fluid composition [62, 151, 152], malfunctioning 
transport [27, 36, 85], or accumulation and resistance to elimination by cells or tis-
sues. For example, although the NDs were routed to lysosomes, they were unable to 
be degraded within 24 h and accumulated in the cytoplasm [80, 81]. Although many 
cells of the body undergo cell death through natural cellular renewal processes (i.e., 
skin, lung macrophages, etc.), the localization and cell-specific differences should 
also be considered in the mechanism of NP uptake, accumulation, and localization 
for truly understanding biocompatibility [153].

Before NDs are incorporated into health-care products such as skin creams, shav-
ing gels, or toothpastes, the penetration depth of NDs into the skin or gums would 
need to be evaluated. The biomedical use of NDs in implantable materials should 
carefully examine the mechanism and extent of direct ND interaction with cellular 
membranes, proteins, and fluid electrolyte/osmotic balance should be elucidated in 
more complex systems. Although much of the literature to date demonstrates the 
utility of CNTs in nanomedicine as “carbon nanobombs,” other forms of carbon NPs 
may find utility in this area. Indeed, fullerenes have demonstrated medicinal proper-
ties. However, one note regarding some of the fundamental work in photoacoustic 
effects of CNTs is that the tubes must be in bundles to perform the desired explosive 
action via shock wave-induced disruption of cell membranes. Examining the latest 
breakthroughs in the field of nanoenergetics may be a logical path to establish a way 
forward for powerful, yet nanoscale methods applicable for selective cell and tissue 
destruction. However, the structure-property–biocompatibility relationship for car-
bon or hybrid NPs is complex. Most likely real conclusions will only be drawn in a 
case-by-case scenario based upon the vast degree of NP variation (i.e., differences 



A. M. Schrand22

in synthesis methods, differences between manufacturers, laboratories, methods, 
purification procedures, functionalization routes, chemicals, and further alterations 
to NP properties during their lifecycle, etc.), which further complicate gaining an 
accurate understanding of the properties responsible for both detrimental and ben-
eficial effects on biological systems.
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Chapter 2
Carbon Nanomaterials for Drug Delivery

Rumei Cheng and Yuhua Xue

2.1  Introduction

Carbon nanomaterials with unique nanostructure (CMNS) are the most studied 
materials in nanotechnology, despite some conflicting results about their safety 
profiles [1, 2]. Although their structures are simple, carbon nanomaterials provide 
exceptional physical and chemical properties including high electrical and thermal 
conductivities, unique optical properties, and extreme chemical stability. The field 
concerning nanostructured carbon materials is the most rapidly developing research 
field in the past decades due to their potential applications in all fields that might 
affect our lives [3]. One of the greatest values of carbon nanomaterials will be in the 
development of new and effective medical treatments, particularly for the therapy 
of various diseases [4]. The predominately nanostructured carbon materials are gra-
phene (GN, 2-D, sp2 carbon), carbon nanotubes (CNTs, 1-D, sp2 carbon), and car-
bon nanohorns (CNHs, 1-D, sp2 carbon) and nanodiamonds (NDs, 0-D, sp3 carbon). 
GN is a two-dimensional structure, while the CNT is regarded as the GN rolling 
up into the seamless tubular hollow cylinder in nanoneedle shape. In the case of 
CNHs, the single GN sheet rolled into a cone. The structures of different materials 
are shown in Fig. 2.1.

Despite the four types of carbon materials are different in shapes, they are all 
nanostructured materials with many intriguing features that make them attractive 
drug delivery carriers [5]. Firstly, the nanostructured carbon materials can disperse 
in aqueous solutions. Besides from direct translocation through cellular membranes, 
the CMNS also present the ability to enter cells via energy-dependent endocytic 
pathways [6]. Secondly, they can enter and accumulate in tumor tissues via the 
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enhanced permeability and retention (EPR) effect [7]. The EPR effect enables the 
carbon nanomaterials to transport therapeutic agents preferentially to tumor sites. It 
makes the targeted delivery of antitumor drugs more effectively. Thirdly, the carbon 
nanomaterials exhibit extraordinary ability for drug loading onto the surface via 
both covalent and non-covalent interactions owing to their high aspect ratios and 
surface areas. The drugs can also be packed into the interior cores of CNTs and 
CNHs [8]. To further augment the efficacy of CMNS-based drug delivery system 
(DDS), various targeting molecules (such as folic acid (FA) and antibodies) can be 
incorporated into the drug-loaded CMNS. In addition, imaging tags like radioactive 
nuclides and fluorescence probes linking with CMNS help to observe their intracel-
lular trafficking and biodistribution in vitro and in vivo easily and noninvasively.

Employing the above-mentioned advantages of the three carbon nanomaterials, 
many progresses have been achieved for the purpose of drug delivery by using GN, 
CNTs, and CNHs as carriers. This chapter mainly focuses on the different methods 
of preparation of drug-loaded carbon nanomaterials including their modification, 
characterization, and applications as drug delivery carriers.

2.2  GN for Drug Delivery

2.2.1  GN-Based Inorganic Nanohybrids for Drug Delivery

The GN is hydrophobic, but it still can be dispersed in aqueous solutions by surfac-
tants or hydrophilic polymers. Although it can adsorb some drugs via π–π stacking, 
cation–π, and van der Waals interactions, the composites are not easy to disperse 
in blood. In fact, the application of the GN in drug delivery mainly focused on 
graphene oxide (GO), which can be prepared by oxidation of graphite and followed 
by exfoliating in the water via Hummers’ method [9]. GO is a layered stack of 
puckered sheets with AB stacking, which completely exfoliates upon the addition 
of mechanical energy. The exfoliation of multiple layers of graphite is due to the 

Fig. 2.1  Structures of graphene (GN), carbon nanotubes (CNTs), carbon nanohorns (CNHs), and 
nanodiamond (ND)
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strength of interactions between water and the oxygen-containing (epoxide, hy-
droxyl, and carboxyl) groups introduced into the basal plane during oxidation. The 
hydrophilicity introduces water to intercalate between the sheets and disperse them 
as individuals. The functionalized GO with hydroxyl and carboxylate groups has 
the ability to covalently bond with various drugs in mild conditions, and it can also   
adsorb the drugs via non-covalent interactions such as π–π, hydrogen bonding, and 
hydrophobic force. Compared with covalent modification, non-covalent ones are 
considered to have less impact on the conjugated structure, and mechanical and 
electrical properties of GN. Doxorubicin (DOX) and camptothecin (CPT) are the 
most studied drugs loaded on GO.

The GO–DOX hydrochloride nanohybrid was easily achieved by simply mixing 
the two compounds (Fig. 2.2) [10]. The loading of DOX onto GO was based on π–π 
and hydrophobic interactions. An efficient loading of DOX on GO was 2.35 mg/
mg. The release of DOX from GO–DOX was strongly pH dependent. At the solu-
tion pH of 5, the DOX release rate gradually declined after 5 h and about only 11 % 
of the total bound DOX was released in 30 h. The release behaviors at basic and 
acidic conditions indicated that the total releasing amount of DOX within 30 h for 
these cases was much higher than that at neutral conditions. About 25  and 71 % of 
the total bound DOX was released at pH of 10 and 2, respectively. It may be due 
to the partial dissociation of hydrogen bonding that the DOX gets soluble in acidic 
solutions.

The GO functionalized with Fe3O4 or SiO2 nanoparticles can also be used as 
drug carriers. They formed multifuctionalized inorganic nanohybrids. The GO com-
plexes with Fe3O4 nanoparticles produced superparamagnetic hybrid nanoparticles 
(GO–Fe3O4). After introducing GO to Fe3O4, the sedimentation of Fe3O4 magnetic 
nanoparticles was reduced after they were deposited onto GO [11]. About 18.6 wt% 
of Fe3O4 deposited on GO. The loading capacity of DOX on GO–Fe3O4 hybrid was 
1.08 mg mg−1, which is higher than liposomes (8.9 wt%) [12], for which the loading 
capacity is always below 1 mg mg−1. After congregating in acidic solution, both the 

Fig. 2.2  Structures of graphene oxide (GO) and doxorubicin (DOX)
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GO–Fe3O4 hybrids before and after loading with the DOX can be moved regularly 
by the force of an external magnetic field.

Although the GO–Fe3O4 hybrid can target the cells by external magnetic field, it 
tends to aggregate in acidic solution and serums. Thus, attached small signal mol-
ecules would improve its solubility, stability, and target tumor more effectively. 
They were attached with different target moleculas such as FA. A dual-targeting 
drug delivery and pH-sensitive drug release GO system was developed by link-
ing Fe3O4 with FA (Fig. 2.3) [13]. DOX as an antitumor drug was loaded onto the 
surface of the multifunctionalized GO via a simple mixture and adsorbed by π–π 
stacking and hydrophobic interactions. The maximum capacity of this nanocom-
posite is 0.387 mg mg−1 (38.7 %). Many targeted tumor cells had overexpress folate 
receptors. The DOX -loaded multifunctionalized GO can be quickly and effectively 
delivered into SK3 cells (a human breast cancer cell) and significantly inhibited its 
growth. The HeLa cell lines is a type of human cervical carcinoma cell, which is 

Fig. 2.3  The preparation of the multifunctionalized GO-based anticancer drug carrier with dual-
targeting function and pH sensitivity. APS 3-aminopropyl triethoxysilane, DOX doxorubicin 
hydrochloride, DCC N,N’-dicyclohexylcarbodiimide, NHS N-hydroxysuccinimide, FITC fluores-
cein isothiocyanate
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widely used as a model for folate receptor-positive cells. The cytotoxicity of DOX-
loaded GO–Fe3O4 nanohybrid was much higher than the pure GO–Fe3O4 nanohy-
brid without DOX, but lower than that of GO–Fe3O4–FA–DOX under the same drug 
concentration in HeLa cell. The release of DOX from the nanohybrid at neutral and 
basic conditions was very slow. Only about 7.5 and 11 % of the total bound DOX 
was released for 80 h under neutral conditions (pH 7) and basic conditions (pH 9), 
respectively. However, in acidic conditions, DOX was released very quickly in the 
early stage, but the release rate gradually declined after 5 h and about 24 % of the 
total bound DOX was released from the nanohybrid in the first 80 h. It was due 
to the enhancement of the solubility of DOX and the protonated amine groups to 
release more loaded drugs.

In order to observe the target ability of GO, it was modified with CdTe–Fe3O4/
SiO2 microspheres [14]. The CdTe quantum dots (QDs) made the possibility of 
visualization of particle distributions in cells. Firstly, the amino functionalized 
CdTe–Fe3O4/SiO2 nanoparticles were prepared by reverse microemulsion method 
[15]. As a consequence, the CdTe–Fe3O4/SiO2 particles were surrounded by −NH2 
groups, and they can react with the carboxylate groups on GO. The formed GO-
based nanocomposite was magnetic fluorescent. Then the DOX was attached to 
GO nanohybrid by π–π stacking and hydrophobic interaction. The capacity of the 
nanocomposite increased with the increase of the initial concentration of DOX. The 
maximum DOX loading capacity was 919 mg g−1 (or 91.9 % in weight); however, 
it was lower than that of the original GO. Such a value was still higher than that 
of some common drug carriers, such as liposomes, for which the loading capacity 
was usually below 10 % [16]. The reasons affecting the maximum capacity were (i) 
the active surface areas on the GO-based magnetic fluorescent hybrids and (ii) the 
ratio of GO in the hybrids in weight. The DOX release was pH dependent. Under 
neutral and basic conditions, the DOX was released slowly, while low pH value was 
beneficial to more release amount and quicker release rate. At pH 7.4 and 8.5, after 
6 days, about 49 and 46 % of DOX were released, respectively. In the solution of 
pH value of 3, 80 % of loading DOX was released in 1 day. There was no obvious 
cytotoxicity (> 80 % cell viability) observed for the GO-based nanocomposite at a 
higher concentration of 10 mg L−1 for HepG2 cells (liver hepatocellular cells). An 
obvious decrease in cell viability occurred when the cells were incubated with DOX 
loading hybrids for 24 h even at a concentration as low as 1 mg L−1. The GO-based 
composite entered the tumor cells through the endocytosis mechanism, which re-
sulted in the strong fluorescence in HepG2 cells.

The gold nanocluster (GNC) attached GO also presented luminescent property, 
and the hybrid can be use as a drug delivery carrier [17]. The GNC was firstly 
modified with dodecanethiol–cetyltrimethylammonium bromide (CTAB). Then the 
dodecanethiol–CTAB-capped GNC simply mixed with the GO solution to produce 
the GNC–GO nanohybrid. It displayed two emission peaks at 606 and 705 nm. The 
loading of DOX did not change the fluorescence. The drug delivery to the HepG2 
cells could be imaged by fluorescence. DOX-loaded GNC–GO inhibited HepG2 
cell growth more strongly than DOX and GNC–GO alone. It indicated that the 
DOX–GNC–GO is more effectively transported into the cell cytoplasm.
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2.2.2  Polymer-Modified GN for Drug Delivery

The GO was soluble and stable in water but readily aggregated in phosphate-buff-
ered saline (PBS), cell growth medium, and fetal bovine serum (FBS). This might 
be the electrostatic and salt effect that broke the equilibrium state of GO in solutions 
[18]. To solve the problem, water soluble and biocompatible polymers were em-
ployed to stabilize the GO. Such modification made the GO–drug system dispers-
ing in aqueous solution and blood stability, so the polymer–GO was regarded as a 
promising drug nanocarrier.

The polyethylene glycol (PEG)ylate–GO composite was studied as a polymer–
GO carrier [19]. The ultrasmall nano-GO with lateral dimensions down to  < 10 nm 
was preferred for DOX loading to deliver to tumor cells. To enhance its stability in 
aqueous solutions, PEG was grafted to the small GO. Even when the GO is linked 
with PEG, the GO sheets still contained some smaller aromatic domains, which 
favored the DOX adsorbing to GO by π–π interaction. The GO–PEG (>100 mg/L) 
showed harmless for Raji cells, while the DOX-loaded nanoscale GO (NGO)–PEG 
exhibited high cytotoxicity to Raji cells as well as the DOX behaviors. If the rituxan 
(CD20 + antibody) is conjugated to GO–PEG, the nanocomposite would selectively 
target specific cancer cells for killing. Enhanced DOX delivery and cell killing had 
increased above 20 % with Raji cells treated with Rituxan–GO–PEG–DOX at lower 
concentration at 2 µmol L−1. Drug release was dependent on the chemical environ-
ment. In acidic solutions, the DOX can be protonated and dissolved slowly. About 
40 % of DOX loaded on GO–PEG was released over 1 day in a solution with pH of 
5.5. The release rate was reduced when the solution was neutral, only 15 % of load-
ing DOX released after 2 days.

A CPT analogue SN38 can also be stable in aqueous solution after loading on 
the PEGylate–GO (Fig. 2.4) [20]. Their interaction is based on noncovalent van 
der Waals force. A total of 1 g of GO–PEG loaded about 0.1 g of SN38. SN38 is a 
water insoluble aromatic molecule, and the GO–PEG–SN38 complexes were water 
soluble at concentrations up to 1 mg/mL, which improved the drug delivery. The 
release of SN38 from the nanocomposite was controllable. The release of SN38 
from GO–PEG is about 30 % in serum in 3 days. The drug-loaded nanocomposite 
exhibited high potency with inhibition concentration (IC50) values of about 6 nM 
for HCT-116 cells (colon cancer cells). It is about 1000-fold more potent than CPT-
11 (CPT-11, a Food and Drug Administration (FDA)-approved SN38 prodrug for 
colon cancer treatment) and similar to that of free SN38 dissolved in dimethyl sulf-
oxide (DMSO).

The GO–PEG nanosheets can also load the photosensitizer chlorin e6 (Ce6) and 
DOX simultaneously [21]. The Ce6- and DOX-loaded GO nanocomposite (Ce6–
DOX–GO–PEG) were 148.0–180.0 nm in size. DOX and Ce6 with a molar ratio of 
1:2 provided the highest synergism. GO–PEG nanosheets increased the cellular up-
take and tumor tissue accumulation of Ce6 compared to treatment with free drugs. 
Combining DOX and chlorin e6, Ce6–DOX–GO–PEG could accumulate in tumor 
tissues over 3 days. Moreover, in squamous cell carcinoma tumor-bearing mice, the 
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photodynamic anticancer effects of Ce6–DOX–GO–PEG were higher than those of 
Ce6–GO–PEG or DOX–GO–PEG.

The PEGylate–GO further linked the branched polyethylenimine (BPEI) 
resulting in PEG–BPEI–GO ternary nanocomposite [22]. The PEG–BPEI was 
covalently conjugated with the carboxylic acid group of GO using N-Ethyl-N′-(3-
dimethylaminopropyl)-carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemis-
try, and the resulting PEG–BPEI–GO has been reduced by hydrazine monohydrate. 
It exhibited good colloidal stability and remained stable as dispersion after 
loading with DOX via π–π stacking and hydrophobic interactions. Photothermally 

Fig. 2.4  SN38 loading on NGO–PEG: a schematic draw of SN38-loaded NGO–PEG; (inset) a 
photo of NGO–PEG–SN38 water solution. b UV–visible absorption spectra of NGO–PEG, NGO–
PEG–SN38, SN38 in methanol, and difference spectrum of NGO–PEG and NGO-PEG-SN38. 
The SN38 absorbance at 380 nm was used to determine the loading. c Fluorescence spectra of 
SN38 and NGO–PEG–SN38 at [SN38] = 1 μM. Significant fluorescence quenching was observed 
for SN38 adsorbed on NGO. d Retained SN38 on NGO–PEG over time incubated in PBS and 
serum, respectively. SN38 loaded on NGO–PEG was stable in PBS and released slowly in serum. 
Error bars were based on triplet samples. NGO nanoscale graphene oxide, PBS phosphate-buffered 
saline

 



38 R. Cheng and Y. Xue

controlled drug release via endosomal disruption had finally induced higher can-
cer cell death. The nanocomposite had a higher near-infrared (NIR) absorbance, 
and it can trigger the release of loaded DOX after photothermal treatment. Under 
NIR irradiation (808 nm, 6 W/cm2, 30 min), cell viability remained above 90 % 
for PEG–BPEI–GO. However, cell viability of PEG–PBEI–GO–DOX-treated cells 
was about 20 % decreased in the NIR irradiation condition as compared with the 
dark condition. These phenomenons clearly show the enhanced and controllable 
release of drug molecules from PEG–BPEI–GO by the photothermal effect. This 
DOX-loaded nanocomposite can effectively inhibit the growth of HeLa and human 
prostate carcinoma PC-3 cells.

Another PEGylated GO was linked by –NH2–S–S– disulfide group (Fig. 2.5) 
[23]. It can response to the tumor relevant molecule, glutathione (GSH). A shed-
dable methoxy PEG (mPEG) shell with a disulfide linkage attaching to GO made up 
of the drug carrier. It can respond to GSH changes in the tumor cells for intracellular 

Fig. 2.5  Synthesis pathway of disulfide-linked NGO–SS–mPEG. PEG polyethylene glycol
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drug delivery. It has been reported that the cytosolic GSH level in some tumor cells 
has been found to be at least four fold higher compared with normal cells [24]. The 
GSH can quickly cleave the disulfide linkage by reduction reaction in tumor site, 
which leads to drug release. The antitumor drug DOX hydrochloride was loaded 
to the carrier also by π–π stacking and hydrophobic interactions between DOX 
and GO. The pharmaceutical system was also pH-dependent similar to the above 
PEG–GO system. The GSH-mediated drug release was carried out in HeLa cells in 
terms of GSH concentration and tumor cell viability. The carrier itself did not show 
significantly inhabitation of the growth of Hela cells even up to a concentration of 
1 mg mL−1. Either free DOX or DOX -loaded carrier had effectively reduced the 
viability of HeLa cells in a dose-dependent fashion. The maximum efficacy of about 
90 % growth inhibition after 24 h was achieved at the concentrations of equiva-
lent DOX dose  > 20 mg L−1. At higher DOX concentrations, the passive uptake 
of DOX–carrier nanocomposite was high so that tumor cells were killed with or 
without the presence of GSH. However, the addition of GSH-reduced ethyl ester to 
cell culture media potentiates the inhibitory effect of DOX-loaded nanocomposite, 
particularly at the concentrations of 0.25 and 0.125 mg mL−1. Upon exposure to 
10 mm GSH, reductive cleavage of the disulfide-linked PEG shell initiated rapid 
release of encapsulated DOX.

The transferrin-modified PEGylate–GO (Tf–PEG–GO) became glioma-targeted 
drug delivery carrier [25]. The PEG used here was the amine terminated six-armed 
PEG to form amide linkage with GO and transferrin. The DOX and Tf–PEG–GO 
is also simply mixed and adsorbed by non-covalent force. The DOX loading ra-
tio (the weight ratio of loaded drug to carriers) was estimated to be 115.4 % of 
Tf–PEG–GO, closing to that of PEG–GO (127 %). The DOX–PEG–GO and DOX–
Tf–PEG–GO were used to evaluate their cytotoxicities to C6 glioma cells. The IC50 
values (50 % glioma inhibition drug concentration) of DOX–PEG–GO, DOX–Tf–
PEG–GO, and free DOX were 13.61, 63.01, and 28.43 μg/mL, respectively. It in-
dicated that Tf–PEG–GO–DOX presented a 4.63 intensification of cell inhibition 
compared to PEG–GO–DOX. Because TfR was overexpressed at the surface of 
glioblastoma cells, it would compete with Tf–PEG–GO–DOX to bind TfR on the 
cell surface after adding free Tf into the culture medium. Within 12 h, the cellular 
uptake index of Tf–PEG–GO–DOX was much higher than that of PEG–GO–DOX. 
The Tf-PEG-GO-DOX and PEG-GO-DOX were also performed to the brain glioma 
bearing rats. As a result, the DOX distribution in other tissues displayed that DOX 
was accumulated mostly in both the spleen and the liver. Interestingly, the con-
centrations of Tf–PEG–GO–DOX and PEG–GO–DOX in the spleen and the liver 
were significantly lower than that of the free DOX group. By the log-rank test, the 
median survival time of Tf–PEG–GO–DOX was significantly prolonged compared 
with that of the saline control, DOX, or PEG–GO–DOX, which reached nearly 
41.7, 31.6, and 19.0 % life span extension, respectively. The targeted delivery of 
DOX to the glioma tissue is achieved.

Chitosan (CHI) can graft to GO via a facile amidation process [26]. The CHI-
grafted GO GO-CHI has maximum amount of CHI up to 64 %, which guaranteed 
the nanocomposite good aqueous solubility and biocompatible. The GO-CHI can 
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load CPT via π–π stacking and hydrophobic interactions. GO-CHI possessed 20 % 
of weight-loading capacity for CPT. In the study on the cytotoxicity to HepG2 and 
HeLa cells, the GO-CHI-CPT exhibited a potency with a 50 % growth inhibition 
concentration (IC50) of ~ 29 µM, while free CPT displays a ≈ 20 % growth inhibi-
tion near the same concentration. It meaned that the GO-based nanocomposite can 
improve the drug efficacy without increasing the drug dose. The cell membrane was 
negatively charged, and the GO-CHI-CPT was easy to be protonated and became 
the positive charged particles. This course made the GO-CHI-CPT to enter the cells 
much easier through an efficient endocytic process. Interestingly, the GO-CHI was 
also able to condense plasmid DNA into stable, nanosized complexes. Such DNA 
hybrids showed reasonable transfection efficiency in HeLa cells at a nitrogen/phos-
phate mixture ratio of four. The nanoparticles in the diameter range of 100–200 nm 
with a narrow polydispersity were preferred.

CHI is viable polymeric material to enhance the biocompatibility of the matrix 
for controlled release of therapeutic molecules, while FA is a ligand for targeting 
cell membrane and promoting endocytosis via the folate receptor (Fig. 2.6) [27]. 
The preparation process of the nanocomposite has three steps. Firstly, the FA con-
jugated to CHI via the amide groups. Secondly, the DOX loaded to GO by non-
covalent forces. Thirdly, the DOX –GO was encapsulated with the folate–CHI to 
produce the nanocomposite. The release of DOX was similar to the PEG–GO at 
different pHs. The loading and release of DOX depended upon the hydrogen bond-
ing interaction with GO and was a function of pH.

CHI-modified GO composites as nanocarries for anticancer drugs (e.g., CPT) 
and genes via π–π stacking and hydrophobic interactions have been realized. How-
ever, the covalent between antitumor drug and GO is not well studied. Incorporation 
of GO with the CHI–xanthone schiff base could provide additional pH sensitivity 
which is useful for controlled release of the as-designed drugs [28]. As can be seen 
from the Fig. 2.7, a novel nanostructured antitumor drugs from GO–CHI–xanthone 
(GCS) base compound was designed, in which CHI–xanthone (CS) schiff base 
acted as the tumor inhibitor while GO worked as the drug delivery carrier. The pH-
triggered simultaneous release of the CS from the GCS was achieved by changing 
the solution from acidic to base conditions. The as-synthesized GCS showed less 
cytotoxicity against the normal human retina cells when a concentration of 10 nM 
was applied. In the same concentration, the GCS induced nearly 50 % HeLa cells 
apoptosis. It exhibited super antitumor activity when compared with xanthone and 
paclitaxel (PTX) under the same conditions.

Except PEG, other polymers were employed to covalently bond with GO for 
drug delivery. The GO sheets grafted with a thermo-responsive polymer would pro-
duce desirable DDS [29]. The poly( N-isopropylacrylamide) (PNIPAM) is a ther-
mal responsive polymer. PNIPAM was incorporated onto GO by applying click 
chemistry. The PNIPAM-grafted GN sheets (PNIPAM–GS) consisted of about 50 % 
polymer, which formed a long-term stable dispersion. The PNIPAM–GS sheets 
had good solubility and stability in physiological solutions and PBS solutions. It 
had a hydrophilic to hydrophobic phase transition at 33 °C, which was relatively 
lower than that of a PNIPAM homopolymer due to introduced nanoGO as shown 
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in Fig. 2.8. The GO was about 166.5 nm in size with a polydispersity index (PDI) 
of 0.384 at 25 °C, while the grafted GN sheets increased to 189.6 nm with the PDI 
decreased to 0.261. This is due to the PNIPAM chains grafted onto the surfaces of 
GN sheets. Mixing of CPT with PNIPAM–GS in DMSO resulted in a CPT-loaded 
nanocomposite. The binding of CPT onto the PNIPAM–GS was due to hydrophobic 
interactions and π–π stacking. The capacity of 1 g PNIPAM–GS for CPT is about 
0.185 g, which is two times greater than the loading capacity of the PEG–GO car-
rier. The drug could sustain release in PBS and reached to a plateau at 19.4 % CPT 
after 72 h. The CPT–PNIPAM–GS strongly inhibited the growth of metastatic skin 
tumor cells (A-5RT3).

Fig. 2.6  Scheme for the synthesis of nanocarrier a conjugation of chitosan with folic acid, b load-
ing of graphene oxide with doxorubicin, and c encapsulation of graphene oxide-loaded doxorubi-
cin with folic acid conjugated chitosan
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The poly( N-vinyl caprolactam) (PVCL) was grafted to GO by in situ atom trans-
fer radical polymerization (ATRP) to impart aqueous stability in the buffer and other 
biological solutions [30]. A carboxyl activating agent (EDC/NHS) was used to initi-
ate the formation of an amide linkage. The ATRP initiators were attached to the GO 
sheets through the reactions of hydroxyl and amine groups in GO with 2-bromo-
2-methyl propionyl bromide to obtain the GO–PVCL, as shown in Fig. 2.9. The 
CPT simply mixed with GO–PVCL in DMSO solution resulting in CPT-loaded 
GO–PVCL nanocomposite. The driven force is also π–π interaction between the 
GO and the CPT. The maximum loaded CPT was about 20 % weight of GO–PVCL. 

Fig. 2.7  a Schematic synthesis of CS and b schematic representation of the GCS nanocomposite
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Fig. 2.8  Synthesis route of PNIPAM-GS. PNIPAM poly( N-isopropylacrylamide, DMF dimethyl 
forma-mide, DCC N,N′-dicyclohexylcarbodiimide, PMDETA N, N,N″,N″,N″-pentamethyl diethylene-
triamine, ethyl 2-chloropropionate (ECP), 4-dimethylaminopyridine (DMAP)

 

Fig. 2.9  Schematic diagram showing the synthesis of GO–PVCL. PVCL poly( N-vinyl capro-
lactam), EDC N-Ethyl-N′-(3-dimethylaminopropyl)-carbodiimide, PMDETA N, N,N″,N″,N″-
pentamethyl diethylenetriamine, NVCL N-vinyl caprolactam, ATRP atom transfer radical 
polymerization
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Small amounts of CPT were released from the GO surface in water and PBS over a 
72 h period at 37 °C, highlighting the strong non-covalent interactions between CPT 
and the GO sheets. The amount of drug released from GO–PVCL–CPT in aque-
ous solutions was lower than that from polymer micellar systems. The CPT was 
attached to the surface of the GN sheets by π–π stacking instead of being encapsu-
lated in polymermicelles or nanoparticles. It suggested that different types of small 
aromatic and hydrophobic molecules with poor water solubility can be loaded onto 
the surface of the GO–PVCL in aqueous media through non-covalent interactions, 
which are strong enough to prevent rapid desorption under normal physiological 
conditions. However, at the pH of 5.5, 60 % of CPT was released within 3 days. 
This was similar to the behavior of DOX, due to the increased hydrophilicity and 
solubility of CPT in acidic solution. The pure GO–PVCL without CPT loading was 
nontoxic to the cells. In contrast, GO-PVCL-CPT induced significant cancer cell 
death. The enhanced efficacy was owing to the drug bound to the GO–PVCL. The 
GO–PVCL–CPT and free CPT produced 50 and 20 % growth inhibition, respec-
tively, at 10 nM CPT after 24 h.

Another controllable release DDS was designed by using β-CD functional GN 
hydrogel [31]. Then GN hydrogel was obtained by polymerization of N, N-dimeth-
ylacrylamide (DMAA) and it is black cylindrical. The CPT entered the CD rings 
on the GN hydrogel. The CPT was released from β-CD functional GN hydrogel 
more slowly than that from GN hydrogel without β-CD. The cumulate CPT release 
from β-CD functional GN hydrogel reached 50 % after 35 h. For the GN hydrogel 
without β-CD, the CPT was fast released at the beginning 2 h and the cumulate CPT 
release reached 50 %. If the β-CD was linked by FA, the nanohybrid can target the 
tumor cell more effectively. As is shown in Fig. 2.10, a drug carrier was designed 
by using the FA as a target unit and an adamantanyl porphyrin acted as a linker unit, 
while the GO acted as a carrier unit [32]. The β-CD was also incorporated into the 
hybrid to hold the antitumor drug in the ring of CD. By employing the advantage of 
the strong hydrophobic interaction between the CD cavity and adamantane moiety, 
the biocompatibility and target effect of DOX/2/GO system significantly improved. 
The loading of DOX to the complex was driven by the π–π interaction and hydrogen 
bonding. DOX and 1/2/DOX/GO displayed similar anticancer activity toward HeLa 
cell lines. The anticancer activity of DOX/2/GO decreased by 52 % as compared 
with that of 1/2/DOX/GO.

Another gelatin functionalized GN nanosheets (gelatin–GNS) was obtained by 
simply mixed GO with gelatin solution at 95 °C for 24 h [33, 34]. The gelatin guar-
anteed good dispersibility and stability of the GO. The gelatin–GNS can load the 
methotrexate (MTX) via strong π–π stacking interaction. The drug loaded on gela-
tin–GNS was embedded in and protected by gelatin. The standard curve equation 
of MTX solutions was A = 57.369  C + 0.0112, R2 = 0.9993, and the saturated adsorp-
tion capacity could be calculated to be 21.1 μg MTX to 75 μg gelatin–GNS. The 
MTX–gelatin–GNS composite could sustain the release of MTX from the nanocar-
rier during the first 12 h in various pH conditions. There were 40.3, 65.8, and 80.9 % 
MTX released from the MTX–gelatin–GNS composite in the pH 7.4, 5.3, and 2 
within 12 h. The observation indicated that the total release amount of MTX after 
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24 h for these cases of acidic solutions was much higher than at neutral conditions. 
It is because the much higher solubility of MTX under acid condition than that un-
der neutral condition. The MTX (with NH2 groups) got protonated resulting in the 
partial dissociation of hydrogen-bonding interaction, and the decomposition of the 
gelatin under acid conditions would also lead to the release of MTX. The inhibition 
rate of free MTX and MTX–gelatin–GNS to human lung cancer A549 cells was 
59.4 and 56.7 %, respectively, at 24 h. They showed a similar cancer cell inhibition 
rate, and gelatin-mediated sustained drug release process comes to an end in 24 h at 
a dose of 20 μg mL−1.

The synthesized polymer pluronic F127 (PF127) were also used to prepare GN-
based DDS [35]. The PF127 is triblock copolymers bond by poly(ethylene oxide) 
(PEO) and poly(propylene oxide) (PPO), composed of PEO99–PPO67–PEO99. The 
pluronic F127 was dissolved in GO solution, and then the GO was reduced by 
hydrazine to produce GN. The formed GN was stable by pluronic F127 in aqueous 
solution. Then the DOX was added to get the DOX–PF127–GN nanohybrid. The 
DOX can reach a loading capacity of 289 % (w/w). It can stable in cell medium due 
to the hydrophobic PPO segments binding to the hydrophobic surface of GN via hy-
drophobic effect, whereas the hydrophilic PEO chains extending into water. As can 
be expected, the DOX interacted with the PF127–GN is hydrophobic interactions 

Fig. 2.10  Synthesis of 1/2/DOX/GO from graphene oxide, DOX, adamantane-modified porphy-
rin, and folic acid-modified cyclodextrin. DOX doxorubicin

 



46 R. Cheng and Y. Xue

and π–π stacking, and the DOX release is pH dependent as its behaviors in the PE-
Gylate–GO composite. The pharmaceutical system, DOX–PF127–GN significantly 
inhabits the growth of human breast adenocarcinoma MCF-7 cells.

When using the p-aminobenzoic acid (AA) functionalized the GO, another small 
molecule modified GO was achieved. It can be reduced to GN, but remains the AA 
groups. To enhance the aqueous stability of reduced aminobenzoic acid–GN, the 
polyethyleneimine (PEI) was introduced into the nanocomposite to form PEI–AA–
GN [36]. The FA–PEI–AA–GN drug carrier could be finally produced by further 
covalent binding FA molecules to PEI–AA–GN. The as-synthesized carrier can spe-
cifically target CBRH7919 cancer cells by overexpress FA receptor. The DOX was 
loaded to the carrier to inhibit the growth of CBRH7919 cancer cells. The weight 
of loaded DOX to the FA–PEI–AA–GN was approximately 28.62 %. The release of 
DOX from the DOX loading FA–PEI–AA–GN was not only pH dependent but also 
salt dependent. The pH-dependent release of DOX was very similar to the DOX re-
lease from PEGylate–GO nanocomposite. In PBS at PH 7.4, the release of drug was 
also very clear, and it might be due to the salt effect (NaAc in acetate-buffered saline 
(ABS) and NaCl in PBS). Such salt dependence of drug release from rGO sheets 
could be exploited for drug-delivery applications. The DOX/FA–PEI–AA–GN can 
enhance the cancer cell apoptosis effectively and can also push the cancer cells to 
the vulnerable G2 phase of the cell cycle, which is most sensitive and susceptible to 
damage by drugs or radiation.

2.3  CNTs for Drug Delivery

2.3.1  Delivery of Anticancer Drugs

CNTs contain single-walled CNTs, double-walled CNTs, triple-walled CNTs, and 
multiwalled CNTs. The pristine CNTs are insoluble in organic and inorganic sol-
vents, and they have a tendency to agglomerate or bundling, and this behavior re-
stricts use of CNTs in vivo. Functionalization is a good choice to improve solubil-
ity and agglomeration of CNTs. The chemical modification of CNTs was achieved 
by carboxylation, acylation, amidation, esterification, PEGylation, and polymers 
wrapping. The tail end of CNTs is oxidized better than sidewall due to high cur-
vature. The chemical modification of pristine CNTs with most widely used strong 
oxidative agents (concentrated H2SO4:HNO3 = 3:1) generates various functional 
groups such as carboxyl, ketone, and ester. The oxygenated CNTs exhibit better sol-
ubility. Surface-modified CNTs are able to carry numerous anticancer drugs, such 
as DOX, cisplatin (Cis), docetaxel (DTX), gemcitabine (Gem), mitoxantrone, and 
non-anticancer drugs, such as antimicrobial, anti-inflammatory, antihypertensive, 
and antioxidant agents.

Cisplatin (cis) is a second-generation platinum anticancer drug widely used for 
cancer treatment. Cisplatin have conjugated amine functionalized single-wall nano-
tubes (SWNTs; SWNT–PL–PEG–NH2) by succinate as one of ligands (Fig. 2.11) 
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[37]. Platinum can be released efficiently from SWNTs and receptor in the cancer 
cell environment. Functionalized SWNTs as warhead carry platinum to the tumor 
cell and release cisplatin when Pt(IV) were reduced to Pt(II) in intracellular. The 
SWNTs deliver the folate-bonded Pt(IV) into the folate-receptor overexpress can-
cer cell by endocytosis. The reductive cisplatin enter nucleus and insert targeted 
nuclear DNA. Compared to folate receptor-negative testicular carcinoma cells, the 
experiment results exhibited that cell viability of folate receptor-positive human 
choriocarcinoma (JAR) and human nasopharyngeal carcinoma (KB) cell lines is 
significantly lowered using amine-functionalized SWNTs (SWNT–PL–PEG–NH2) 
treatment.

The [cis-Pt(NH3)2] moiety was conjugated with CNTs containing surface-modi-
fied carboxylic groups [38]. The cisplatin and epidermal growth factor (EGF) were 
attached to the SWNTs to specifically target squamous cancer, and SWNT–cisplatin 
without EGF was as a controlled group, and QD luminescence offered visualization 
to track the SWNT bioconjugate in cell and mice. It was observed that the SWNT–
cisplatin–EGF entered cancer cells by receptor-mediated endocytosis. As a contrast, 
controlled groups were unable to reach the cell nuclei. The SWNT–cisplatin–EGF 
biojugates with 1.3 μM cisplatin, which showed more efficiency at cell killing than 
10 μM free cisplatin. The experimental results have showed that the regression of 
tumor growth was rapid in mice treated with targeted SWNT–cisplatin–EGF rela-
tive to nontargeted SWNT–cisplatin.

The chemical-modified CNTs offset the potential side effects of DOX·HCl by 
π–π stacking, hydrophobic and electrostatic interactions mechanism. The SWCNT−
HBA−DOX nanocarrier system was designed through hydrazone bonds of SW-
CNT−HBA and DOX (Fig. 2.12) [39]. The hydrazine-modified SWNTs formed 
by covalently attached hydrazinobenzoic acid (HBA) on the walls of SWNTs. The 
anticancer drug DOX was conjugated to the HBA segments of SWNT by hydrazine 

Fig. 2.11  Folate receptor (FR)-mediated targeting and SWNT-mediated delivery of SWNT–PL–
PEG–NH2 by endocytosis and structure of SWNT–PL–PEG–NH2
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as bridge. The resulting hydrazone bonds supply a strong pH-responsive drug re-
lease and offer efficient DOX release near the acidic tumor microenvironment, sug-
gesting its targeted carrier system. The DOX released from SWNT–HBA–DOX 
and SWNT–DOX was about 51 and 37 % after 12 h, respectively. Compared with 
SWNT–DOX coated by hydrophobic interaction and π–π stacking, the SWNT–
HBA–DOX exhibited the significant advantage of high loading capacity and pro-
longed release of DOX, and thus improved its cytotoxicity against cancer cells. The 
hydrazone showed the super sensitivity than π–π stacking interaction at acidic pH. 
The SWNT–HBA–DOX also showed higher cytotoxicity to HeLa cells than that of 
SWNT–DOX conjugate under the same concentration.

The SWCNT drug delivery based on polysaccharide sodium alginate ALG and 
CHI-modified SWCNTs for controlled release of DOX were also reported [40]. As 
we know, the CHI is cationic and ALG is anionic, they confer the coated SWCNTs 
with different zeta potential. CHI is stable at pH 7.4 but degrades readily in acidic 
pH (e.g., lysosomal pH and the pH characteristic of certain tumor environments.), 
and ALG-coated SWCNTs showed the highest DOX-loading capacity. The devel-
oped FA and polysaccharide (CHI and ALG) wrapped SWCNTs selectively accu-
mulated in the cancerous tissues. The CHI/ALG–SWCNTs showed higher loading 
efficiencies than the CHI–SWCNTs. The release of the DOX loaded is pH triggered 
and stable in PBS buffer at pH 7.4 at 37  °C. The cells treated with DOX–FA–CHI/
ALG-SWCNTs show a brighter red fluorescence than that of DOX–CHI/ALG–SW-
CNTs and free DOX, indicating that the FA conjugated nanotubes are taken up more 

Fig. 2.12  Schematic 
representation of the 
SWCNT−HBA−DOX
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efficiently into the HeLa cells. The internalized drug is selectively released into the 
acidic environment of the lysosomes and enters the cell nucleus to bind DNA. This 
interaction inhibited transcription and induced the cell death.

The SWNT drug delivery for breast cancer inhibition in mice by conjugating 
PTX to the nontoxic lipid molecule docosanol for functionalization with CNT was 
developed [41]. FA as a target was also conjugated to CNT system. The drug mol-
ecule, for example, PTX, was conjugated to a long-chain lipid via a reversible ester 
bond. The SWNT–lipid–drug was made by exploiting the lipid “tail” in the drug 
to form lipid–drug/SWNT complex through strong hydrophobic interactions. The 
formulation was made multifunctional delivery using a tumor-targeting molecule 
FA that was conjugated to the end of the PL–PEG exploiting an amide bond formed 
between amine group of PL–PEG and carboxyl group of FA. This formulation 
could overcome the existing challenges of CNT in drug deliveries and broadened 
their use for multifunctional deliveries. The use of lipid molecule is unique and 
advantageous as it allows delivery of a range of drugs in multifunctional delivery 
applications. The SWNT–lipid–PTX approach afforded high drug-loading capacity; 
furthermore, the targeted SWNT–lipid–PTX showed much improved drug efficacy 
and lower nonspecific toxicity in vitro in comparison to free drug Taxol and non-
targeted SWNT–lipid–PTX at 48 h (78.5 % vs. 31.6  and 59.1 % in cytotoxicity, 
respectively). The in vivo toxicity of SWNT–lipid–drug was evaluated. The mice 
were injected with a SWNT–lipid–drug carrier, as well as Taxol and the targeted 
SWNT–lipid–PTX, and saline injection was used as a negative control (Fig. 2.13). 
The targeted SWNT–lipid–PTX was found nontoxic to normal cell by evaluation 
using biochemical analysis.

Fig. 2.13  Photos of representative tumor-bearing mice from control and treatment groups at 
experimental end point. Tumors were indicated within black squares. SWNT single-wall nano-
tubes, PTX paclitaxel
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A DDS was prepared via a CNT vehicle by QD-conjugated CNTs for in vivo 
imaging [42]. An anticancer drug PTX was efficiently loaded in PLGA-coated 
CNT against human PC-3MM2 prostate cancer cells. The drug-loading capacity is 
112.5 ± 5.8 μg mg−1. The CNT–QD were injected into mice by tail vein and showed 
good targeting to specific sites by fluorescence visualization in live animals. The 
QD-conjugated CNT exhibit a strong luminescence suitable for noninvasive optical 
in vivo imaging. The accumulation of Cd in liver, kidney, stomach, and intestine is 
70.36, 2.42, 0.86 and 1.00 μg g−1 after 1 day of injection, respectively. Except for 
kidney, the accumulation associated with liver, stomach, and intestine obviously 
lowered after 3 days. The Cd amounts showed slightly enhanced in all organs after 
6 days. The evaluation of cytotoxicity of this novel DDS exhibited that CNT–QD 
was predominantly uptaken by liver, kidney, stomach, and intestine.

Frank Alexis et al. [43] introduced biocompatible block-co-polymer poly(lactide)-
poly(ethylene glycol) (PLA–PEG) to CNTs loaded with anticancer drug PTX. This 
novel drug system can effectively control drug reservoir and release and prevent 
aggregation in aqueous solution. The CNT–PLA–PEG could load 1.65 wt% PTX. 
Biodistribution studies in mice showed CNT coated with PLA–PEG can pass 
through the kidneys and bladder as well as liver and spleen, suggesting a lower de-
gree of aggregation in tissues. The further research showed that copolymer-coated 
CNTs significantly reduced in vitro toxicity and inflammatory response. Compared 
to non-coated CNTs, in vivo studies show no long-term inflammatory response with 
CNT coated with PLA–PEG (CLP), and the surface coating significantly decreases 
acute toxicity. The CNT–PLA–PEG DDS at concentrations of 70 nM PTX was as 
effective as free PTX incubated for 6 h at 140 nM.

Multiwalled CNT DDS was designed by covalently combining CNTs with the 
antitumor agent 10-hydroxycamptothecin (HCPT) using hydrophilic diamintrieth-
ylene glycol as the spacer between nanotube and drug moieties [44]. The 16 % drug-
loading capacity was achieved. The release of HCPT was faster in acidic than neutral 
solution. The cumulative release lowered 15 % of total loaded amount at pH 5.0 or 
7.4, indicating the good stability of the ester bond. The high release rate was shown 
in fetal bovine serum. It was observed that multiwalled nanotubes (MWNT)–HCPT 
conjugates exhibit long blood circulation and high drug accumulation in the tumor 
site. The MWNT–HCPT and free HCPT, all exhibited dose-dependent antitumor 
features. The group treated with MWNT–HCPT showed similar tumor suppres-
sion effect to the group treated with free HCPT at two times dosage in the initial 9 
days, but better effect from 9th to 15th day. The experimental results showed that 
MWNT–HCPT conjugates are superior in antitumor activity both in vitro and in 
vivo to clinical HCPT formulation.

Fatemeh Atyabi et al. developed folate conjugation of PEGylated MWCNTs for 
the delivery of DOX. The low-PEGylated and high-PEGylated MWCNTs exhibited 
different loading efficiency, with 84.3 ± 3.1 % and 49.3 ± 5.4 %, respectively [45]. 
DOX cumulative released from non-PEGylated, low-PEGylated, and high-PE-
Gylated CNTs were 11.25, 21.66, and 30.11 % in 24 h, respectively. The release rate 
of DOX from non-PEGylated, low-PEGylated, high-PEGylated, and folate-targeted 
MWCNTs reached 15.26, 24.17, 42.50, and 54.4 % in 72 h, respectively. The higher 



512 Carbon Nanomaterials for Drug Delivery

pegylation degrees induced higher release rate of DOX due to the increased hydro-
philicity of CNT surface. Folate-targeted CNTs expressed a 3.2-fold decrease in 
IC50 value compared with non-targeted CNTs. The folate-targeted MWCNT showed 
higher degree of cellular uptake and internationalization than that of non-targeted 
MWCNT in HeLa cells (derived from human cervical cancer cells) using the con-
focal microscopy. The vivo study showed that non-PEGylated CNTs can be easily 
endocytosed by hepatocytes and change the macroscopic appearance of liver from 
red to black. The liver uptake of CNTs significantly decreased as the amount of the 
hydrophilic part of carriers CNTs increased. The different amount of PEG in the 
formulation showed different degree of liver uptake (Fig. 2.14).

Wu et al. [46] synthesized the functionalized MWCNTs through the covalent 
graft of PEI on shortened MWCNTs and further conjugated fluorescein isothiocya-
nate (FITC) and prostate stem cell antigen monoclonal antibody (mAbPSCA). The 
detailed preparation procedure is illustrated in Fig. 2.15.

Fig. 2.14  Macroscopic appearance of liver after 3 h of liver perfusion with DOX (a), delivered 
DOX by high-PEGylated CNT (b), delivered DOX by low-PEGylated CNT(c) and delivered DOX 
by non-PEGylated CNT (d)
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The as-prepared CNT–PEI(FITC)–mAb shows good biocompatibility and 
negligible hemolytic activity. The conjugation of antibody enhances the cellular 
uptake capability of the material by PSCA-overexpressed cancer cells. The CNT–
PEI(FITC)–mAb/DOX showed high loading capacity, 300 mg g−1. The DOX-
release patterns of the CNT–PEI(FITC)–mAb/DOX are sustained and pH sensitive, 
and acidic microenvironments of cancer cells triggered the drug release. The PC-3 
(PSCA-overexpressed) and MCF-7 (PSCA-low-expressed) cells were used in the 
study. There was a considerable increase in the cytotoxic effect of CNT–PEI(FITC)–
mAb/DOX to PC-3 cells in comparison with MCF-7 cells. As can be seen from 
Fig. 2.16, compared with CNT–PEI(FITC)/DOX-treated group (2.13 ± 0.15-fold 
tumor growth), mice treated with CNT-PEI(FITC)-mAb/DOX showed consider-
able slowdown of tumor growth (1.58 ± 0.04-fold tumor growth). The mice weight 
treated with CNT–PEI(FITC)–mAb/DOX showed no change. However, high loss 
of weight was observed for the free DOX group.

Zhang’s group reported a gastric cancer stem cells (CSCs) specifically target-
ing DDS (SAL–SWNT–CHI–HA complexes) based on CHI-coated SWNTs loaded 
with salinomycin (SAL) functionalized with hyaluronic acid (HA) to selectively kill 
gastric CSCs [47]. The in vitro release of SAL from SAL–SWNTs–CHI–HA is pH 
triggered, and accumulative release achieved high percentage of 60 % in 12 h at pH 
of 5.5. The results of cellular uptake indicated that FITC–SWNTs–CHI–HA com-
plexes can selectively target CD44+  cells and internalize into the CD44+  cells by 
receptor-mediated endocytosis. Compared with CD44+ , the SAL–SWNTs–CHI–
HA complex showed complete inhibition of self-renewal capacity. The penetration 
of SWNTs–CHI–HA into CSC mammospheres also was researched, as shown in 
Fig. 2.17.

The three functional hybrid material composed of methacrylic acid (MAA), quer-
cetin (Q), and CNTs through the free radical reaction was designed for the delivery 

Fig. 2.16  In vivo therapy effects of CNT–PEI(FITC)–mAb/DOX in nude mice bearing PC-3 
tumor: a Tumor growth curves for mice treated with free DOX, CNT–PEI(FITC)–mAb, CNT-
PEI(FITC)/DOX and CNT–PEI(FITC)–mAb/DOX, in comparison with the blank control. b Body 
weight curves normalized to day 0 for different groups during the experiments. CNT carbon nano-
tube, PEI polyethylenimine, mAb monoclonal antibody, FITC fluorescein isothiocyanate, DOX 
doxorubicin
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of cisplatin [48]. The flavonoid quercetin (Q) is a natural anticancer compound. The 
CNT–PMAA–Q showed high drug-loading capacity (2.33 mg/g) compared with 
that of PMAA–Q (2.01 mg/g). They revealed that CNT–PMAA–Q showed higher 
growth inhibition than PMAA–Q and free cisplatin. The CNT–PMAA–Q/cispla-
tin DDS showed synergistic anticancer activity against human neuroblastoma cells 
(IMR-32) in vitro.

Fig. 2.17  Inhibitory effect on CSCs mammospheres. a Confocal images of CSCs mammospheres 
incubated with various FITC formulations of for 12 h. b Inhibitory and effect on the growth of 
CSCs mammospheres after applying different SAL-containing formulations. c The CSCs mam-
mospheres images treated with different SAL-containing formulations under invert microscope. 
SAL salinomycin SWNT single-wall nanotubes, HA hyaluronic acid, CHI chitosan
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N. K. Jain et al. synthesized estrone (ES) and FA anchored PEGylated MW-
CNTs-loaded DOX to inhibit growth of human breast MCF-7 cells [49]. The DOX 
tended to attach to sidewalls of SWCNTs via π–π and hydrophobic interactions. 
The release of DOX is pH dependent. The DOX/FA–PEG–MWCNT and DOX/
ES–PEG–MWCNT both showed faster initial release and followed sustained and 
slower periods at pH 7.4 and 5.3 buffer solution. Flow cytometric analysis indi-
cated preferential higher uptake of DOX/ES–PEG–MWCNTs compared to DOX/
FA-PEG-MWCNTs, DOX/PEG–MWCNTs, DOX/ox–MWCNTs, DOX/MWCNTs, 
and free DOX after 3 h incubation in MCF-7 cells owing to receptor-mediated en-
docytosis. The tumor volume obviously decreased after being incubated with DOX/
ES–PEG–MWCNTs and DOX/FA-PEG-MWCNTs for 30 days, showing the longer 
survival span 43 and 42 days, respectively, compared with survival time of 12 days 
for control group.

The DDS (SWNT@MS–PEG/DOX) based on a novel PEG modified mesopo-
rous silica (MS)-coated SWNTs was developed by loading DOX for the cancer 
combination therapy, namely, chemotherapy and photothermal therapy [50]. The 
cumulative release of DOX from SWNT@MS–PEG/DOX achieved 25 % of total in 
PBS at ph 7.4 after NIR irradiation for 4 h compared with 12.5 % released quantity 
of SWNT–PEG/DOX, indicating that NIR light triggered drug release behavior. 
It was found that SWNT@MS–PEG/DOX showed a higher cumulative and faster 
releasing rate of DOX than that from SWNT–PEG/DOX at a lower pH, and no 
obvious cytotoxicity even at the highest concentrations in 4T1 murine breast cancer 
cells, HeLa human cervical cancer cells, and 293T human embryonic kidney cells 
for incubation 48 h. The fluorescence reoccurrence of DOX could be an indicator 
of drug release in the 4T1 cells. As shown in Fig. 2.18, the cells incubated with 
SWNT@MS–PEG/DOX showed significantly enhanced DOX fluorescence after 
laser exposure, no dramatic discrepancy was found in free DOX-treated cells after 
laser irradiation. It found that relative cell viability treated by SWNT@MS–PEG/
DOX was laser power intensity dependent, while apoptosis of 4T1 cells induced 
by free DOX was not significantly affected before and after laser irradiation. The 
tumor size of mice injected with SWNT@MS–PEG/DOX obviously decreases; 
even tumors on two mice completely disappeared post treatment compared with the 
group treated with free DOX, suggesting a remarkable synergistic antitumor effect.

Achraf Al Faraj et al. developed functionalized magnetic SWCNTs for the diffu-
sion-weighted MRI and cancer therapy [51]. They synthesized iron and mouse en-
doglin/CD105 mAb bifunctionalized PVP-coated SWCNTs nanocarrier to delivery 
DOX into breast cancer. The SWCNT·+CD105+DOX conjugates exhibited high 
apoptosis, DNA damage, and oxidative stress in 4T1 cells. The decrease manner of 
bioluminescence is dose and time dependent. The SWCNT·+CD105+DOX group 
showed extremely weak bioluminescence at concentration of 2.5 μg/mL after 48 h, 
and the MRI measurement indicated tumor size obviously decreased (150 mm3) by 
intravenous injection after 14 days compared with that of DOX (540 mm3), SW-
CNT + CD105(700 mm3), and SWCNT·+CD105 (750 mm3) groups.

Prasanta Kumar Das et al. fabricated SWCNTs coating biotinylated amphiphi-
le for the delivery of fluorescently labeled Cy3-oligoneucleotide (Olg) and DOX 
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into the cancer cells [52]. The amphiphile functionalized SWCNTs (SWCNTs-1) 
showed low cytotoxicity and good stability in the media of salt and protein. They 
investigated target-specific cell uptake of SWCNTs-1-loaded Cy3-Olg into HeLa 
and HepG2 cells showing successful internalization, as a contrast, free Cy3-Olg ex-
hibited poor self-internalization ability. The HeLa and HepG2 cells showed highly 
intense red fluorescence microscopic images, confirmed high uptake for Cy3-Olg-
loaded SWNT-1 compared with CHO cells and HEK-293 cells of lacking overex-
pressed biotin receptors. The CHO cells showed 92 % of cells surviving, and only 
54 % of the HeLa cells were found to be alive at concentration of 2.5 μg mL−1 of 
SWNT-1-DOX. As the concentration increasing to 10 μg mL−1, more than 60 % of 
the HeLa cells were killed in contrast to that of only 15 % for the CHO cells.

Mohd Zobir Hussein et al. reported anticancer efficiency of oxidized MWCNT 
(MWCNT-COOH)-loaded betulinic acid (BA) by π–π stacking and hydrophobic 

Fig. 2.18  NIR-triggered intracellular drug release. a A scheme showing NIR-triggered drug release 
from SWNT@MS–PEG/DOX in vitro. The uncovered DOX fluorescence from its quenched state 
inside SWNT@MS–PEG/DOX could be an indicator of drug release. b Confocal fluorescence 
images of 4T1 cells incubated with SWNT@MS-PEG/DOX (or free DOX; [DOX] = 25μM) for 
1 h, washed with PBS to remove extracellular nanoparticles, and then treated with laser irradiation 
(808 nm, 0.4 W cm− 2, 20 min; L +). Un-irradiated cells were used as the controls (L−). Red and 
blue colors represent DOX fluorescence and DAPI-stained cell nuclei, respectively. The scale bar: 
25 μm. c Relative viabilities of 4T1 cells after various treatments. In this experiment, 4T1 cells 
were incubated with SWNT@MS–PEG/DOX(L +), SWNT@MS–PEG(L +), SWNT@MS–PEG/
DOX, DOX(L +), and free DOX ([DOX]= 25 μM), for 1 h, and then wash with fresh cell culture 
and irradiated with the 808 nm laser at different power densities for 20 min. Afterwards cells 
were re-incubated for additional 24 h before the MTT assay. DAPI 4′,6-diamidino-2-phenylindole, 
SWNT single-wall nanotubes, MS mesoporous silica, PEG polyethylene glycol, DOX doxorubicin
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interaction [53]. The loading capacity of BA was 14.5–14.8 % (w/w). About 98 % 
of BA loaded on MWCNT–BA was released over 22 h in a solution of pH 7.4. The 
release rate was reduced when the solution was acid, only 22 % of loading BA was 
released within 24 h at pH 4.8. The MWCNT–BA showed no cytotoxicity effects at 
concentrations  < 50 μg/mL in embryo fibroblast cells after 72 h of treatment; how-
ever, high concentration of 50 μg/mL produced only 36 % cell viability. Compared 
with HepG2 cells, the MWCNT–BA nanocarrier exhibited significant cell growth 
inhibitory to A549 cells in a concentration-dependent manner.

Zhong et al. prepared light and pH-sensitive PEG–DOX@SWCNTs DDS by 
noncovalently functionalizing SWCNTs with PEG–hydrazone–DOX [54]. The 
DOX-loading capacity was 31.2 %. The 30 % cumulative release of DOX from the 
PEG–DOX@SWNT was achieved at pH 5.0 in 48 h under irradiation compared 
with 17 % cumulative release at pH 5.0 and 12 % cumulative release at pH 7.4 with-
out irradiation. The laser energy from irradiation weakened the interaction between 
DOX and CNTs, and resulted in greater release of DOX. As shown in the Fig. 2.19, 
the DOX fluorescence was obviously observed in the nucleus and some SWCNTs 
was found in the cytoplasm of the MCF-7 breast cancer after 2 h incubation of 
PEG–DOX@SWCNTs. As a contrast, the DOX fluorescence was hardly observed 
at pH 7.4 even after 24 h incubation. The free DOX distribution did not showed 
significant difference in MCF-7 cells between the pH 6.0 and the pH 7.4 groups. 
The viability of cells obviously showed difference at concentration of 10 μg mL−1 
with or without laser irradiation.

2.3.2  Delivery of the Other Drugs

The antimicrobials are substances that either kill or inhibit the growth of micro-
organisms, like bacteria, fungi, viruses, or even parasites, instead of cancer cells. 
Azithromycin (AZ-1) is an antibiotic derived from erythromycin A with improved 
biological and pharmacodynamic properties over the parent compound. The Hos-
sein Reza Darabi et al. fabricated azithromycin–SWCNT conjugates through cleav-
able ester or thioamide bonds [55]. The resulting azithromycin–SWCNT conjugates 
showed controlled release behavior in buffer solution of pH 6.8. The AZ-1 function-
alized SWCNT (SWCNT-4) had a significant in vitro activity against Micrococcus 
luteus at 18 h of incubation compared with p-SWCNT and AZ-2 functionalized 
SWCNT.

Miodrag Č olic et al. fabricated dapsone-modified multiwall CNTs (dap-MW-
CNTs) through introducing O-(7-azabenzotriazol-1-yl) N,N,N′,N′ tetramethylu-
ronium hexafluorophosphate (N-HATU) and N, N-diisopropylethylamine (DIEA) 
onto the surface of the nanotubes [56]. The biological effect of dap-MWCNTs was 
surveyed using rat peritoneal macrophages (PMØ). Dap-MWCNTs did not show 
significant cytotoxicity, much like the unconjugated oxidized MWCNTs. Higher 
concentration of CNTs could induce apoptosis, with oxidized MWCNTs causing 
more extensive apoptosis than dap-MWCNTs due to elevated oxidative stress. The 



Fig. 2.19  The bright field and confocal images of PEG–DOX@SWNT in MCF-7 cells. The 
MCF-7 cells were incubated with PEG–DOX@SWNT for different times: 15 min (a and b), 2 h 
(c and d) and 24 h (e and f). The releasing of DOX at pH 6.0 (a, c, and e) was much more efficient 
than that at pH 7.4 (b, d, and f). Most DOX are located in the nucleus of MCE-7 cells whereas most 
SWNTs are located in the cytoplasm of MCE-7 cells (as showed by yellow arrows)
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dap-MWCNTs did not trigger oxidative stress, however, caused delayed apoptosis 
of PMØ after 3 days. This result can be confirmed by the inherent antiapoptotic 
activity of dapsone and the protection of reactive carboxylic functional groups on 
the CNTs.

The antifungal agent amphotericin B (AmB) was covalently bond to amino-f-
CNTs via ether bonds with ethylenediamine as the spacer with 72.4 % drug loading 
[57]. The antileishmanial efficacy of f-CNT–AmB was significantly higher than 
that of AmB against intracellular amastigotes in vitro. The compound f-CNT–AmB 
exhibited stronger inhibition of amastigote replication in hamsters compared with 
those treated with AmB. The in vivo toxicity assessment of the compounds in 
BALB/c mice revealed no significantly hepatic or renal toxicity.

In another study performed by Renato Gennaro et al., AmB was conjugated onto 
surfaces of functionalized multiwalled and single-walled CNTs (f-CNTs), with 
AmB loading of 25 and 10 % w/w, respectively [58]. These conjugates were tested 
for their antifungal activities against a collection of reference and clinical fungal 
strains in comparison to pristine AmB and a conventional colloidal dispersion AmB 
deoxycholate formulation. The f-MWCNT–AmB and f-SWCNT–AmB conjugates 
all showed broad-spectrum antifungal activity that was considerably more potent 
than AmB alone. The f-MWCNT–AmB with minimum inhibition concentration 
(MIC) values lowered than 10 μg/mL against most of the microorganisms, except 
for Candida famata SA550 strain (MIC 20 μg/mL), and MIC of f-SWCNT–AmB 
was between 5 and 20 μg/mL exhibiting a good antifungal activity. The f-CNTs did 
not show any antifungal activity without conjugating with AmB even at concen-
tration MIC > 80 μg/mL. The f-MWCNT–AmB was overall more active than the 
SWNT conjugate due to high loading capacity and good dispersity. Furthermore, 
the f-CNT−AMB did not show any significant toxic effect on Jurkat human cells 
(derived from a human T cell leukemia) at antifungal concentrations.

It is an attractive means to visualize the interaction of AmB with living cells and 
natural biomembranes through conjugation of AmB to fluorescent markers. Alberto 
Bianco’s group prepared functionalized CNTs with AmB and FITC toward mam-
malian cells (Human Jurkat lymphoma T cells) to assess toxicity and uptake as well 
as to evaluate the antifungal activity of CNT–AmB conjugates [59]. The specific 
synthesized route was depicted in Fig. 2.20. The CNT–AmB conjugates did not 
show significant cytotoxicity into mammalian cells even at the highest dose com-
pared with 40 % of the cells died in the presence of AmB. The cell uptake of CNT–
AmB was achieved within 1 h by fluorescence observation, and internalization of 
CNT–AmB was dose dependent. It can pass into the cell cytoplasm and mainly 
localized around the nuclear membrane as revealed with fluorescent microscopy 
(Fig. 2.20). The mechanism of penetration is spontaneous mechanism, not mediated 
by endocytosis.

Betulin (BET) with a pentacyclictriterpenoid structure has antileishmanial prop-
erty and was used as antileishmanial agent. Vikash Kumar Dubey’s group has suc-
cessfully synthesized f-CNT–BET by carbodimide-based esterification reaction 
with BET-loading efficiency of 78.3 % [60]. The f-CNT–BET showed super released 
behavior in acidic condition compared with neutral pH condition. The accumulative 



Fig. 2.20  (i) a Neat(COCl)2; Pht–N(CH2CH2O)2–CH2CH2–NH2, dry THF, reflux; b Boc–NH–
(CH2CH2O)2–CH2CH2–NHCH2COOH/(CH2O)n, DMF, 125 °C; c Hydrated NH2–NH2, EtOH, 
reflux; d FITC, DMF; e HCl 4 M in dioxane; f Fmoc-AmB, HOBt/EDCxHCl/DIPEA, DMF; 25 % 
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release of BET reached up to 38.4 ± 1.8  and 12.5 ± 1.1 % at pH 5.8 and 7.4 in 72 h, 
respectively. The IC50 value of BET, f-CNT, and f-CNT–BET was 211.05 ± 7.14, 
24.67 ± 3.11, and 72.63 ± 6.14 μg/mL in macrophage cell line J774A.1, respectively. 
The results indicated that BET, f-CNT, and f-CNT–BET did not have any signifi-
cant toxicity to the macrophage cells in vitro by 3-(4,5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) method. The f-CNT–BET showed high an-
tileishmanial activity with increased efficacy compared to BET as confirmed by 
antileishmanial studies on intracellular amastigote in vitro.

The Anna Piperno et al. reported an approach for fabricating β-cyclodextrin co-
valently bond to MWCNT (β-CD-MWCNT) by click chemistry as nanocarriers for 
the delivery acyclovir (Acy) to the three human alpha herpesvirus (HSV-1, HSV-2, 
and VZV) [61]. They probed the recognition ability of β-CD–MWCNT to toward 
guanine-based drug. It was found that recognition and entrapment of Acy versus G 
on β-CD–MWCNT were dependent on the different interactions. The DSC analysis 
confirmed the interaction between Acy and β-CD–MWCNT. The 6.5 and 12.2 % 
drug loading of G and Acy were calculated, respectively. The 15 % cumulative re-
lease was showed after 8 days in PBS at pH 7.4. As a contrast, free Acy showed a 
faster dissolved rate. The Acy/β-CD–MWCNT can interfere with HSV-1 replication 
and exhibit higher antireplicative effect than the free Acy.

Cui et al. designed based on conducting polymer polypyrrole (PPy) and mul-
tiwalled CNTs DDS by electropolymerization in an electrically controlled drug 
release manner [62]. The treated CNTs showed five to six times O/C ratio than 
the untreated CNTs, offering more hydrophilicity on both the exterior and interior 
surfaces. The CNTs filled with dexamethasone (Dex) in their inner cavities were 
coated by PPy film and Dex was sealed inside the CNTs, and the amount of Dex re-
leased from PPy/CNTs film was negligible in PBS of pH 7.4. This result proved the 
effective sealing of the open ends of CNTs. The electrically controlled drug release 
was performed in PBS with aggressive electrical stimulation for 20 h using repeated 
stimulation of − 2 V for 5 s followed by 0 V for 5 s. The 53.3 μg Dex was released 
from PPy/CNT film, compared with 38.8 μg release amount of pure PPy. The PPy 
films with thinner CNTs showed higher drug-loading capacity and release amount.

Giuseppe Cirillo et al. designed functionalized CNTs by gelatin–fluoroquino-
lones bioconjugates synthesized by using radical grafting fluoroquinolones onto the 
protein side chains [63]. The CNTs–Gel–FQs were assessed the biocompatibility 
on human mesenchymal stem cells (hMSCs) and tested antibacterial properties on 
Escherichia coli and Klebsiella pneumoniae, respectively. The fluoroquinolones 
consist of ciprofloxacin (CP), levofloxacin (LV), and lomefloxacin (LM). Com-
pared with free FQs and Gel–FQs conjugates, the CNTs–Gel–FQs showed signifi-
cant antibacterial activity by CNTs-mediated internalization. Moreover, the CNTs–
Gel–FQs was highly biocompatible in whole system.

piperidine in DMF. BOC   tert-butyloxycarbonyl, DIPEA   diisopropylethylamine, DMF dimethyl 
formamide, EDC  N-Ethyl-N′-(3-dimethylaminopropyl)-carbodiimide, FMOC  fluorenylmethy-
loxycarbonyl, FITC  fluorescein isothiocyanate, HOBt 1-hydroxybenzotriazole, Pht  phthalimide 
group. ( ii) Epifluorescence (top) and confocal (bottom) microscopy images of Jurkat cells incu-
bated for 1 h at 37 °C with 10 and 40 μg mL−1 of CNT–AmB conjugates, respectively. Jurkat cells 
have an average diameter of 10 μm
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2.4  CNHs for Drug Delivery

SWNHs are another type of nanocarbon material that have the potential to be use-
ful in nano-medicine. SWNH has hydrophobic graphite structure. They consist of 
single tubes of 2–5 nm in diameter and a length of around 40–50 nm (Fig. 2.21).

The SWNHs were chemically modified with functional groups to increase hy-
drophilicity and biocompatibility. SWNHs have more defect sites and are more 
fragile than CNTs. Therefore, they are apt to be treated by softer oxidant, such as 
hydrogen peroxide, to generate carboxylic groups [64]. These groups could be used 
for further chemical reactions with other moieties. A new targeted DDS based on 
oxidized SWCNHs (oxSWCNHs) was developed.

Zhong et al. reported that insulin-like growth factor receptor (IGF-IR) antibody-
directed CNHs-based drug delivery targeted to kill cancer cells in vivo and in vi-
tro [65]. OxSWNHs were coated with the anticancer drug vincristine (VCR) by 
physical adsorption, and then wrapped 1,2- distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethylene glycol) (DSPE–PEG)–IGF-IR mAb through 
an amide linker to obtain the DDS, VCR@oxSWNHs–PEG–mAb. The cytotoxicity 
study of oxSWNH–PEG–mAb indicated that cell viability remained above 80 % 
even in the highest concentration of 100 μg/mL in MCF-7 cells after 48 h incu-
bation. The DDS of VCR@oxSWNHs–PEG and VCR@oxSWNHs–PEG–mAb 
showed enhanced cytotoxicity in cultured MCF-7 cells in vitro compared with free 
VCR. The antibody targeted SWNHs delivery system afforded higher antitumor 
efficacy without obvious adverse effects to normal organs in tumor mice in vivo. 
At the same time, in addition, moderate inflammatory cell infiltration was also ob-
served in VCR@oxSWNHs–PEG and VCR@oxSWNHs–PEG–mAb groups com-
pared with VCR group.

A photothermally enhanced chemotherapy DDS, DOX-SWNH/ deoxycholic 
acid (DCA)–hydroxypropyl chitosans (HPCHS) nanoparticles, with SWNH as the 
photothermal agent and DOX was used as the chemotherapy agent [66]. The DOX–
SWNH/DCA–HPCHS DDS was prepared by coating a DOX prodrug to amphi-
philic DCA–HPCHS-modified SWNHs through hydrophobic–hydrophobic inter-
action. The DOX–SWNH/DCA–HPCHS nanoparticles possessed high stability in 
physiological solutions including water, PBS, RPMI-1640, and FBS. Photothermal 
heating could increase the chemotherapy efficacy of DOX due to light-triggered 

Fig. 2.21  (Left) TEM images of the SWCNHs; (centre) graphical structure of the SWCNHs; 
(right) single tube of the SWCNHs
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DOX release or promotion of cell uptake of DOX carriers. The DOX–SWNH/
DCA–HPCHS resulted in ca. 73 % cell growth inhibition, and SWNH/DCA–
HPCHs inhibited cell growth merely by ca.13 % at a concentration of 5 μg mL−1 
under 808 nm laser irradiation, whereas as contrast with nonirradiated 4T1 cells, 
DOX-SWNH/DCA-HPCHS did not show signicant cytotoxicity even at concentra-
tions 10 μg mL−1.

Small-sized SWNHs (S-SWNHs) have highly hydrophilic property and remark-
ably resistance to cellular uptake by macrophages, tumor cells, and normal cells 
[67]. As a contrast, large-sized SWNH aggregates (L-SWNHs) L-SWNHs were 
highly internalized in RAW 264.7, KB, FHs 173We, and HeLa cells. However, the 
functionalized S-SWNHs can selectively enter cells; for example, S-SWNHs at-
tached phospholipid PEG cannot enter RAW 264.7 macrophages completely; func-
tionalized with FA S-SWNHs, namely FA-S-SWNHs, are taken up by FA receptor-
overexpressing KB cells but not by normal human embryonic cells.

Masako Yudasaka et al. reported DDS that cisplatin (CDDP) was incorporated 
inside SWNHs with opened holes [68]. Cisplatin, a representative water-soluble 
small-molecule drug, can also be effectively deposited on and inside of SWNHox 
aggregates (CDDP@SWNHox) (Fig. 2.22). Further, it has been shown that when 
cisplatin was released from these aggregates, it remarkably reduced the viability of 
cancer cells. It was observed that CDDP@SWNHox adhered to the cell surfaces in 

Fig. 2.22  (a, b) HRTEM images of SWNHox ( scale bars of 10 and 2 nm, respectively). (c) 
Z-Contrast image of SWNHox aggregate (10 nm). (d, e) HRTEM images of CDDP@SWNHox 
(10 and 2 nm) in which black spots are cisplatin clusters. (f) Z-Contrast image of CDDP@SWN-
Hox in which bright spots are cisplatin clusters (10 nm)
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vitro and increased the local concentration of CDDP released from CDDP@SWN-
Hox, leading to effective cell killing. In vivo, the specimens (saline, CDDP, SWN-
Hox, and CDDP@SWNHox) were intratumorally injected to transplanted tumors 
of mice, and that CDDP@SWNHox showed higher anticancer effect than the intact 
CDDP. Furthermore, SWNHox itself also showed the anticancer effect for the first 
time in this study.

The anti-inflammatory agent DEX was deposited on as-grown SWNHs and 
their oxidized form, oxSWNHs [69]. The oxSWNHs showed six times higher drug 
capacity than that of SWNHs. Adsorption kinetics indicated that oxSWNHs had 
higher affinity for DEX than as-grown SWNHs. The DEX–oxSWNH conjugates 
exhibited sustained release of DEX into PBS (pH 7.4) at 37 °C, and the cumulative 
amount of DEX released got about 50 % within 2 weeks. When incubate in cell 
culture medium, about 50 % of the total bound DEX had been released by 24 h. The 
transfected cells of ST2 (mouse bone marrow stromal cell) incubated with DEX–
oxSWNHs for 12 h showed dose-dependently activated luciferase expression; in 
contrast, empty oxSWNHs did not induce activation. The synthesis of SWNHs was 
involved of metal catalyst and no cytotoxicity of oxSWNHs was observed. The 
DEX–oxSWNHs exhibited good biocompatibility on the cell growth.

The PEG–DOX was immobilized on the oxSWNHs via π–π and hydrophobic in-
teractions [70]. The PEG–DOX–oxSWNH complex was purified by dextran-based 
chromatographic media (Sephadex G25) due to good dispersibility in aqueous solu-
tion. By contrast, untreated oxSWNHs and DOX-treated or PEG-treated oxSWNHs 
were unable to penetrate the column. The PEG–oxSWNHs or oxSWNHs did not 
affect the cell proliferation. The PEG–DOX–oxSWNH conjugates exhibited DOX-
dependent apoptotic activity against NCI-H460 human non-small cell lung cancer 
cells in vitro. The incidence of apoptosis induced by 0.2 mg/mL 5PEG–DOX–ox-
SWNHs (correspond to 5.4 μg/mL free DOX) was lower than that of 10 ng/mL 
free DOX, attributing to the slow release of DOX from the PEG–DOX–oxSWNH 
conjugates.

Wagner B. De Almeida et al. calculated the stabilization energy of cisplatin@
CNHs conjugates to determine if they can form an effective DDS [71]. The theoreti-
cal results indicated the cisplatin@CNHs complex had a good stability with the cis-
platin placed close to the bottom of the nanohorn cone structure. The cisplatin can 
be carried out through the biological media without strongly interacting with other 
reactive species and reach the final molecular to target inside the DNA structure.

The antibiotic vancomycin hydrochloride (VCM) was able to be adsorbed onto 
and inside functionalized phospholipid–PEG-oxidized SWNH (SWNHox) and re-
leased in a controlled manner and avoided severe side effects by too high concen-
tration of VCM in blood [72]. The drug-loading capacity of VCM–SWNHox–PEG 
was 38 % (w/w), and the cumulative release of VCM from the VCM–SWNHox–
PEG complex got about 18 % (10 μM) after 9 days. As we know, specific targeting 
and sustained release of steroidal drugs is beneficial to minimize the systemic side 
effects. The prednisolone (PSL) adsorbed on oxSWNHs by noncovalent interaction 
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and the adsorption capacity was 0.35–0.54 g/g depending on the sizes and numbers 
of holes on the oxSWNHs. The PSL–oxSWNH showed a fast release in culture me-
dium in contrast with in PBS. The PSL-attached oxSWNHs were directly injected 
into the tarsal joints of rats with collagen-induced arthritis and anti-inflammatory 
effects was found in vivo, such as decreased numbers of osteoclastic cells compared 
with the control group [73].

Kiyotaka Shiba et al. reported that oxSWNHs-loaded cisplatin (CDDP) 
through their nanowindows was modified by the PEG–peptide aptamer (nanoma-
terial-binding peptide, NHBP) conjugate, and it formed well-dispersed CDDP-
loaded CNHs (CDDP@oxSWNHs/20PEG–NHBP) DDS [74]. Compared with the 
CDDP@oxSWNHs quickly forming micrometer-sized agglomerates, the CDDP@
oxSWNHs/20PEG–NHBP complexes were well dispersed in both the PBS and 
cell culture medium even after incubation for 3 days. The oxSWNHs/20PEG–
NHBP complexes themselves showed good biocompatibility. The surface modi-
fication of CDDP@oxSWNHs using 20PEG–NHBP did not affect the release of 
CDDP from the conjugates. It was found that the CDDP@oxSWNHs/20PEG–
NHBP exerted a dose-dependent cytotoxic effect on the NCI-H460 cell (a human 
lung cancer cell line).

The functionalized single-walled CNHs (SWNHs) composed of a comb-shaped 
PEG (cPEG) and peptide (NHBP-1) was synthesized [75]. Compared with 20PEG–
NHBP, the bioconjugates composed of linear 20 kDa PEG and a single NHBP-1 
peptide, the resultant cPEG–NHBP3 conjugate endowed single-walled CNHs with 
good dispersibility in vitro. The oxSWNHs coated cPEG–NHBP3 or 20PEG–NHBP 
was injected into the tail veins of BALB/c mice at a dose of 3 mg/kg, and un-
treated oxSWNHs as a controlled group. The untreated oxSWNHs significantly 
form agglomerates in liver, spleen, and minor in lung. The treating oxSWNHs with 
cPEG–NHBP3 or 20PEG–NHBP formed few larger particles in lung. The smaller 
aggregates were hardly observed from the mice lung capillaries in vivo experiments 
(Fig. 2.23).

The novel DDS was designed by modified oxSWCNHs with polysaccharide 
sodium ALG (SA) immobilized humanized anti-vascular endothelial growth factor 
(anti-VEGF) mAb for targeting delivery of DOX to human breast adenocarcinoma 
(MCF-7) cells [76]. The loading capacity of 1 g DOX per gram of ox-SWCNHs 
was achieved and the complex showed higher anticancer effect than those of the 
free DOX. Pharmaceutical efficiency showed that the relative tumor volumes 
(RTV) of normal saline (NS) group, oxSWCNH/SA-mAb group, DOX group, and 
DOX@oxSWCNHs/SA-mAb group were approximately 61, 56, 14, and 7.2, re-
spectively, with drug dosage 2.5 mg/kg. Histopathological studies in mice showed 
that free DOX could induce severe liver and heart injury, and DOX@oxSWCNHs/
SA-mAb did not demonstrate any detectable hepatotoxicity, cardiotoxicity, and 
nephrotoxicity.
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2.5  NDs for Drug Delivery

NDs, as another member of the carbonnanoparticle (CNP) family, have evoked an 
increasing interest in studies of the biocompatibility and application as drug de-
livery vehicles. NDs with individual sizes ranging from 2 to 10 nm were usually 
synthesized by detonation techniques. The NDs is also called detonation ND (DND) 
due to synthesis by detonation technique. When an oxygen-deficient explosive mix-
ture of trinitrotoluene/hexogen (TNT/RDX) is detonated in a closed chamber, dia-
mond particles with a diameter of ca. 5 nm are formed at the front of detonation 
wave in the span of several microseconds. It can be well dispersed in aqueous solu-
tions. It is known that NDs are chemically inert, and preliminary studies showed 
that they were nontoxic toward several cell lines [77]. Moreover, NDs could be 
surface-functionalized easily with carboxyl groups and their derivatives for specific 
or nonspecific binding with nucleic acids and proteins, showed possible application 

Fig. 2.23  Accumulation of agglomerated oxSWNHs in the lung after intravenous injection 
into mice. Shown are photomicrographs of lung sections from mice injected with unmodified 
oxSWNHs (a, b, c), 20PEG-NHBP/oxSWNHs (d, e) or cPEG–NHBP3/oxSWNHs (f, g). The sec-
tions were stained with hematoxylin and eosin (a), unstained (b, d, f), or stained with eosin (c, 
e, g). Arrows indicate aggregated oxSWNHs observed as black dots in lung capillaries. In the 
unstained micrographs, the numbers of oxSWNHs agglomerates having the indicated sizes were 
counted using Image-J (h). The green, blue, and red bars represent the numbers of unmodified 
oxSWNHs, 20PEG-NHBP/oxSWNHs, and cPEG-NHBP3/oxSWNHs, respectively. Scale bars 
represent 50 μm (a, b, d, f) or 10 μm (c, e, g)
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in biomedicine [78]. It can load the all trans retinoic acid (ATRA) in the treat-
ment of acute promyelocytic leukemia (APL) [79]. The DND was firstly treated 
by oxidation with H2SO4 and KMnO4, followed by an esterification modification 
with ATRA in sulfuric acid–alcohol solutions. The formed nanoparticles have an 
average size of 5 nm. The DND with different ATRA (10, 20, 30, and 40 µmol/L) 
were investigated. The functionalized DND is biocompatibility to HL-60 cells with 
a low inhibition ratio 3 %, similar to the datum for DMSO (2 %). When the cells 
treated by both ATRA and DND–ATRA complex, the inhibition ratios increased 
with the increase of ATRA concentration. The inhibition ratios by the DND–ATRA 
were all higher than that by pure ATRA allowing an increase of 30–40 %. The DND 
played an important role in the delivery of ATRA to HL-60 cells. The largest inhibi-
tion ratio for HL-60 cells was as high as 49 % treated by DND–ATRA with ATRA 
30 µmol/L. With further increase in the ATRA concentration, the inhibition ratio of 
DND–ATRA slightly decreased to 46 %.

The image of dispersed NDs was shown in Fig. 2.24. The NDs can adsorb the 
10-HCPT, a CPT analogue used in the treatment of certain cancers [80]. By simply 
mixing NDs with HCPT in water, the NDs can adsorb 0.4 wt% of HCPT. The ad-
sorbed amount of HCPT was very low probability due to low solubility of HCPT 
in neutral aqueous solution. In weak basic solution, the solubility of HCPT in water 
promoted HCPT adsorption on NDs. The adsorption of HCPT on the NDs slowly 
increased with incubation time, with no saturation of adsorption observed even at 
120 h. The maximum loading of HCPT obtained by a mixture of 4 mg/mL HCPT in 
NaOH (pH = 8.2) solution with 2 mg/mL NDs achieved 48.3 mg per 100 mg NDs 
at 120 h. This loading value exceeded the 8–10 wt% loading efficiency for conven-
tional liposomes drug carriers. The release of HCPT from the HCPT–NDs achieved 
highest amount of 60 % in dilute NaOH solution with pH = 8.2. In pure water, the 
release amount was about 30 %, while it was about 38 % in the PBS solution. In 

Fig. 2.24  a TEM image of NDs; b higher-magnification view of NDs shown by arrow in a. The 
scale bar corresponds to 200 nm
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cell culture medium, NDs aggregated to form a kind of porous clusters, with many 
nanoscaled channels or pores as well as vacancies in the interior of the cluster. Af-
ter adsorbed on the surface of ND clusters, HCPT could slowly diffuse toward the 
center of the clusters along these nanoscaled pores. When compared with HCPT 
alone, HCPT–ND complexes exhibited a much higher potency to cause appreciable 
cell death. Apparently, the enhanced efficacy was due to the delivery of more HCPT 
with poorer cellular penetration into cells by NDs.

The typical anticancer drug, DOX can also be adsorbed to NDs [81]. Although 
the NDs can disperse in water well, the DOX loaded NDs aggregated and precipitat-
ed very soon. To redisperse the DOX-NDs, they were then coated by DSPE–PEG-
2000 (DSPE–PEG 2 K) producing the DNX complex. The DNX can inhibit the lung 
metastasis of breast cancer (using the 4T1 cells). The therapeutic effect of DOX was 
dependent on its ability to inhibit the synthesis of nucleic acid through intercalation 
after entrance into nucleus. DOX, NDs-DOX complex (NDX), and DSPE-PEG 2K 
coating NDX (DNX) be rapidly internalized by 4T1 cells. However, the speed of 
entering the cells was different for the three materials. When they were incubated 
with cells for 10 min, they located in the lysosome, but most of DOX was localized 
in the lysosome. After incubation for 30 min, free DOX and NDX still resided in 
lysosome, whereas DNX escaped from lysosome and entered into nucleus. NDs 
were found to move inside the cells quickly and were capable of ferrying the drug 
inside living cells efficiently. DNX with small particle size and good dispersibility 
might also have the similar trans-membrane ability, leading to the high accumula-
tion of DOX in nucleus. The IC50 value (the concentration that inhibited cell growth 
by 50 %) of DOX was 9.48 × 10−4 mg/mL in cells treated with free DOX, and de-
creased to 4.93 × 10−4 mg/mL after absorption to NDs. After coating by DSPE–PEG 
2 K, the cytotoxicity of DOX further increased to the IC50 value of 1.65 × 10−4 mg/
mL, which was 5.75-fold less than that of free DOX. DNX induced most cell apop-
tosis, leading to 51.13 % cell apoptosis, equivalent to 50 and 30 % increase com-
pared to that induced by free DOX (34.14 %) and NDX (39.31 %), respectively.

The polyglycerol (PG) NDs was also prepared as illustrated in Fig. 2.25. The 
grafted PG not only largely increased the aqueous dispersibility of DND–PG 
(> 80 mg/mL in water, DND was the NDs, and PG was the PG) but also provided nu-
merous amendable hydroxyl groups for further functionalization [82]. Some of the 
hydroxyl groups of DND–PG were first reacted with tosyl chloride (TsCl) and the 
resultant tosylates (DND–PG–OTs) were substituted by azido groups (DND–PG–
N3). DND–PG–N3 was further conjugated with arginylglycylaspartic acid (RGD) 
peptide through click chemistry of the azido groups with the propiolic amide of 
RGD peptide, yielding DND–PG–RGD. To immobilize DOX on DND–PG–RGD, 
hydrazine moiety was introduced through substitution of the p-nitrophenyl group 
in the p-nitrobenzoate (DND–PG–N3–PhNO2) to give DND–PG–N3–NHNH2 af-
ter click conjugation of RGD peptide (DND–PG–RGD–NHNH2), DOX was im-
mobilized as hydrazone (DND–PG–RGD–DOX). The content of DOX in DND–
PG–DOX and DND–PG–RGD–DOX was quantified to be 5.6 and 12.2 wt%, re-
spectively. The 24.7 % of DOX were released by 12 h when DND–PG–DOX was 
incubated in PBS solution (pH 7.4). Then, the released DOX increased slightly even 
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after incubation for 48 h. When the pH was decreased to 5.0 (phosphate–citrate 
solution), the released DOX by 48 h was calculated to be 63.3 %, due to the pref-
erential cleavage of hydrazone linkage. From this point of view, DND–PG–DOX 
is expected to show enhanced drug release in the lysosomes of cells pH 5.0-5.5 but 
minimal premature drug release during circulation in bloodstream (pH 7.4). Two 
kinds of cancer cells, human leukemic monocyte lymphoma cells (U937) and lung 
adenocarcinoma epithelial cells (A549) were incubated with the DOX-loaded NDs. 
The inhabitation effects of DND–PG–DOX for different cancer cells were very 
close. Cellular DOX level resulted from DND–PG–DOX at each concentration was 
less than half of that caused by free DOX within the linear range for DOX. Howev-
er, when the target molecule, RGD peptide was attached to the DND–PG–DOX, the 
resulting DND–PG–RGD–DOX exhibited much higher growth inhabitation for the 
cells expressing RGD peptide receptors. On the other hand, DND–PG–RGD–DOX 
at each concentration resulted in a markedly higher DOX level than DND–PG–
DOX in A549 cells that express RGD peptide receptors. But in U937 macrophages 
devoid of RGD peptide receptors, this material at each concentration only caused a 
slightly higher DOX level than ND–PG–DOX, which was still pronouncedly lower 
than that caused by free DOX.

Besides the physical adsorption of various drugs, the NDs can be further modi-
fied by oxidation (ND), reduction (ND R1), and plasma methods (ND R2), as 
shown in Fig. 2.26 [83]. Multifuctional groups such as carboxylate and hydroxyl 
groups were decorated on the nanocores. They can enhance the drug loading to 
NDs by physical force or chemical covalents. The plant secondary metabolites, ci-
proten, and quercetin can be adsorbed to the ND, ND R1, and ND R2. The ciproten 
loaded to ND R2 was exceptionally higher, while the ciproten or quercetin loaded 
to the other two samples, on the average, was about 0.5 mmol. Cell treatment with 
200 mg/mL of drug-functionalized NDs was corresponding to treating cells directly 
with a 100 mM solution of the pure drug. ND ciproten, ND R2 ciproten, ciproten, 
ND quercetin, ND R1 quercetin, ND R2 quercetin and quercetin treatments reduced 
cell growth of 65.3, 57.4, 23 , 25 , 41.4, 54.2 and 54.6 %, respectively, after 48 h of 
treatment. On the other hand, in the same condition, ND R1 ciproten sample only 
increased cell amount of 3.5 %. After 72 h, all specimens showed antiproliferative 

Fig. 2.26  HR-TEM images of oxidized (ND, A), chemical reduced (ND R1, B), and plasma 
reduced (ND R2, C) samples. The white bars indicate 5 nm
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properties of 60.2, 11.4, 55, 40, 29.3, 74.5, 67.7, and 72.9 %, with respect to the 
control, in that order ND ciproten, ND R1 ciproten, ND R2 ciproten, ciproten, ND 
quercetin, ND R1 quercetin, ND R2 quercetin, and quercetin. In all cases, the ex-
posure with pure NDs did not influence cell proliferation high sensibility that HeLa 
cells showed to the exposure with pure plant compounds. However, for the B16F10 
murine melanoma cells, ND ciproten, ND R2 ciproten, ND R1 quercetin, and ND 
R2 quercetin caused the reduction of cell proliferation better than the treatment with 
their respective pure ciproten and quercetin. B16F10 cell growth inhibition after 
treatment with C and Q alone was highly lower with respect to the effects that pure 
plant compounds induced on HeLa cells. B16F10 murine melanoma cells is well-
known high aggressive and drug-resistant phenotype. The effects of this investiga-
tion on various tumor cell lines can be different. Chemical and structural modifica-
tions of ND surfaces could influence biological effects of transported molecules, in 
particular, plasma reduced NDs enhanced ciproten and quercetin bioactivity while 
chemical reduced and oxidized NDs just intensified, respectively in that order, quer-
cetin and ciproten.

Dipeptide (phe–lys) is cathepsin B sensitive peptide. Cathepsin B is localized 
in lysosomes and overexpressed in various malignant tumors [84]. Conjugating the 
dipeptide to DOX, followed by loading on the NDs, would produce higher tumor 
cellular uptake. The adsorption capacity was found to be 190 mg/g at pH 7.0 while 
it decreased to 170 and 130 mg/g at pH 5.0 and 3.0, respectively. Higher the concen-
tration of NaCl is, the lower the adsorption capacity of NDs exhibits.

Cancer therapies can fail due to increases in activity of cellular efflux mecha-
nisms. Higher levels of chemotherapeutic efflux lead to reductions in intracellular 
drug concentration and subsequent progression of drug insensitivity. Multidrug re-
sistance (MDR) is a type of resistance to a wide spectrum of cancer therapeutics that 
develops after exposure to only a single drug. Overexpression of these transporters 
has also been correlated with more aggressive phenotypes of cancer and malignant 
progression, such as cell migration and invasion. Overcoming MDR is a serious 
problem that confronts many cancer therapies. Methods that utilize nanoparticles 
such as NDs as drug delivery vehicles may be useful toward developing a nonspe-
cific strategy to bypass efflux mechanisms in MDR. Nanoparticles are able to shut-
tle their cargo into cells through different pathways, primarily endocytosis, which 
can bypass transport proteins and significantly improve drug efficacy by increasing 
intracellular drug concentration. Resistant K562 cells were able to overcome treat-
ment from daunorubicin (DNR) alone as compared with non-resistant K562 cells, 
NDs were able to improve DNR delivery into resistant K562 cells [85]. NDs/DNR 
conjugates resulted in significantly better performance over DNR in killing resistant 
K562 cells. The IC50 of K562/DNR dropped three fold with treatment from NDs/
DNR.

The targeting RGD peptide and Pt-based drug were immobilized on the PG 
functionalized ND, producing the novel DDS (ND–PG–RGD–Pt). In contrast, they 
synthesized ND–PG–RGD, ND–PG–Pt. The ND was covalently functionalized by 
ring-opening polymerization of glycidol. The ND–PG showed very good solubility 
(≥ 20 mg/mL) and stability in water. The resulting ND–PG–RGD–Pt was produced 
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through click chemistry and ligand exchange under a slightly basic condition [86]. 
The fND, fND–PG, and fND–PG–RGD all showed good biocompatibility in the 
U87MG and HeLa cells even at 400 μg/mL for 24 h. The uptake of fND in U87MG 
and HeLa was concentration dependent. The fND–PG did not show significant up-
take even at the highest concentration of 200 μg/mL for 24 h. The fND–PG–RGD 
uptake was dose-dependent in U87MG, but was not observed in HeLa even at the 
maximal concentration. They found that fND–PG–RGD localized in the lysosomes 
by fluorescence microscopy. The Pt release from the ND–PG–Pt was acid respon-
sive and release rate was 57 and 30 μg/h in first stage (0–12 h) at the pH of 5.0 and 
7.4, respectively. The Pt release rates followed the first-order kinetics and the rate 
constants were 2.9 × 10−3 and 1.7 × 10−3 h−1 in second stage (12–98 h) at the pH of 
5.0 and 7.4, respectively. Compared with ND–PG–Pt showing 95 % cell viability 
in both cells, the cell viability treated with ND–PG–RGD–Pt was 35 and 95 % in 
U87MG and in HeLa, respectively, suggesting the targeting effect of RGD as well 
as the stealth effect of PG.

The stable ND-drug complex based on epirubicin adsorbed in basic solution was 
designed to kill chemoresistant hepatic cancer stem cells [87]. The ATP binding 
cassette (ABC) transporter proteins can recognize and efflux drug molecules and re-
sulted in chemoresistance of cancer stem cells. Nanomedical approaches can over-
come this mechanism of chemoresistance. The epirubicin can be reversibly bound 
onto the NDs by physical adsorption. The 19.66 ± 0.2 % loading efficiency was 
achieved. The epirubicin release from epirubicin–ND drug complex (EPND) was 
pH dependent in aqueous solution. The cumulative release of epirubicin was > 80 % 
within 9 h at pH 2, while was lowered to 10 % at pH 10 and pH 12. In addition, the 
epirubicin release was also protein concentration dependent. High concentration 
of fetal bovine serum could facilitate the release of epirubicin. The mechanism of 
EPND uptake is macropinocytosis as confirmed by treating cells with 5-( N-ethyl-N-
isopropyl) amiloride, the inhibitor of macropinocytosis using LT2-MYC, a cell line 
derived from liver tumors of Teto-MYC/LAP-tTA (LT2-MYC) mice. Compared 
with free epirubicin, EPND showed high amount of intracellular epirubicin in pe-
riod of efflux of 12 h. The half maximal inhibitory concentration (IC50) values of 
epirubicin and EPND was16 nM and 450 nM, respectively, suggesting the slow and 
sustained release of epirubicin from EPND. The tumor-bearing mice were treated 
with either epirubicin (5 mg/kg) or EPND (5 mg/kg epirubicin equivalent) or con-
trols over a 12-day period and showed that decrease in the side population percent-
age compared to the increase in the percentage of side population cell treated with 
free epirubicin. The dosages of epirubicin caused obviouse decrease in bodyweight 
and acute death, while equivalent concentration of EPND resulted in no difference 
compared to PBS control.

The DDS based on NDs (ND)-mediated drug retention in chemoresistant breast 
cancer cells was developed [88]. The mitoxantrone can be reversibly bond and 
released from NDs surface. The loading capacity of mitoxantrone on NDs was 
87.2 ± 8.51 % as confirmed by UV–visible spectroscopy. The average size of ag-
glomerates was 23.3 ± 0.09 and 54.6 ± 0.29 nm of NDs and ND-mitoxantrone, 
respectively. The 7.3 ± 3.2 and 2.5 ± 2.4 % cumulative release of mitoxantrone 
from the ND-mitoxantrone conjugate was achieved at pH 10 and pH 12 in 6 h, 
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respectively compared with 19 ± 3.8 % cumulative release at pH 7 and 37.5 ± 4.1 % 
cumulative release at pH 4 within 6 h. The 54.8 ± 4.3 % of mitoxantrone was re-
leased in 6 h in acidic conditions of pH 2. The 80.3 ± 0.33 % (80 μg of mitoxantrone) 
and 62.0 ± 1.30 % (62 μg of mitoxantrone) cumulative release of mitoxantrone was 
obtained in 1:1 and 1:10 of Dulbecco’s modified Eagle medium (DMEM; 50 % 
FBS)/PBS media over 3 weeks, respectively. The breast cancer cell MDA-MB-
231-ABCG2 cells (mitoxantrone IC50, 38 nM) showed almost twofold more resis-
tant to mitoxantrone compared to normal MDA-MB-231 cells (mitoxantrone IC50, 
20.1 nM), due to increase of ABCG2 expression, while ND-mitoxantrone showed 
a 6.4-fold decrease in IC50 in MDA-MB-231-ABCG2 cells (ND-mitoxantrone IC50, 
78.2 nM) compared with ND-mitoxantrone treated with normal MDA-MB-231 
cells (ND-mitoxantrone IC50, 503 nM). It was found that ND as drug vehicles sig-
nificantly improved mitoxantrone retention. The ND-mitoxantrone exhibited higher 
drug retention efficiency (35 ± 9.6 %) than mitoxantrone (14 ± 4.8 %) in 6 h. The 
ND-mitoxantrone and mitoxantrone showed 39 ± 5.4 and 6 ± 1.9 % retention effi-
ciency after 24 h, respectively.

Wei et al. [89] reported the polyPEGylated functionalized ND (ND–polyPEG-
MA) prepared by surface-initiated ATRP using ND–Br as the initiator, PEGMA475 
as monomer and Cu(Br)/N, N,N″,N″,N″-pentamethyl diethylenetriamine (PMDE-
TA) as the catalyst/ligand. It was found that the molecular weight of ND–polyPEG-
MA related to the polymerization time. The ND–polyPEGMA showed improved 
dispersion compared with unmodified ND in PBS, and no obviously difference was 
observed in H2O. The cells incubated with 20 μg mL−1 ND–polyPEGMA for 24 h 
showed no significant cell morphology change, and the cells morphology is still 
normal even concentration of ND at 80 μg mL−1. The cell viability of A549 cells 
incubated with pristine ND and ND–polyPEGMA still over 90 % even at the con-
centrations of 160 μg mL−1 in 24 h. The DOX-loading efficiency is 65 % (W/W). 
The 60 % cumulative release of DOX from the ND–polyPEGMA was achieved in 
first 20 h. The cell viability against polyPEG–ND–DOX is dosage dependent.

Dean Ho et al. designed multimodal ND (ND)-based DDS for selective targeting, 
imaging and enhanced therapy [90]. The epidermal growth factor receptor (EGFR) 
was overexpressed in over one third of all solid tumors, including breast, lung, 
colorectal, and brain cancers. The NDs functionalized with anti-EGFR mAbs was 
designed as increase internalization and delivery of anticancer agents into EGFR 
overexpressing cells. The multimodal ND conjugate was prepared by three steps: (i) 
ND surface was functionalized with the hetero-bifunctional cross-linker sulfosuc-
cinimidyl 6-(3′ -[2-pyridyldithio]propionamido)hexanoate (sulfo-LC-SPDP); (ii) the 
PTX–DNA was synthesized by amine coupling chemistry between the PTX and the 
oligonucleotide strand; (iii) the resulting PTX–DNA/mAb@NDs was obtained by 
simultaneous linking thiolated PTX–DNA and mAbs with SPDP functionalized NDs.

Compared with 2.2 ± 0.4 nmol of PTX and 53.5 ± 2.1 μg of mAb per mg of 
PTX–DNA/mAb@ND, the loading capacity of PTX was 3.1 ± 0.7 nmol per mg 
of PTX–DNA@ND. The basal EGFR expressing MCF7 and EGFR overexpress-
ing MDA-MB-231 cells were used as contrast. The similar fluorescence intensity 
was observed by MCF7 cells treated with PTX–DNA@ND and PTX–DNA/mAb@
ND, respectively, even in the presence of competitive agent EGF, indicating the 
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nearly equivalent internalization. The MDA-MB-231 cells treated with PTX–DNA/
mAb@ND showed significantly higher fluorescence than that of PTX–DNA@
ND, meanwhile the free EGF inhibited internalization of PTX–DNA/mAb@ND, 
suggesting receptor-mediated endocytosis. It was found that the ND conjugates 
mainly localized into lysosomes using confocal microscopy. The cell viability in-
cubated with PTX–DNA@NDs and PTX–DNA/mAb@NDs was dosage dependent 
in MCF7 and MDA-MB-231 cells, respectively. The IC50 of PTX–DNA@NDs and 
PTX–DNA/mAb@NDs was 24.1 nM and 17.7 nM in MCF7 cells, respectively. 
As sharp contrast, PTX–DNA/mAb@NDs(IC50, 43.8 nM) showed almost two fold 
efficacy compared with PTX–DNA@NDs (IC50, 83.3 nM) in MDA-MB-231 cells.

The NDs surface coated DOX was achieved by immersing the NDs in a DOX 
aqueous solution, and the 95.7 % loading efficiency and 23.9 wt% loading capac-
ity were obtained [91] The release of DOX from the ND-DOX is pH-triggered. 
Compared with 1.6 % (pH 8), 77 % of the cumulative release of DOX was achieved 
at pH 4 after 4 h, while the 81 % (pH 4) and 2.7 % (pH 8) of cumulative release 
of DOX was showed in 72 h. The cell viability of PC3 (human bone metastatic 
hormone-refractory prostate cancer) treated with 100 μg mL−1 ND in cell culture 
media with and without serum was 95 and 6 % in 24 h, respectively, indicated that 
ND exhibited good biocompatibility in media containing serum. It observed that 
ND–DOX with 2.4 μg mL−1 DOX incubation with PC3 cells showed significantly 
cytotoxicity than free DOX at same dose in 24 and 48 h, respectively. The ND-DOX 
with 1.2 μg mL−1 DOX showed 42 % cell death was comparable to that of cells 
treated with 2.4 μg mL−1 free DOX (40 % cell death). The superior efficacy of ND–
DOX compared to free DOX was further confirmed by fluorescence microscopy, as 
shown in Fig. 2.27.

2.6  Conclusion

In this chapter, we summarized recent development of functionalized carbon-based 
nanomaterials (including of GO, CNTs, CNHs, and NDs) as intelligent drug carriers 
for the delivery of anticancer drugs and non anticancer drugs in vitro and in vivo.

The carbon-based nanomaterials attracted the interesting of scientific workers 
due to the EPR effect. We systematically reviewed biocompatibility, drug-loading 
capacity and loading efficiency of modified GO, CNTs, CNHs, and NDs in aque-
ous solution by covalent and noncovalent manners, and drug release amounts of 
functionalized carbon-based nanomaterials in different pH (from the acidic to basic 
solution) value was also evaluated. The drug efficacy of complex and free drugs 
was detailed studied in vitro and in vivo. This chapter concerns of different cell 
lines including of human breast cancer cells, human melanoma cells, murine breast 
cancer cells, gastric cancer stem cells, cervical cancer cells, human hepatic cancer 
cells, glioma cancer cells, prostate cancer, and so on. The functionalized carbon-
based nanomaterials loaded with anticancer drugs showed super cytotoxicity than 
free drugs at same dose incubation with cancer cells, but good biocompatibility for 
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the normal cells. Thus, carbon-based nanomaterials have great potential as DDS for 
the scientific research and clinic applications.
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3.1  Introduction

The majority of pharmaceutical development and medical research in the past 50 
years has been focused on the development of new drugs, which are applied by 
systemic drug delivery (DD) administration (oral and intravenous). However, the 
systemic DD has many disadvantages such as limited drug solubility, degradation, 
poor biodistribution, lack of selectivity, unfavorable pharmacokinetics, toxicity, 
and unwanted side effects [1, 2]. To address these problems, considerable research 
has been directed towards the development of new and more efficient DD systems 
(DDSs) [3]. A new discipline called nanomedicine based on biomedical research 
and nanotechnology has emerged that is expected to revolutionize medical treat-
ment using new nanomaterials and advanced DDSs [4, 5].

The concept of nanomedicine is to utilise nano-sized drug carrier, so-called 
nanoparticles (NPs) to load drug molecules and selectively release drug into diseased 
tissues. These synthetic NPs with the size-range from 1 to 100nm can deliver thera-
peutic molecules much more efficiently than passively diffused chemical molecules 
[6, 7]. The most attractive feature of these nano-based drug carriers is their reduced 
off-target toxicity and enhanced DD owing to the enhanced permeability and reten-
tion (EPR) effect. Other advantages include improved drug-targeting capabilities, 
drug circulation times, controlled drug release kinetics, and superior dose scheduling 
for improved patient compliance which highlight their great potential for their clini-
cal applications [8]. So far, more than 40 nanomaterial-based products have been 
approved by the Food and Drug Administration for clinical use, and the number of 
clinical trails and patents of nanomedicine increased dramatically recent years [9].
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Thus far, numerous nanomaterial-based drug delivery systems have been developed, 
including liposomes, polymers, metal / metal oxide and carbon nanomaterials. Carbon 
nanomaterials (CNMs) are formed by allotropes of carbon at nanoscale which mainly 
composed of carbon and oxygen atoms. CNMs have generated great research interest 
on drug delivery due to their unique physiochemical properties. They have emerged as 
the most extensively explored nanomaterials, providing many advantages compared to 
polymer and inorganic NPs and exciting opportunities for their biomedical applications 
including DD [10]. To this end, the following CNMs have been explored so far: carbon 
nanotubes (CNTs), graphene, graphene oxide (GO) fullerenes, carbon nanohorns, and 
nano-diamonds. The scheme of these structures is presented in Fig. 3.1.

Graphene is a single layer of sp2 carbon atoms densely packed into a benzene 
ring structure. Graphene can be described as the fundamental building block of all 
these graphitic forms and geometries, which can be wrapped into spherical struc-
tures (0D fullerenes), rolled into 1D structure (CNTs), or stacked into 3D layered 
structure (graphite) [11, 12]. Due to its unique structure and geometry, graphene 
possesses remarkable physical–chemical properties including high Young’s modu-
lus, excellent electrical and thermal conductivity, and ultra-large specific surface 
area, and biocompatibility [13, 14]. These properties enable graphene to be con-
sidered as an ideal material for very broad applications [11, 14, 16, 129, 130, 134].

Fig. 3.1  Mother of all graphitic forms. Graphene is a 2D building material for carbon materials 
with other dimensions including 0D (fullerenes), 1D (carbon nanotubes), and 3D (graphite) [12]
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CNTs are formed by the rolling up of graphene sheets (GSs) [17, 18], while the 
tips of CNTs are reminiscent of the structure of a fullerene hemisphere [19]. CNTs 
can be classified into single-walled CNT (SWCNT) and multiwall CNT (MWCNT). 
The diameter of SWCNTs is typically in the range of 0.4–2.0 nm in diameter, while 
for MWCNT the diameter is larger and can reach to more than 100 nm. The length 
of CNTs can also variously range from nanometers to centimeters [18].

Many synthetic approaches were developed for synthesis of CNTs where the 
chemical vapor deposition (CVD) is the dominant method because this method is 
easy to scale up and can provide controllable conditions for nanotube synthesis [18, 
20]. Since the beginning of widespread CNTs research in the early 1990s, CNT-
related commercial activity has grown substantially during the past decades [21]. 
From 2004, graphene, a new star was born that surged fresh and enormous research 
interests on CNMs for biomedical applications. Several methods for graphene syn-
thesis have been introduced, mainly based on mechanical/chemical exfoliation from 
graphite which could produce scalable amount of GO [22].

The CNMs have attracted enormous attention as nanocarriers for DD applica-
tions and the development of new and promising DD concepts. However, the ap-
plications of CNMs for DD are still under development and depend on conclusive 
proof of their safe use and biocompatibility. The CNTs with their thin and elongated 
shape, remain fibrous-like toxic particles similar to asbestos particles, and their la-
tent toxicity raised many concerns and conflicting debates [23]. Although graphene 
and GO have different (planar) morphology, they were found to be thrombogenic 
in mouse and evoked strong aggregatory response in human platelets, which ques-
tioned their biocompatibility [24]. However, an increasing number of studies have 
shown that the cell toxicity of CNMs is strongly related to their size (length and 
diameter) surface charge, surface chemistry, agglomeration, and purity [80]. Thus, 
there is a strong indication that their biocompatibility can be greatly improved by 
controlling these parameters, and that chemically modified CNMs can be consid-
ered as safe, nontoxic, and biocompatible materials [25–27].

In this chapter, we presented recent advances and developments of CNMs as 
nanocarriers for DD and photo-thermal therapy. First, we compiled the recent re-
search progress on surface modifications and toxicological properties of CNMs. 
Second, we showed important concepts and examples of CNMs-based DD applica-
tions such as delivering different therapeutics (e.g. chemotherapeutic drugs, genes, 
proteins etc.) and photo-thermal therapy. Finally, we conclude this chapter with a 
summary of challenges and prospective over the future regarding to the CNMs-
based DD research.

3.2  Carbon Nanomaterials as Nanocarriers for Drug 
Delivery: Concepts and Challenges

Compared to other drug nanocarriers, both CNTs and graphene possess several 
unique properties relevant to their DD and biological applications which include hol-
low and planar structure with ultrahigh surface area of > 1000 m2/g and 2600 m2/g, 
respectively. This enormous surface area provides the space for loading very large 
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amount of drug molecules that is not possible to achieve by other nanocarriers. This 
feature provides a great potential for CNMs to be applied for systemic targeting 
and local DD systems for many medical therapies, including chemotherapy. The 
scheme of CNTs, GO, and graphene as nanotherapeutic DD platform to carry differ-
ent therapeutics from small drug molecules, antibodies, DNA, proteins, and genes 
is presented Fig. 3.2.

One of the key advantages of CNTs and graphene as drug nanocarriers, espe-
cially for cancer therapy, is their capability to evade the endosomal compartment 
and translocate directly into the cytoplasm of different types of cancer cells. Com-
pared to other nanomaterials, they can provide considerable higher drug loading 
for a number of therapeutic molecules and deliver them directly into the cells. Both 
the CNTs and graphene have intrinsic physical properties which permit efficient 
electromagnetic stimulation including near-infra red (NIR) fluorescence, Raman, 
and photoacoustic scattering that could facilitate their tracing using various imag-
ing strategies and used for photothermal therapy [28]. Recent in vitro and in vivo 
studies have highlighted their outstanding potential for cancer therapy demonstrat-
ing that CNMs were able to more successfully halt tumor growth in comparison 
to various therapeutic modalities including chemotherapy, hypothermia, and gene 

Fig. 3.2  Scheme of carbon nanomaterials (CNMs) including carbon nanotubes (CNTs), graphene, 
and graphene oxide (GO) for drug delivery of various therapeutics. SWCNT single-wall carbon 
nanotube, MWCNT multiwall carbon nanotube
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 silencing macromolecular and biomarker, thus providing a versatile platform to tai-
lor the material for specific DD applications, including targeting DD [25, 26]. When 
combined with other materials such as polymers, quantum dots, gold, and magnetic 
NPs, CNM composites become a multifunctional platform for cancer diagnosis 
and on-demand DD [29]. These multifunctional DD systems generally consist of 
several parts including functionalized CNMs, tumor-targeting ligands, anticancer 
drugs, and bioimaging probe [30]. The concept has been further supported using 
different anticancer drugs (i.e., doxorubicin—DOX, paclitaxel, Pt complex immune 
therapeutics, and RNA).

The method of targeted delivery therapeutics to specific tissues using CNMs has 
a significant advantage compared to traditional administration, since it proves a vi-
able approach to reduce side effects and improve efficacy [31]. The early works in 
this area, such as Doxil®, utilize the method of passive targeting approach, or the 
so-called EPR effect. This report on the EPR effect showed that the accumulation of 
anti-cancer protein at a tumor site is caused by the enhanced permeability in tumors 
due to the abnormal blood vessels and lymphatic drainage. [32]. Such angiogenic 
blood vessel gaps, as large as 600 nm between adjacent endothelial cells, allow 
nanoparticles to preferentially accumulate in tumors rather than spread into healthy 
tissues. In addition, it was found by other groups that blood vessels gaps, as large 
as 600–800 nm abnormal blood vascular can increase both the geometric resistance 
and viscous resistance of blood flow, which significantly lower the average veloc-
ity of red blood cell in tumor than that in normal cells [8]. The EPR effect provides 
several benefits when compared to free diffusion of drug molecules into tumor tis-
sues. However, as a passive targeting method, it also faces some challenges: the 
EPR effect is highly dependent on tumor type and age, which means EPR is limited 
to specific stages and type of tumor [31]. Besides, the longer circulation times of 
drug-loaded particles, for example, PEGylated liposomal DOX, are associated with 
several adverse effects, such as stomatitis and palmar–plantar erythrodysesthesia 
[8]. Therefore, the heterogeneous properties of tumor and EPR effect require us to 
develop an alternative DD system to enhance the efficiency of targeting drugs by 
nanocarriers.

Another milestone in cancer therapy is the founding of cellular pH gradient in 
tumor versus normal tissue [33]. Tumor cells use glycolysis to obtain extra en-
ergy, which result in a relative acidic environment compared with normal cells. This 
characteristic of tumor cells provides a strong rationale for designing efficient drugs 
as a function of their pK and the cellular pH gradient. Based on this mechanism, 
several new concepts using CNTs and graphene loaded with anticancer drugs were 
developed showing drug release automatically at the tumor site where the pH is 
lower than normal cells.

A more promising way to provide specific DD in cancer therapy is to use an 
active drug targeting. The concept of this system is that drug vehicles containing 
specific ligands and monoclonal antibody can transport drugs to the cancer location 
or cross the biological barrier by a specific molecular recognition process (Fig. 3.3). 
The internalization of the CNM conjugates usually occurs via receptor-mediated 
endocytosis. The following step is the formation of endosome by invaginating plas-
ma membrane to envelope the complex of the receptors and CNTs. Subsequently, 
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newly formed endosomes are transferred to target organelles, and the drug mole-
cules are released by increasing pH or the so-called proton sponge hypothesis [135]. 
Released drugs are then trafficked by their target organelle. Meanwhile, the receptor 
released from the conjugate returns to the cell membrane to start a second round of 
transport [5].

To increase the specificity, the corresponding antigen or receptor should be ex-
pressed exclusively on all tumor cells while not appearing on normal tissues. For 
example, the folate receptor is overexpressed on a tumor cell to increase the nu-
tritional uptake, and thus folate is widely used as the homing molecule. But fo-
late is also supplied by food, which might compete with ligand on nanocarriers 
[5]. To date, tumor-associated biomarkers, such as transferring receptors, growth 
factors, and other overexpressed characteristic protein, have already been used for 
developing DDSs [34]. For example, the arginine–glycine–aspartic acid (RGD) 
peptide-conjugated magnetic NP as well as CNT composites (have been designed 
for targeting integrin αvβ3-positive U87MG cells [35, 36].

Due to the molecular complexity and defense mechanism of a disease, the use 
single therapeutic agent capable of only hitting a single target is not adequate. The 
concept called “combination therapy” described as the simultaneous administra-
tion of two or more pharmacologically active agents with different mechanism of 
reactions is recently recognized as a more efficient approach for disease treatment. 
CNTs, graphene, and GO owing to intrinsic physical properties and high surface 
offer many advantages to use this strategy to load several different drugs and recep-
tors and therefore used for the development of multifunctional DD platform for 
combined therapy including bioimaging [30]. The new concept of multifunctional 

Fig. 3.3  CNT-based tumor-targeted drug delivery system: CNTs, drug, and tumor-targeting 
ligand. CNT carbon nanotube
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CNM drug nanocarriers is schematically presented in Fig. 3.4 where CNTs are used 
as a model, but the concept can be applied for both graphene and GO. The multi-
functional DDS can be composed of several drugs to provide different therapies, 
including antibodies for specific cell targeting and fluoroprobe (i.e., quantum dots) 
for tracking the nanocarrier inside the cell or body. The CNM drug carrier with 
and without fluoroprobe can also be used as a potential cancer biomarker sensing 
combined with biomedical imaging in addition to cancer-selective DD. The com-
bined therapy concept is particularly promising in cancer treatment where different 
therapeutic approaches are important to improve efficacy with reduced dosage and 
side effects.

In summary, the designing of CNT, graphene, and GO for DD applications re-
quires addressing many of the previously discussed issues. The first is to make 
optimal structural and surface functionalization for building an efficient nanocarrier 
with desired drug-loading capacity and optimized biocompatibility. The second is 
to improve the biocompatibility of CNM, which is essential for the development 
of DDS for preclinical and clinical studies. The third is to design advanced DDS 
with targeting DD capability to release one or several drugs in a controllable way 
with optimized dosage at specific site required for successful therapy. A significant 
progress towards addressing these issues and the development of advanced DDSs, 
including in vitro and in vivo studies, have been witnessed in the past several years.

3.3  Functionalization of Carbon Nanomaterials

The main issue for the application of CNMs for DDS is their limited solubility and 
dispersion in aqueous solutions. This is particularly critical for CNTs and graphene 
which are highly hydrophobic and do not have oxygen-containing hydrophilic 

Fig. 3.4  Functionalization of CNTs with drug targeting and bioimaging molecules by combined 
covalent and non-covalent functionalization towards designing advanced and multifunctional 
CNM drug delivery systems. a The immobilization of drug molecules on the external surface of 
the CNT and b the loading of drug molecules, bioprobes, and releasing of magnetic NPs inside 
nanotubes [30]
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groups important for dispersion in water solution. In addition to the solubility, it 
is well known that the surface chemistry of these nanomaterials is the key to build 
the drug carriers with improved biocompatibility, lower toxicity, and controlled 
behaviors in biological systems. Thus, the surface functionalization of CNMs is 
essential for their DD and biomedical applications. Two general methods for the 
functionalization of CNMs were developed including the non-covalent immobili-
zations with amphiphilic molecules and the covalent functionalization by grafting 
various chemical groups [18, 37, 38]. These approaches were initially developed 
and explored for surface modification of CNTs and then applied for the function-
alization of graphene and GO since their discovery in 2004. Most important ex-
amples of functionalization of CNMs used for DD applications are summarized in 
the Table 3.1. These modifications were used not only to improve physical proper-
ties of CNTs and graphene such as solubility and enhanced transport in biological 
system but also improve their biocompatibility, bioavailability, drug loading, and 
drug-releasing performances.

3.3.1  Covalent Functionalization

Numerous methods for covalent functionalization of CNMs was explored and 
extensively reviewed in literature [19]. They can be classified into two main ap-
proaches based on the defect-group chemistry, which utilizes the existing or intro-
duced reactive oxygen-containing group in the area having the defect, and direct 
functionalization based on highly reactive reagents for addition reaction.

Table 3.1  Examples of typical covalent and non-covalent functionalization of CNT, graphene, 
and GO used for their drug delivery applications
Methods Methods or mechanisms References
Covalent Polyethylene glycol (PEG) [36, 39, 40]

Polyacrylic acid (PAA) [41, 42]
Poly-l-lysine (PLL) [43]
Poly (vinyl alcohol) (PVA) [44]
Polyethylenimine (PEI) [45–47]
Poly( N-isopropylacrylamide) (PNIPAM) [48]
Polysebacic anhydride (PSA) [49]
Chitosan [50–52]
Gelatin [53]
Fe3O4 [35]
Folic acid (FA) [54, 55]

Non-covalent π–π stacking interaction [56, 57]
Van der Waals force [58, 59]
Electrostatic [60, 61]
Hydrogen bonding [58, 62–64]
Coordination bonding [65]
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The most popular, defect-group chemistry uses strong oxidizing agents, for ex-
ample, concentrated nitric acid [66] and ozone oxidation [136], to introduce ox-
ygen-containing groups on the sidewall, open ends, as well as the defected sites. 
Based on this method, long-chain alkylamines can be coupled to carboxyl groups 
activated with thionyl chloride (SOCl2) [37]. This approach has been successfully 
used for the modification of GO sheets with covalent attachment alkylamines using 
the solvothermal process [67, 68]. Amine-containing polymer, such as polyethylene 
glycol (PEG), poly (vinyl alcohol) (PVA), Polyethylenimine (PEI), and Poly ( N-
isopropylacrylamide) (PNIPAM) have also been grafted onto GO sheets and oxi-
dized CNT [38] through covalent methods to increase their biocompatibility. Simi-
larly, grafting of small molecules, such as peptides onto CNTs and GO surface, has 
been achieved by using SOCl2 through formation of a covalent (amide linkage) with 
amino functional groups [54, 55]. In addition, Zhang et al. functionalized GO sheets 
with sulfonic acid groups (SO3H), followed by a covalent grafting of folic acid 
(FA) molecules [54]. The FA-conjugated GO (FA-GO) could be well dispersed and 
maintained stable for several months in D-Hanks buffer, a physiological  solution.

The direct sidewall functionalization with organic groups is possible by reactive 
species such as nitrenes, carbenes, and radicals [37]. For example, the thermal reac-
tion of azidoformates at 160 degree leads to nitrogen extrusion and subsequently 
forms alkoxycarbonylaziridino-modified CNTs. It was also shown that the diazoni-
um salts of para-nitroaniline can be grafted into the graphene surface for preparing 
organosoluble graphene [69, 70]. Another method is based on 1,3-dipolar cycload-
dition reaction, or the so-called Prato reaction, which can introduce methotrexate 
group on the aromatic sidewall instead of nanotube ends and defects [71]. By this 
protocol, Kostarelos et al. explored a number of cases to study the CNTs cell toxic-
ity, cell uptake, as well as delivering plasmid DNA, antibody, peptide into the cells 
[72–74].

3.3.2  Noncovalent Functionalization

Noncovalent modifications have been extensively used for the modifications of all 
CNMs based on van der Waals force, electrostatic interaction, hydrogen bonding, 
coordination bonds, and π–π stacking interaction of binding molecules and graphit-
ic surface [19]. Non-covalent functionalization can be achieved by polymer wrap-
ping, adsorption of surfactants or small molecules, and interactions with porphyrins 
or biomolecules such as DNA and peptides. These methods were well explored for 
the surface modification of carbon sp2 materials, initially on CNTs and later applied 
to graphene and GO.

In the case of CNTs, Dai et al. developed a method to use PEGylated phospholip-
ids as coating material, enabling to make them highly soluble and stable in various 
biological solutions including serum [75, 76]. Biopolymers, such as nucleic acid and 
chitosan, were proved as flexible and simple approach for surface functionalization 
of CNTs. Ming et al. found that synthesized single-stranded DNA (ssDNA) can form 
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π–π stacking interactions with the sidewall of CNTs. The DNA binding to CNTs is 
extremely effective and facile, because the surface chemistry of CNT can be easily 
controlled by modifying the sequence and length of DNA [133, 137] (Fig. 3.5).

In the case of GO and graphene, it was found that organic molecules and poly-
mers with pyrene functional groups can easily make π–π stacking interaction with 
graphene. Stankovich et al. have reported the first example of non-covalent func-
tionalization of graphitic nanoplatelets using poly (sodium 4-styrenesulphonate) or 
PSS [77]. Feng et al. functionalized GO with PEI polymers through non-covalent 
electrostatic interactions, yielding GO–PEI complex with strong positive charges, 
high stability in physiological solutions, and reduced cytotoxicity to cells [60]. The 
synthesis of GO–PEI–DNA hybrids via a layer-by-layer (LBL) assembly of DNA 
was also proved by this method [133, 137] (Fig. 3.5).

The large π-conjugated structure, abundant structural defects on CNMs, and 
presence of oxygen functional groups are also advantageous to perform attachments 
with NPs. NPs including Au, Ag, Pd, Pt, Ni, Cu, TiO2, ZnO, MnO2, Co3O4, and 

Fig. 3.5  Non-covalent modifications of CNTs, graphene, and GO using π–π stacking interaction 
for drug delivery applications. a proteins anchored on the SWCNT via pyrene π–π stacked on a 
nanotube surface [138]. b A SWCNT modified with single-stranded DNA by π–π stacking [78]. 
c the synthesis of GO–PEI–DNA complexes via a layer-by-layer (LBL) assembly process, which 
include the step of non-covalent functionalization by PEI polymers forming positively charged 
GO–PEI complexes followed by electrostatic assembly charged DNA molecules on the GO–PEI 
complexes. d Synthesis of 1/2/DOX/GO from graphene oxide, DOX, adamantine-modified por-
phyrin, and folic acid-modified cyclodextrin. GO graphene oxide, PEI polyethylenimine, DOX 
doxyrubicin, pDNA plasmid DNA [61].
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Fe3O4 have been successfully incorporated with CNTs, graphene, and GO for their 
DD applications [58, 63, 64]. These CNM/NP composites have attracted substantial 
attention owing to their interesting magnetic and optical properties and capability 
to combine DD, with bioimaging, biosensing, and external stimulus DD approach 
(Fig. 3.4).

3.4  Cell Toxicity and Biocompatibility of CNMs

3.4.1  Cell Toxicity and Biocompatibility of Carbon 
Nanotubes

The distinctive properties of CNTs based on their extremely small size, large surface 
area, rigid structure, cylindrical rod-like shape, and chemical composition raised 
some concern about their biosafety due to their unique interactions with biological 
systems. The fundamentals of the toxicity of synthetic nanomaterials in general 
are still not well understood. However, it is widely accepted that the toxicity of 
these materials depend on many parameters including particle size and distribu-
tion, shape, impurities, degree of nanomaterial aggregation or agglomeration under 
the experimental conditions, surface chemistry, surface area, morphology, surface 
charge, reactivity, crystal structure, and persistence. The changing of these param-
eters can dramatically influence the toxicity of CNTs on the cells, so their toxicity 
cannot be generalized.

Considering the length and shape, the CNTs have a thin and long fiber-like shape, 
which has an aspect ratio (length/diameter) greater than three. Thus, the CNTs might 
be suitable to fit the “fiber toxicological paradigm” according to the World Health 
Organization (WHO) criteria used to describe the toxicity of asbestos fibers [23]. 
Early studies showed that the pharyngeal aspiration of micrometer-scale SWCNTs 
can induce a robust acute inflammatory reaction and the formation of granulomas in 
C57BL/6 mice, which is similar to a fibrogenic response [79]. Another pilot study 
demonstrates that carcinogenicity of CNTs and fiber amosite result from exposure 
to long (> 20 µm), but not short (< 5–10 µm) and low-aspect radio-tangled nanotube 
aggregates [80]. This suggests that the increased risk of cell toxicity, when exposed 
to CNTs and fibers for a longer time, is presumably because macrophages can-
not completely overcome longer fibers. The scheme of this process is presented in 
Fig. 3.6. Their later study reports that the “frustrated phagocytosis” has a dramatic 
influence on the sustained generation of reactive oxygen species (ROS), which in 
turn contribute to the secretion of inflammatory mediators [139]. In contrast, the 
CNTs with short length can facilitate the cell uptake and thus cause stronger inflam-
matory response.

Impurity of CNT material, especially catalyst metal contaminants such as Fe, 
Ni, Mo, and Co, was found to be another important factor leading to their toxicity. 
The transition metals are widely used during CNT production by the CVD process 
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since they serve as the seeds for the growth of CNTs [18, 81]. Although the amount 
of catalyst can be largely reduced through a purification process, it is impossible 
to entirely remove these metal impurities, because some particles are enclosed by 
graphitic shells. The use of CNTs from different sources and impurities was the 
main reason to have many conflicting results in literature on their toxicity reported 
by different groups. These metal NP, when released to cell culture or human body, 
can induce oxidative stress by generating reactive oxygen species (ROS) into in-
tracellular environment [82]. It has been found that the metal NP can cross cell 
membrane and therefore are able to catalyze one-electron reactions including some 
physiologically relevant reductants, such as ascorbate, thiol compounds, can reduce 
ferric iron to its ferrous form, which has the capacity to reduce oxygen to superox-
ide radical and further generate H2O2 and OH radicals [83]. These ROS, including 
free radicals, H2O2, and superoxide anions are known to enhance oxidative stress, 
induce inflammatory responses, and DNA damage [23, 132]. The scheme of the 
mechanism of how CNTs and their impurities (metal NPs) can induce cell damage 
is presented in Fig. 3.7.

Another important factor that influence the cytotoxicity of CNTs is their sur-
face chemistry. The behaviors of CNTs in biological systems in vitro and in vivo 
are highly dependent on the surface chemistry. On one hand, the surface modifica-
tion can significantly change the CNT solubility in water, organic solution, and 
biological environment. On the other hand, the cell uptake process of CNTs is in-
fluenced by the particle size and the surface chemistry. It has been reported that 
CNTs, functionalized by protein, polymer, oxidation, or wrapped by DNA, are able 

Fig. 3.6  The effect of CNT structure on phagocytosis by macrophages and clearing from tissues. 
Whereas macrophages can engulf MWNTs with a low-aspect ratio before their clearance by drain-
ing lymph vessels, MWNTs with a high-aspect ratio cannot be cleared and accumulate in tissues, 
where they promote carcinogenesis. MWNT multiwalled nanotube [80]
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to be  engulfed by cells via energy-dependent endocytosis pathways [84–87]. While 
another report shows a different result that CNTs functionalized by 1,3-dipolar cy-
cloaddition can directly enter the cell similar to a “nanosyringe” [72]. Functional-
ized CNTs are found inside different types of cells even under endocytosis-inhibitor 
condition. Therefore, the cell uptake mechanism of CNTs is still unclear, but it is 
widely accepted that the CNT cell uptake is highly dependent on several factors, 
such as the size, the surface chemistry, and the type of cell.

3.4.2  Cell toxicity and Biocompatibility of Graphene and GO

The toxicity patterns of graphene and GO has dramatic difference as compare to 
CNTs because of their different synthesis route and structural morphology [88]. 
However, following the same principle generally accepted to all nanomaterials, the 
toxicity of graphene and GO is expected to be directed by the size, shape, surface 
chemistry, and charge of their planar structures. Many initial reports have indicated 
that these nanomaterials and their hybrid have a low cell toxicity, even though these 
reports are conflicting [89, 90].

The interaction between dispersed graphene or GO sheets and target cells has 
been studied in monolayer cultures of lung epithelial cells [58], fibroblasts [91], and 
neuronal cells [92]. Single-layer GO sheets were internalized and sequestered in cy-
toplasmic, membrane-bound vacuoles by human lung epithelial cells or fibroblasts 
and induced toxicity at doses above 20 μg/mL after 24 h. [91, 93]. Shen et al. using 
human lung epithelial cells found minimal toxicity at doses higher than 50 μg/mL 
and no cellular uptake [58]. Liao et al. explored the biocompatibility of graphene-
related materials with controlled physical and chemical properties, and their results 
demonstrated that particle size, particulate state, and oxygen content/surface charge 

Fig. 3.7 The mechanisms by which CNTs induce cell damage and inflammation [23]. ROS reac-
tive oxygen species, IL interleukin, TNF-α tumor necrosis factor, DNA deoxyribonucleic acid,
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of graphene have a strong impact on biological/toxicological responses to red blood 
cells (Fig. 3.8) [94].

To improve biocompatibility, Liu et al. developed a new modification approach 
for the preparation of gelatin functionalized graphene nanosheets (GNS) by using 
gelatin as a reducing reagent. The obtained biocompatible gelatin–GNS showed 
high aqueous solubility and stability in various physiological fluids and exhibited 
a high-drug-loading capacity. Another protocol combined GO with biocompatible 
polymer (PEG) and showed a minor in vitro toxicity to many cell lines, including 
Raji, HCT-116, OVCAR-3, U87MG, MDA-MB-435 and MCF-7, even at high con-
centrations of up to 100 mg/L [39, 40].

However, it was reported that GO was highly thrombogenic in mouse and 
evoked strong aggregatory response in human platelets [24]. As platelets play a cen-
tral role in hemostasis and thrombus formation, thrombotoxicity of GO potentially 
limits its biomedical applications. It was found that amine-modified graphene had 
absolutely no stimulatory effect on human platelets, nor did it induce pulmonary 
thromboembolism in mice following intravenous administration, which contrasted 
strikingly the observations with unmodified GO. Another method reported recently 
is to use the biocompatible polymer, dextran, to covalently modify GO which shows 
improved stability in physiological solutions and remarkably reduces cell toxicity 
compared to plain non-functionalized GO [95].

All these studies clearly indicated that the toxicity of graphene and GO is closely 
associated with biocompatibility of their surface functionalization. The functional-
ized graphene, GO, and their derivatives are shown in most cases to be significantly 

Fig. 3.8  a Percent hemolysis of red blood cells (RBCs) incubated with different concentrations 
(3.125–200 μg/mL) of GO (red), bGO (blue), pGO-5 (green), pGO-30 (purple), and GS (black) 
for 3 h at 37 °C with agitation. b Photographs of RBCs after a 3-h exposure to GO, bGO, pGO-5, 
pGO-30, and GS at different concentrations (3.125–200 μg/mL). The presence of red hemoglobin 
in the supernatant indicates RBCs with membrane damage. (+) and (−) symbols represent positive 
and negative control, respectively [94]. GO graphene oxide, GS graphene sheets, pGO polymer 
graphite oxide composite
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less toxic when compared with their non-functionalized counterparts. However, it is 
important to conduct long-term toxicity studies considering that animal experiments 
conducted on mouse models could have different results from humans. Hence, more 
preclinical toxicity studies are necessary before consideration to translate GO-based 
DDS into the clinic. Even though more continuous research is required to evaluate 
their long-term toxicology even from the current toxicity studies, their future bio-
medical applications look promising.

3.5  Drug Delivery Systems Based on Carbon 
Nanomaterials

3.5.1  Carbon Nanotube Drug Delivery Systems

The ultimate advantage of CNTs as a DD nanocarrier compared to other NPs is 
their distinct inner and outer surfaces, which are readily accessible by removal of 
the end caps, and an increased volume providing a high loading capacity for cargo 
molecules. Hence, they provide two options to load pharmaceutically functional 
molecules to the CNTs including exohedral and potential endohedral attachment. 
With exohedral binding, drug moieties are attached to the exterior of CNTs for their 
subsequent delivery into cells. The diverse functional groups can be introduced onto 
the surface and act as “linkers” to therapeutic moieties, for subsequent delivery into 
cells (Fig. 3.4a). With endohedral delivery, drug molecules or NPs are encapsulated 
and transported through the inner cavities of CNTs (Fig. 3.4b). Drug molecules can 
be bound onto the exterior CNT surface by either stable covalent bonds or supra-
molecular assemblies based on non-covalent electrostatic attractions (Table 3.1). 
Predominantly, reports showed the use of CNTs as drug carriers for loading large 
biomolecules on the external surface. The non-covalent binding of drug molecules 
on the sidewall is the simplest method for this purpose and a convenient pathway 
to load the drug on CNTs, which also protect the physical property of CNTs. Both 
SWCNTs and MWCNTs have been extensively explored as drug nanocarriers for 
loading a large number of therapeutics including small drug molecules, anticancer 
drugs, poorly soluble drugs, antibiotics, antibodies, enzymes, peptides, DNA, RNA, 
and genes [10, 14, 34].

Pioneering work by Prato and Dai’s groups proves that the polycyclic aromatic 
structure of DOX, anticancer drug, can be loaded on the sidewall of CNT through 
π– π supramolecular stacking [36, 96] (Fig. 3.9). Based on the fluorescence prop-
erty of DOX, the decrease of fluorescence intensity was observed with the increas-
ing concentration of MWCNT in the solution, which indicates the static quenching 
of DOX molecules on CNTs’ sidewall [96]. Almost during the same period, Dai’s 
group proved that through non-covalent binding, DOX can be loaded on the sur-
face of SWCNTs, which is first functionalized by PEG with either non-covalent or 
covalent treatment. The large surface area of SWCNTs will not be fully covered 
by PEG, thus enabling DOX to bind on the sidewall and form “forest–scrub”-like 
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 assemblies. The ultra-large surface area of SWCNT provides large drug loading, 
which is almost 8–10 wt % higher than using conventional liposomes. It was also 
found that the binding of DOX molecules is diameter dependent and pH depen-
dent. In their later in vivo study, it was shown that PEGylated DOX–SWCNTs sig-
nificantly inhibit the growth of tumor than the free DOX at the equivalent dose 
(2.15 ± 0.16-fold tumor growth vs. 2.90 ± 0.19) [97]. Furthermore, the DOX–SW-
CNTs showed reduced toxicity to mice, since no weight and mortalities were found 
after the administration of DOX–SWCNT (5 mg/kg) within 2 weeks. The reduced 
toxicity of DOX -SWCNT proved that this novel drug formulation can achieve 
higher maximum tolerance dose, which is benefit for clinical chemotherapy.

Another promising concept is the modification of oxidized SWCNTs with natural 
polysaccharides based on non-covalent supramolecular interaction [85]. Two kinds 
of widely used biopolymer, sodium alginate (ALG) and chitosan (CHI), were used 
for the modification of SWCNTs followed by loading anticancer drug (DOX). The 
concept is shown in Fig. 3.10. The CHI, natural biodegradable copolymer, is soluble 
in acidic aqueous solutions but flocculates at pH > 6 due to the deprotonation of 
its amine groups. The amine group of CHI is flexible to link with other functional 
group, but the poor solubility of CHI limits its application in DD [98]. Compared 
with CHI, ALG is more suitable for loading DOX because ALG has a lower zeta 
potential, but it is not easy to react with other ligand. Therefore, the combination 
of CHI and ALG is an ideal design for both drug loading and drug targeting. In this 
experiment, folate is efficiently reacted with CHI for recognizing overexpressed 
folate receptor on the surface of the cancer cell. In the cellular uptake experiment 
with HeLa cells, the DOX–FA–CHI/ALG–SWCNTs was found to penetrate the 
cell membrane; while when the FA receptor is blocked by pretreatment, the much 
weaker accumulation of SWCNT was found inside the cell, thus demonstrating the 
role of FA in receptor-mediated endocytosis.

The covalent functionalization as another method was also used for load-
ing drugs, where several key concepts were introduced. For example, based on 

Fig. 3.9  The scheme of 
doxorubicin load (red) on the 
sidewall of CNT structure 
through π–π supramolecular 
stacking
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1,3- dipolar  cycloaddition reaction of azomethine ylides, Pastorin et al. attached 
both methotrexate and fluorescein isothiocyanate (FITC) onto the sidewall of multi-
walled nanotubes (MWNTs) and found that the functionalized MWNTs could be in-
ternalized by Human Jurkat T lymphocytes with a dose and time-dependent manner 
[99]. NPs, including CNTs, are generally susceptible to the opsonization-induced 
reticulo-endothelial system (RES) uptake, which can significantly lower their re-
tention time in the blood stream and eventual bioavailability of the carried drug. 
Carefully modifying the suitable surface chemistry is an effective method to reduce 
RES uptake. Based on this concept, Wu et al. reported a MWNT-based DD system, 
in which the antitumor agent 10-hydroxycamptothecin (HCPT) is covalently linked 
with the MWNT by a hydrophilic spacer of diaminotriethylene glycol through bio-
cleavable ester linkage [100]. The in vitro experiment shows the rapid drug release 
in fetal bovine serum due to the enzyme activity, while a relative slow release is 
found under phosphate-buffered saline (PBS) solution. The biodistribution assay 
shows the high uptake of MWNTs in the liver, spleen, lung, kidney, stomach (emp-
tied), femur, and tumor, but the MWCNT still exhibits long blood circulation time, 
in which the half-life of MWNTs in the blood circulation is calculated to be 3.6 h. 
Finally, the in vivo tumor inhibition experiments confirmed the enhanced antitumor 
effect of the conjugates in comparison to its native formulation due to the long cir-
culation time, increased drug loading (16 %), and high cell uptake.

A novel DDS which conjugates SWCNT, cisplatin, quantum dots (Qdots), and 
epidermal growth factor (EGF) has been recently tested on head and neck squa-
mous cell carcinoma cell culture (HNSCC; Fig. 3.11). The EGF is functionalized 
on SWCNT surface in order to enhance targeting to cancer cells by recognizing the 
overexpressed EGF receptor on tumor cell surface; while Qdots make the SWCNT 
conjugates visible by confocal microscopy. In their experiment, they first proved 
that the SWCNT bioconjugates are selectively taken up by tumor cell though 
video imaging. The image and video shows more than 75 % HNSCC cells con-
taining SWCNT–Qdot–EGF. But when EGF receptor silencing gene is introduced 
into the cancer cell, the cell uptake rate reduces to only 25 %, which indicates the 

Fig. 3.10  Preparation of SWNTs–DOX after inclusion of biopolymers to enhance nanotubes dis-
persability in aqueous phase. [85] ALG sodium alginate CHI chitosan DOX doxyrubicin, SWCNTs 
single-walled carbon nanotubes

 

3 Cytotoxicity, Drug Delivery, and Photothermal Therapy of Functionalized …



98 Y. Wang et al.

 receptor-mediated endocytosis process during SWCNT bioconjugate cell uptakes. 
The video images also support the accumulation of SWCNT–Qdots–EGF in tumor 
tissue, while control group (SWCNT–Qdots) are rapidly cleared in blood vessels. 
The in vivo study showed that the SWCNT–cisplatin–EGF group inhibits tumor 
growth significantly in 10 days, while the SWCNT–cisplatin group did not show 
tumor regression effect [101].

In cancer chemotherapy, multidrug resistance (MDR) is a huge obstacle for the 
effective cancer therapy because the P-glycoprotein (P-gp), a broad-specificity 
transmembrane efflux pump, can recognize and pump the drug out of the cell once 
they are internalized. To overcoming MDR effect caused by the overexpression 
of P-gp, Ruibin Li et al. functionalized SWCNT with the antibody of P-gp and 
then loaded with DOX [102]. The drug loading is found to be the monomolecular 
adsorption based on Langmuir isotherm adsorption, and the drug release is signifi-
cantly enhanced by NIR radiation. After that, DOX-loaded Ap–SWCNTs showed 
the high-binding affinity to human leukemia cells of K562 in vitro according to the 
confocal microscopy, and the cytotoxicity of DOX–Ap–SWCNTs is nearly 242 % 
higher than free DOX. The energy-dependent endocytosis process is also confirmed 
by incubating the cell in uptake inhibitor condition.

Fig. 3.11  a Illustration of chemical reactions used to attach EGF, cisplatin, and Qdots onto car-
boxylated SWNTs (in red) using EDC as the coupling agent. b Schematic showing SWNT bun-
dles bioconjugated with EGF and cisplatin targeting the cell surface receptor EGFR on a single 
HNSCC cell. Transmission electron micrographs of c oxidized SWNT bundles with arrows show-
ing a single SWNT. d SWNT–Qdot–EGF bioconjugate bundle. e STEM image of SWNT bundle 
showing cisplatin as the bright spot [101]. EGF epidermal growth factor, DDS drug delivery sys-
tem, EDC epidermal differentiation complex, Qdot quantum dot

 



99

3.5.2  Graphene and Graphene Oxide Drug Delivery Systems

Inspired by the success of CNTs, the graphene and GO have been extensively ex-
plored in the past several years as a novel drug nanocarrier for a variety of thera-
peutics including anticancer drugs, poorly soluble drugs, antibiotics, antibodies, 
peptides, DNA, RNA, and genes [27, 107]. The most outstanding examples form 
this research are presented to show their applications for targeting, controlled, 
and stimulated DD including some specific applications for anticancer and gene 
 therapies.

The simplest concept to use graphene and GO for DD applications is to directly 
immobilize drug molecules on the surface of graphitic sheets. The anthracycline 
DOX was the most explored drug model for anticancer, which is able to make a 
strong bond on GO surface through π–π interactions, in which hydrophobic part 
of DOX and hydrogen bond reaction between carboxyl groups or GO and amino 
groups of DOX contribute to the interactions [103]. This loading of DOX on GO is 
achieved by a simple mixing in an aqueous solution with the aid of sonication show-
ing very high loading of 235 mg/mg. The release of loaded DOX molecules from 
GO nanocarrier was observed to be more extensive in acidic and basic conditions 
showing characteristic pH dependence [52]. This behavior is important in antican-
cer therapy because pH around cancer cells is slightly acidic and therefore promotes 
extensive drug release of DOX. To increase loading of DOX on GO, polymeric 
micelles, such as Pluronic-F127, were used showing very high loading efficiency of 
289 % (w/w) on GO with low DOX concentration of 0.9 mg/ml [104, 105].

To increase the cancer targeting efficiency, conjugating cancer targeting lignads 
such as FA, peptides and antibodies have been widely used to design GO-based 
DDs. The first system was demonstrated by Zhang et al. who functionalized the 
GO with sulfonic acid groups, followed by covalent binding of FA molecules which 
allows specific target of MCF-7 cells, human breast cancer cells with FA receptors 
[54]. Two cancer drugs DOX and camptothecin (CPT) were loaded onto the FA-
conjugated GO (FA–GO) via π–π stacking and hydrophobic interactions and their 
results showed remarkably high cytotoxicity of MCF-7 cells compared to GO load-
ed with either DOX or CPT only. Similarly, Huang et al. designed a FA-conjugated 
GO with good solubility and low cytotoxicity for targeting photodynamic therapy 
[106]. The GO nanocarriers are shown to significantly increase the accumulation 
of Ce6 in tumor cells and lead to a remarkable photodynamic efficacy on MGC803 
cells upon irradiation (Fig. 3.12a) [106].

Preparing GO-based composite nanomaterials is another versatile strategy to en-
hance the drug delivery efficiency. by combining GO with gold NPs (AuNP) [25, 
26]. It was found that DOX loaded on AuNP–GO inhibit HepG2 cell growth more 
strongly than DOX or/and AuNP–GO alone, suggesting more efficient transport 
into the cell by AuNP–GO compared with free DOX. This approach is successfully 
applied by Yang et al. through covalent attachment of magnetic NPs (MNP), on 
amino-modified GO followed by DOX loading (Fig. 3.12b) [55]. A multifunctional 
GO nanocarrier with dual-targeted delivery was designed, based on the force of a 
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magnetic field and the specific interaction between FA on the drug carriers and the 
overexpressed folate receptor on the surface of tumor cells, by conjugating GO–
Fe3O4 nanohybrid with FA (Fig. 3.12b). The in-vitro studies showed that DOX–
MNP–GO drug carriers exhibit much higher cytotoxicity to SK3 human breast can-
cer cells compared with free DOX [107].

Gene therapy is a promising approach to treat diseases caused by genetic disor-
ders such as cancer. Transport gene into the nucleus of cells is challenging due to 
the existed biological barriers and nuclease degradation. Therefore, gene therapy 
requires to use a suitable gene vector to transport gene to the targets. While the 
virus-based gene vector have been widely studied, GO-based gene vector have been 
proved to be a suitable candidate for gene delivery. Previous studies also showed 
that ssDNA and RNA can be immobilized onto graphene and GO by non-covalent 
adsorption through stacking, electrostatic, and other molecular interactions which 
suggest the potential for application of graphene and GO as gene carriers [60]. Gra-
phene was found to be able to protect oligonucleotides from enzymatic cleavage 
and was able to deliver ssDNA into cells [131]. Chen et al. designed a novel gene 
delivery system based on the GO chemically functionalized with branched PEI 
showing significantly lower cytotoxicity and substantially higher transfection effi-
cacy of small interfering RNA (siRNA), at optimal N to P ratio. The PEI, a cationic 
polymer, has been used showing a strong binding to nucleic acids, efficient uptake 
by cells, and excellent proton sponge effect that triggers the endosomal release of 
DNA or RNA. Their results demonstrated that sequential delivery of siRNA and 
DOX by the PEI–GO nanocarrier leads to significantly enhanced anticancer ef-
ficacy. This concept was further successfully applied for GO-based gene delivery 
carrier through the installation of PEI which revealed that a hybrid gene carrier 

Fig. 3.12  a Scheme of FA–GO–Ce6 endocytosed by MGC803 cells, endosome-containing FA–
GO–Ce6 complexes were located around the nucleus, Ce6 escaped from the endosome into the 
cytoplasm. b The preparation of the multifunctionalized GO-based anticancer drug carrier with 
dual-targeting function and pH sensitivity [55, 106]. FA folic acid, GO graphene oxide, DOX doxy-
rubicin, FITC fluorescein isothiocyanate, APS 3-aminopropyl-trimethoxysilane
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fabricated by conjugation of low-molecular-weight branched PEI (BPEI) to GO 
improved DNA binding, condensation, and transfection efficiency (Fig. 3.13) [108].

3.5.3  Carbon Nanomaterials- Based Photothermal  
Therapy System

Both CNTs and graphene are able to absorb NIR light in the wavelength range of 
800–1600  nm [109]. It is known that biological systems are transparent to 700- to 
1100-nm NIR light, while the strong absorbance of CNTs can convert NIR radia-
tion into heat, thus killing cancer cells through so-called photothermal ablation. The 
application of CNTs in photothermal therapy was initiated in 2005 when Dai and 
coworker first reported the use of NIR-medicated cancer therapy by SWCNTs. Af-
ter the internalization of DNA–SWCNTs, they found that six 10-s on-and-off pulses 
of 1.4 W/cm2 laser radiations could offer the effective DNA releasing and nuclear 
translocation. They also proved that 2-min 808-nm NIR treatment at the power of 
1.4 W/cm2 causes cell death with the cell uptake of phospholipids PEG–FA–SW-
CNT [78]. In the following study, Chakravarty et al. used antibody (anti-CD22)-
functionalized SWCNTs for thermal ablation of human Burkitt’s lymphoma cells in 
vitro showing specific target ability to destroy various cancer cells [110].

Selective engineered defects introduced on the sidewall were shown to enhance 
the thermal property of MWCNTs, because such defects or dopants (N) will cause 
scattering in the travelling currents and also increase the heating of the nanotube 
[111]. These MWCNTs are expected to be more effective in adsorbing NIR ra-
diation compared with materials such as SWCNTs, because MWCNTs have more 
available electrons for absorption. The MWCNTs contain more metallic tubes than 

Fig. 3.13  Schematic representation of the delivery of pDNA into cells using branched polyethyl-
enimine (BPEI)-modified GO (PEI–GO) [108]. pDNA plasmid DNA, GO graphene oxide
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SWCNTs, given that two thirds of SWCNTs are semiconducting [112]. Nitrogen-
doped CNx–MWNTs are not inherently cytotoxic, and the length of nanotubes is 
proved to be a major determinant of their ability to transfer heat and kill the tumor. 
It was shown that CNx–MWCNTs with lengths between 700 and 1100 nm are most 
desirable to kill the tumor [111]. Another study using NIR radiation on MWCNTs 
showed the complete ablation of tumors and a > 3.5-month durable remission in 
80 % of mice treated with 100 µg of MWCNT [112].

In the case of graphene and GO, it was shown that the PEGylated GNS them-
selves also exhibited ultrahigh in vivo tumor uptake and efficient photother-
mal therapy properties in mice under low-power NIR laser irradiation (2 W/cm2; 
Fig. 3.14) [97]. They found how sizes and surface chemistry affect the in vivo be-
haviors of graphene and remarkably improve the performance of graphene-based in 
vivo photothermal cancer treatment by using ultrasmall reduced GO (RGO) with 
non-covalent PEG coating [108]. The PEG-coated RGO showed enhanced NIR ab-
sorbance and highly efficient tumor passive targeting leading to excellent behaviors 
during in vivo treatment efficacy with 100 % of tumor elimination. The power den-
sity (0.15 W/cm2, 5 min) was found in an order of magnitude lower than that usually 
applied for in vivo tumor ablation using many other nanomaterials.

Subsequently, Markovic et al. compared the photothermal anticancer activity of 
NIR-excited graphene NP and CNTs [115]. They found that suspension of polyvi-
nylpyrrolidone-coated GSs exposed to NIR radiation (808 nm, 2W/cm2) generated 
more heat than DNA or sodium dodecylbenzenesulfonate-solubilized SWCNT un-
der the same conditions despite its lower NIR-absorbing capacity. It has also been 
found that GO exhibits a size-dependent visible and NIR fluorescence, although the 
mechanism is not yet fully understood [40, 95, 116]. Accordingly, GO can be utilized 
in biomedical imaging and photothermal therapy and has been considered as poten-
tial cancer biomarker sensors and nanoplatforms for cancer-selective DD. Robison 
et al. established nano-RGO as a novel photothermal agent by attaching a targeting 
peptide bearing the Arg–Gly–Asp (RGD) motif to PEG-functionalized nano-RGO, 

Fig. 3.14  a Photographs of vials contained 1 mL of covalently PEGylated nano-GO (top photo) 
or non-covalently PEGylated nano-RGO (lower photo) with the same GO mass concentration in 
the various solutions indicated. b Photothermal heating curves of c nano-RGO and d nano-GO 
solutions. Black curve (1) is 100 μL of solution with 20 mg/L concentration of nano-RGO or -GO, 
red curve (2) is 10 mg/L, green curve (3) is 5 mg/L, dark blue curve (4) is 2.5 mg/L, and light blue 
curve (5) is water. c Photos of tumor in mice after various treatment showed that laser-irritated 
tumor on GO sheets-injected mouse was completely destroyed [113, 114]. PEG polyethylene gly-
col, NGO nano-graphene oxide
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which afforded selective cellular uptake in U87MG cancer cells and highly effective 
photoablation of cells in vitro [114]. Photothermal therapy is often used with other 
therapies. Zhang et al. studied the synergistic effect of chemo-photothermal therapy 
using PEGylated GO loaded with DOX both in vivo and in vitro [117]. Their results 
showed that the combined DOX and NGO–PEG photothermal treatment resulted 
in complete destruction of the tumors without weight loss or recurrence of tumors, 
while DOX chemotherapy alone or NGO–PEG photothermal treatment without 
DOX did not which is confirmed by another study [118]. Pan et al. used functional-
ized GS with PNIPAM via click chemistry. The PNIPAM-GS possessed a superior 
capability of binding CPTs with a high loading ratio of 18.5 wt %, and 16.9 % and 
19.4 % CPT were released after 72 h at 37 °C in water and PBS, respectively [48].

3.5.4  Drug Delivery Applications of Other Carbon  
Nanomaterials

In addition to graphene and CNTs, other carbon nanomaterials such as fullerene 
(C60), carbon nanodots, and diamond were also explored for biomaterial applica-
tions including DD [119].

Fullerenes and their derivatives were used as DD vehicles, and, in certain circum-
stances, as nano-drugs by themselves as fullerenes have also shown drug-targeting 
capability [120, 121] (Chen et al. 2005). Tissue-selective targeting and intracellular 
targeting of mitochondria have been achieved using fullerene structures [122, 123]. 
Furthermore, fullerenes have also exhibited antioxidant and antimicrobial behav-
ior. Ashcroft et al. created a new class of anticancer compound that contains both 
tumor-targeting antibodies and NPs using fullerenes (C60). This delivery system 
can be loaded with several different anticancer drugs. It is possible to load as many 
as 40 fullerenes onto a single skin cancer antibody called ZME-108, which can be 
used to deliver drugs directly into melanomas [124]. PEI-functionalized fullerenes 
were also conjugated with docetaxel (DTX) to fabricate a DD system. Compared 
with free DTX, the tumor-targeting DD could efficiently cross cell membranes, 
lead to more apoptosis, and afford higher antitumor efficacy in a cultured PC3 cells 
in vitro [125]. Recently, the first in vivo gene delivery experiment with fullerene 
derivatives was reported (Fig. 3.15). The cationic tetraamino fullerene, with a high 
water solubility, was used to complex pDNA, and its efficiency and toxicity were 
compared to Lipofectin [140].

Carbon nanodots (C-dots) can be produced inexpensively on a large scale by 
many approaches, ranging from simple candle burning to in situ dehydration 
 reactions to laser ablation methods (Krüger et al. 2006). In striking contrast to semi-
conductor quantum dots, C-dots are superior fluorescent nanomaterials with low 
toxicity, high chemical stability, and low environmental hazard [126] Sun and co-
workers reported the first study on C-dots for their bioimaging capabilities [127] Qu 
et al. report an example of aptamer C-dot-based sandwich for fluorescent detection 
of protein which shows high sensitivity and selectivity [128]. The diamond NPs 
were also modified with amino acid for the synthesis of surface-bound peptides and 
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the attachment of biologically active building blocks, which potentially could be 
used in DD and fluorescence marker applications (Krüger et al. 2006).

3.6  Summary and Perspective

The research of CNMs-based drug delivery and photo-thermal therapy has in-
creased dramatically in the last decade. Compared with other nanomaterials, CNMs 
have many unique properties because of their the remarkable carbon structures. The 
1D and 2D CNMs provided large surface area for optimum drug loading, which is 
critical for increasing the maximum doses of therapeutics.  In addition, CNMs can 
be feasibly modified by chemical functionalization due to their excellent stability 
under harsh reaction environment. Both covalent and non-covalent surface modi-
fication methods have been developed to improve the functions of CNMs such as 
collodial stability, biocompatibility, cancer targeting and on-demand drug release. 
Recently, the combination of imaging and drug delivery, which is so-called ther-
anostic, have been achieved on CNMs-based DDs by taking advantage of their 
unique optical properties. The concept of CNM-based theranostic is expected to 
bring new opportunities to develop multifunctional DDs by expanding the photonic 
proprieties of CNMs.

The potential toxicity of CNMs have raised great concern. So far, toxicologi-
cal studies have clarified the toxic paradigms of CNMs, making it possible to de-
sign non-toxic carbon-based nanocarriers for drug delivery. Surface treatment (e.g. 
PEGlytion and polymer coating) have been a golden rule of designing biocom-
patible CNM-based DDs without long term toxicity in small rodents. However, 
toxicity studies in larger animals should be assessed systematically to determine 
the bio-safety of CNMs. It should be note that the clinical-standard CNMs should 
be rapid cleared from body after administration , because the accumulation of non-
degradable CNMs have been considered unfavourable. Therefore, preparing highly 

Fig. 3.15  a Molecular structure of the tetra(piperazino)fullerene epoxide (TPFE) used for in vivo 
gene delivery. b Distribution of injected plasmid DNA expression in each organ. After a 24-h 
injection, plasmid DNA was detected at several organs in the TPFE and the Lipofectin group. [140]
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reproducible CNMs with improved size control should be the focus for achieving 
future clinical transition.
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Chapter 4
Carbon Nanotubes with Special Architectures 
for Biomedical Applications

Jun Li, Foram Ranjeet Madiyar and LuxiZhang Swisher

4.1  Introduction

In this chapter, we focus on the special architectures of carbon nanotubes (CNTs) 
for biomedical applications including biosensors, gene delivery, cell/tissue cul-
ture, and neural stimulation/recording. Besides the unique long fiber-like struc-
ture with ultrasmall diameter and high-aspect ratio, the biomedical applications 
also rely on the physical properties of CNTs, including high electrical conductiv-
ity, chirality-dependent electronic structure, characteristic optical properties, and 
high mechanical strength. The optimum performance depends on both the intrinsic 
CNT microstructures and the architectures into which the CNTs are organized. We 
illustrate the potential of these applications with an emphasis on the utilization of 
various CNT architectures based on their electrical properties.

4.1.1  Various CNT Structures and Properties

CNTs consist of a family of tube-like fiber materials made of atomic layers of sp2-
bonded carbon atoms [1, 2]. As shown in Fig. 4.1, a single-walled CNT (SWNT) 
can be viewed as a single graphene layer rolling into a seamless tube, while a mul-
tiwalled CNT (MWNT) consists of multiple SWNTs packed in a tight concentric 
structure. All carbon atoms in CNTs share the similar physicochemical properties as 
those in graphene, that is, presenting in sp2 form in an atomic layer with a hexagonal 
lattice, except a small number of sp3 atoms at the edges or defects. Each atomic lay-
er is a large conjugate system with delocalized π-electrons shared among the carbon 

© Springer International Publishing Switzerland 2016
M. Zhang et al. (eds.), Carbon Nanomaterials for Biomedical Applications,  
Springer Series in Biomaterials Science and Engineering 5,  
DOI 10.1007/978-3-319-22861-7_4



114 J. Li et al.

atoms. The unique graphitic structure of the sp2 atomic layers determines a strong 
interaction between atoms in the layer but little interaction between adjacent layers, 
leading to drastically different properties in and out of the graphitic plane. This is 
reflected in the highly anisotropic properties of macroscopic graphite, which can be 
viewed as a stack of atomic graphitic sheets. The electrical, thermal, mechanical, 
and electrochemical properties of graphite vary by orders of magnitude between 
in-plane and cross-plane measurements [3, 4]. The properties of all traditional car-
bon materials can be correlated with the variation in dimension and organization 
of the anisotropic graphitic domains in their internal structures [3, 4]. Such highly 
anisotropic properties also apply to CNTs. Many reported extraordinary electrical, 
thermal, and mechanical properties are the ideal properties along the axial direction 
inside a single CNT. Those obtained from macroscopic CNT ensembles are signifi-
cantly inferior and vary in a wide range. Thus, it is critical to organize CNTs into 
proper configurations or architectures to achieve the optimum performance.

The internal graphitic microstructure of CNTs is equally important in determin-
ing their physical properties. A good example is carbon nanofibers (CNFs), a spe-
cial type of CNT that consists of conically stacked graphene (or graphitic) cups 
[5] (as shown in Fig. 4.1d). This type of structure commonly presents in vertically 
aligned CNFs (VACNFs) grown on the surface of solid substrates by plasma-en-
hanced chemical vapor deposition (PECVD) [6–9] or powders of bulk-produced 
materials by catalytic chemical vapor deposition (CVD) using floating reactors [5]. 
A large body of literature simply called the conically stacked CNFs as MWNTs or 
bamboo-like MWNTs [6, 7], but later studies discovered that the unique structure of 
CNFs made them fundamentally different from normal MWNTs in many applica-
tions [9–15], as discussed in later sections.

All CNTs have high-aspect-ratio fiber-like structures. SWNTs present the small-
est diameter (0.8–5 nm) and a variable length from tens of nanometers to millime-
ters, while MWNTs have a larger diameter (~ 3 to > 100 nm) and similar lengths. 

Fig. 4.1  The atomistic struc-
ture of a a layer of graphene, 
b a single-walled carbon 
nanotube, c a multiwalled 
carbon nanotube, and d a 
carbon nanofiber grown by 
DC-biased plasma-enhanced 
chemical vapor deposition 
showing the stacking of coni-
cal graphitic structures along 
the fiber axis
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CNFs typically have an outer diameter of ~ 10 to ~ 300 nm, a length up to ~ 200 µm, 
and a characteristic mostly hollow core taking ~ one third to two third of the CNF’s 
diameter. Fully dispersed short SWNTs have all atoms exposed at the surface, giv-
ing a specific surface area (SSA) up to 1600 m2/g [16]. But the SSA of SWNT 
bundles, MWNTs, and CNFs is much lower. The sidewall of SWNTs and MWNTs 
is hydrophobic and chemically inert similar to graphite basal plane. Chemical func-
tionalization relies on weak interactions such as surfactant encapsulation and π-π 
stacking of conjugate molecules. Strongly oxidized CNTs may present defects at 
the sidewall for covalent functionalization, but it tends to degrade other properties. 
In contrast, the sidewall of the hollow CNF consists of abundant broken graphitic 
edges, yielding a much more active surface for chemical functionalization [14] and 
interfacing with other electrochemically active materials [15, 17–19].

The electronic properties of an isolated defect-free SWNT depend on its helicity 
(or chirality). Statistically about two third of SWNTs are semiconducting (referred 
to as s-SWNTs) and one third of them are metallic (referred to as m-SWNTs) [20, 
21]. The bandgap of an s-SWNT is inversely proportional to its diameter yielding 
optical absorption in visible to near infrared (IR) ranges [22]. Each individual tube 
in a small-diameter MWNT behaves similar to an SWNT, with little interaction 
between adjacent shells [23]. But MWNTs larger than 10 nm in diameter are essen-
tially metallic conductors at room temperature. So are CNFs. The strong sp2 bond-
ing between the carbon atoms in CNTs yields remarkable mechanical strength rep-
resented by a large Young’s modulus of ~ 1 TPa and a tensile strength of ~ 150 GPa 
[24–26], comparable to the in-plane properties of graphene. The strong C-C bond 
makes CNT one of the most resilient materials [27].The experimentally measured 
Young’s modulus value of CNFs varied from 5–60 GPa [28] to 0.9–1.2 TPa [29]. 
As is discussed later, the strong mechanical properties are critical in maintaining the 
integrity of the architectures in complex wet biological environments.

4.1.2  General Architectures

Figure 4.2 summarizes four types of CNT architectures based on different mecha-
nisms using specific properties of CNTs. In Fig. 4.2, a single s-SWNT, multiple 
parallel s-SWNTs, or a controlled SWNT network are used as the conduction chan-
nel in a field-effect transistor whose conductivity is modulated by the change in the 
surface charge density induced by biomolecular binding or biochemical reactions. 
These biosensors require extensive efforts to eliminate the metallic conduction 
pathway which may cause a short circuit between the source and drain electrodes. 
Alternatively, a resistive biosensor based on a randomly stacked CNT film between 
two electrodes may be used to measure the adsorption of biomolecules or accumu-
lation of bioreaction products. While the fabrication is much easier, the sensitivity 
significantly decreased. A film of randomly stacked CNTs (including CNFs) may 
be deposited on an inert electrode and used as a porous electrode for electrochemi-
cal detection of biomolecules. In general, electron transport through the randomly 
stacked CNT films involves hopping between individual CNTs and is significantly 
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slowed down due to the high contact resistance. To achieve better performance, ver-
tically aligned CNTs, and particularly CNFs, have been grown from the conductive 
surface, in which all CNTs or CNFs are directly connected to the substrate, yielding 
much better electrical contact. Furthermore, the vertical structure can be fabricated 
into various micro-/nanopatterns with lithography [30, 31] and further encapsulated 
or modified with other processes [31–36]. We focus on illustrating various studies 
on vertically aligned architectures, particularly those based on the unique conical 
structure of CNFs.

4.2  Forest-Like Vertically Aligned Carbon Nanotubes

The as-prepared vertically aligned CNTs can serve as a forest-like 3D matrix with 
high surface area and nanostructured topography. With proper functionalization, 
they can be used as the electrical transducer in biosensors to wire active biomol-
ecules with the macroscopic electrodes or as biocompatible electrodes for the devel-
opment of implantable neural-electrical interfaces.

4.2.1  Electrochemical Biosensors

The common commercial SWNTs have the diameter of only ~ 2 nm and the length 
over tens of microns. To increase the solubility and make them more uniformly 
dispersed in solution in the form of isolated SWNTs, the long SWNTs are normally 
shortened to a length of tens to hundreds of nanometers by extensive acid oxidation. 

a b

dc

Fig. 4.2  Four representative CNT architectures in biomedical applications a a field-effect tran-
sistor biosensor based on a single s-SWNT, multiple parallel s-SWNT, or a controlled SWNT 
network as the conduction channel, b a resistive biosensor based on a randomly stacked CNT film 
between two electrodes, c an electrode based on a randomly stacked CNT or CNF film, and d an 
electrode based on vertically aligned CNTs or CNFs
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Such shortened SWNTs still possess a relatively high aspect ratio. More important-
ly, the ends are open and dominated by –COOH groups which can be used for selec-
tively attaching biomolecules through covalent bonds, while the sidewall remains 
rather inert to reduce electron backflow to solutions. These properties have inspired 
the study using them as conductive wires to make electrical connection between the 
electrode and the active center of redox proteins, particularly glycoproteins such 
as glucose oxidase whose active center is embedded deep inside the protein and 
difficult to reach by conventional electrodes [37–39]. One end of the SWNTs was 
attached through an amide bond to a gold electrode covered with a self-assembled 
monolayer containing cysteamine. The distal end of the SWNTs was functionalized 
with the flavin adenine dinucleotide (FAD) cofactor, also through an amide bond. 
After reconstitution of the apo-flavoenzyme glucose oxidase (GOx) with FAD, the 
SWNT was able to plug into the enzyme’s redox center and effectively wire it to the 
electrode surface [38, 39]. About sixfold higher electron turnover rate from the GOx 
(~ 4100 s− 1) was obtained compared to its natural O2 reaction acceptor (700 s− 1) 
[39]. The enhanced turnover rate was found to clearly depend on the SWNT length 
which can extend to 150 nm [39].

Though the above study provided useful insights into the fundamental proper-
ties of redox enzymes for bioelectronics, it cannot exclusively conclude that the 
SWNTs are present in truly vertically aligned forest-like structures. Stacked SWNT 
clusters may produce similar results. Ideally, vertically aligned SWNT arrays di-
rectly grown on the electrode surface may serve as a more convincing model to 
validate these studies. Liming Dai et al. demonstrated that vertically aligned CNTs 
can be fabricated on Au electrode surface and functionalized with single-stranded 
DNA chains [40]. The hybridization of ferrocene (Fc)-attached target DNA with the 
complementary sequence was electrochemically detected at high sensitivity (down 
to ~ 10 ng/mL concentration) [40]. However, the plasma treatment activated both 
the end and the sidewall of CNTs, which generated a large background current and 
may have limited the detection limit. Due to the high aspect ratio, CNTs likely col-
lapsed into microbundles due to the capillary force exerted by the solution during 
drying process after they were taken out from the solution. The nature of the CNTs 
(SWNTs or MWNTs) and the details of the vertical architecture at each step remain 
to be examined.

4.2.2  Neural-Electrical Interface

In recent years, electrical stimulation of neural tissues with implantable devices has 
been proved as an effective approach to restoring impaired neural functions and 
treating neurodegenerative diseases. A reliable neural–electrical interface (NEI) is 
critical for such devices. Current neuroprosthetic implants are typically constructed 
from metal electrodes that are at least tens of microns in diameter. The impedance 
of the NEI between the flat electrode surface and the surrounding tissue is rather 
high, thus requiring a large voltage amplitude to generate sufficient stimulation cur-
rent. Consequently, it causes direct electrical damage to the neural tissue or triggers 
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water electrolysis to produce H+ and OH− ions which are toxic to cells. The rigid 
mechanical property and flat surface of metal electrodes are also incompatible with 
soft 3D tissues and thus limit the stability of the NEI [41]. Vertically aligned CNTs 
have attracted extensive attention as a biocompatible cell/tissue scaffold due to the 
3D topography and highly permeable porous structure [42]. Particularly, the VAC-
NFs grown by PECVD process on conductive substrates have demonstrated many 
advantages over seamless CNTs in NEI applications [33, 34, 43].

As shown in Fig. 4.3, VACNFs consist of freestanding CNFs of high aspect 
ratio (with a diameter of 50–200 nm and length of 3–10 µm for NEI applications) 
[33, 34, 43]. They are directly grown on the surface of a conductive substrate with a 
random lateral arrangement and can be fabricated into specific micro-/nanopatterns 
using lithography [31, 43]. Compared to the similar structure of vertically aligned 
CNTs (mostly MWNTs), VACNFs are fully separated from the neighbors with an 
average spacing of  ~ 300–400 nm, forming a brush-like structure. The average 
diameter of CNFs is larger than normal CNTs, making them more conductive and 
mechanically more robust. The internal CNF structure consists of a stack of coni-
cal graphitic cups leaving abundant graphitic edges at the sidewall to form a good 
electrochemical interface and serve as active sites for covalent functionalization 
[9–15]. Each CNF in the VACNF array behaves as a soft lever, which can be 
elastically bent by a small lateral force when in contact with cells or tissue.

VACNFs have attracted interest as a promising material for neuroprosthetic de-
vices due to following inherent properties [41, 42, 44, 45]: (1) the 3D topography 

Fig. 4.3  VACNFs for 3D nanostructured neural–electrical interface. a A 3 × 3 microelectrode array 
patterned with UV lithography. b VACNFs grown on each microelectrode pad and then encapsu-
lated with a thin layer of polypyrrole by electrodeposition. ([33]. With permission). c Neuron-like 
PC12 cells grown on the polypyrrole-coated VACNFs which is further coated with an ultrathin col-
lagen IV for cell adhesion. Long neurites are formed after adding nerve growth factor in the culture 
media. The scale bars are 1 mm, 500 nm, and 20 µm, respectively. PC pheochromocytoma cell
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that is compatible with the complex extracellular environment in a natural tissue, 
(2) reduced electrode impedance by the high surface area of nanostructure, and (3) 
soft mechanical contact with neural cells by the elasticity of freestanding CNFs. 
To improve the biocompatibility and ability for neural stimulation and recording, 
VACNFs have been further coated with polypyrrole (PPy), an electrically conduc-
tive polymer (ECP). As shown in Fig. 4.3b, the polymer sheath effectively reduces 
the VACNF from collapsing into microbundles due to the capillary force as the 
electrode is taken in and out of solutions and thus maintains their original vertical 
alignment [33]. This is essential in reducing the mechanical stress on neural cells at 
the local contact points. In addition, PPy is a redox-active material which enhances 
the capacitance of the electrodes by two orders of magnitude [33] and thus can 
provide the desired stimulation current without electrolyzing water. After modify-
ing the outer PPy surface with an ultrathin collagen coating, neuron-like PC12 cells 
were found to effectively adhere to the surface and proliferate to form a monolayer 
[34]. With the stimulation of nerve growth factor, the cells produce long neurites 
extending over 100 µm on the surface (Fig. 4.3c) [34]. It is highly possible that they 
may form functional neuronal network under such conditions. The microelectrode 
arrays modified with PPy-coated VACNFs have been further demonstrated in effec-
tive electrical stimulation of rat hippocampal brain slices. The stimulation voltage 
can be lowered to below 1 V to eliminate water electrolysis. [43] With further de-
velopment, VACNFs coated with a proper ECP, such as PPy, could serve as a novel 
electrode for future neuroprosthetic devices. The merits of 3D topography, soft 
mechanical properties, good biocompatibility with ECP modification, high electri-
cal conductivity, low impedance, and miniaturization capability may significantly 
enhance the stability of NEI.

4.3  Nanoelectrode Arrays Based on Embedded Vertically 
Aligned Carbon Nanofibers

4.3.1  Fabrication and Electrochemical Properties

The high surface area of the exposed sidewall of forest-like vertically aligned CNTs 
or VACNFs in the previous section generates large capacitive background currents 
due to charging–discharging the electrical double layer. This may mask the weak 
signal in the form of faradaic current in electrochemical detection of small amounts 
of redox molecules. To solve this problem, Li et al. developed a method to encapsu-
late the VACNFs with SiO2 by tetraethoxysilane (TEOS) CVD and then remove it 
from the top by mechanical polishing and/or plasma etching until the tip is exposed 
to a desired length, forming a nanoelectrode array (NEA) [31, 32]. As shown in 
Fig. 4.4a, b, such NEA can be fabricated as precisely defined regular pattern on 
predefined microscale contact pads. Low-cost random NEA can be fabricated using 
the same method but skipping the lithography steps [32]. As long as the average 
spacing between the exposed VACNF tips is larger than six times of the tip diameter 
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Fig. 4.4  VACNFs embedded in a dielectric insulator with only the tips exposed to form 
nanoelectrode arrays for biosensors. a A representative independently addressed 3 × 3 microelec-
trode array (scale bar: 200 µm). b An e-beam-patterned nanoelectrode array consisting of exposed 
tips of a regular VACNF array embedded in SiO2 after mechanical polishing and plasma etch-
ing (scale bar: 1 µm). c Electrochemical detection of DNA hybridization on probe-functionalized 
VACNF nanoelectrode array based on a redox-mediated guanine oxidation mechanism. d The 
three consecutive AC voltammograms showing the guanine oxidation current from the hybrid-
ized target DNA. An enhanced peak current present in the first curve compared to later curves 
due to the irreversible oxidation of guanine bases. ([31]. With permission). e Schematic of protein 
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(~ 100 nm), the random NEAs show similar behavior as the e-beam-patterned regu-
lar arrays. Tu et al. [46] demonstrated a slightly different process for encapsulating 
VACNFs using spin-coated epoxy, rather than TEOS CVD, which also showed the 
characteristic nanoelectrode behavior.

It is known that the performance of an electrode with respect to temporal and 
spatial resolution and sensitivity scales inversely with the electrode radius. In the 
embedded VACNF NEA, the electrode diameter is much smaller than that of the 
diffusion layer thickness, thus the electrochemical properties become fundamen-
tally different from a conventional macroelectrode. Cyclic voltammetry (CV) mea-
surements of redox solutions typically show a sigmoidal shape with a steady-state 
limiting current defined by the nonlinear radial diffusion rather than time-dependent 
linear diffusion at the surface of macroscopic electrode [47]. The CV measurements 
in 1 mM K4Fe(CN)6 and 1.0 M KCl with a low-density embedded VACNF NEA 
of ~ 7 × 107 electrodes/cm2 indeed confirmed these features [31, 48]. The high tem-
poral resolution of such NEA has been demonstrated by Koehne et al. in detecting 
dopamine, an important neural transmitter, using fast-scan cyclic voltammetry. The 
NEA on a 200 × 200 µm2 micropad (similar to Fig. 4.4b) has shown the capabil-
ity to detect submicromolar dopamine at 300 V/s scan rate, comparable to a 5-µm 
diameter conventional carbon fiber microelectrode with ~ 50 µm exposed length 
[49]. With the diameter approaching the size of biomolecules, nanoelectrodes can 
be efficiently used for biosensors. The exposed tip with broken graphitic structure 
facilitates selective covalent attachment of biomolecules. Lin et al. [50]. demon-
strated that covalently attached GOx to the exposed VACNF tip in an embedded 
NEA can efficiently catalyze the glucose oxidation. A linear amperometric response 
can be obtained with such electrodes in glucose solution in a range from 0.08 mM 
to 30 mM. Both the linear range and detection limit surpass other electrochemical 
glucose sensors.

4.3.2  Affinity Biosensors

Besides being used as an electrode to detect the redox biomolecules in bulk solu-
tion, the embedded VACNF NEA can also be functionalized with biorecognition 
probes for the development of specific affinity biosensors. In such applications, 
the VACNFs are used as an electrochemical transducer whose signal changes upon 
the target molecules bind onto the surface through highly specific interaction with 
the probe. The most useful examples are the detection of DNA hybridization and 
immunochemical binding.

binding on an antibody-functionalized VACNF nanoelectrode array. f The electrochemical imped-
ance spectroscopy of 5 mM Fe(CN)6

3−/4− mediator measured with (1) bare electrode; (2) anti-
cTnI antibody-immobilized electrode; and (3)–(7) the anti-cTnI antibody-immobilized electrode 
incubated in 0.25, 0.5, 1.0, 5.0, and 10.0 ng/mL human cTnI antigen, respectively. The magnitude 
of the charge-transfer resistance (represented by the magnitude of the semicircle) represents the 
amount of human cTnI antigen binding to anti-cTnI antibody. cTnI cardiac troponin-1, SCE short-
channel effect, CNF carbon nanofiber. ([54]. With permission)
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Figure 4.4c, d shows one example for the ultrasensitive detection of DNA hy-
bridization using embedded VACNF NEAs [31]. An oligonucleotide probe with 
18 bases is covalently attached to the exposed CNF tip through amide bonds fa-
cilitated with carbodiimide reagents. This DNA sequence is a segment of the wild-
type allele (Arg1443stop) of cancer-related BRCA1 gene. It is estimated that there 
are about 100 probe molecules functionalized to a single CNF of ~ 100 nm in di-
ameter. Incubation in a solution of target DNA with an 18-base complementary 
sequence and a 10-base polyG tag at the end generates duplex DNAs at the nano-
electrode surface. 2

3Ru(bpy) + mediators are introduced to facilitate an amplified 
guanine oxidation, which efficiently transfer electrons from the guanine bases to the 
electrode even when they are not in direct contact. This mechanism can utilize all 
the inherent guanine bases within the hemispherical diffusion layer of Ru bpy 3( )2+ 
mediators, generating a well-defined oxidation peak around 1.04 V in alternating 
current (AC) voltammogram as shown in Fig. 4.4d. Interestingly, guanine oxidation 
is irreversible. As a result, the first scan (red line) is clearly higher than the second 
(blue dotted line) and the third (black line) scans, while the latter two are nearly 
superimposed on each other. The guanine oxidation only occurs in the first scan. 
Subtracting the second scan from the first one gives a clear peak at 1.04 V with the 
peak amplitude representing the amount of guanine brought to the electrode surface 
through specific hybridization, while subtracting the third from the second curve 
gives a nearly flat background with only small active guanine residues. This method 
was further demonstrated in specific detection of the hybridization with 300-base 
long polymerase chain reaction (PCR) amplicons containing the sequence comple-
mentary to the probe [51]. Statistically, each target provides 75 guanine bases as 
the inherent components in the target, significantly amplifying the electrochemical 
signal without further labeling. More importantly, this technique can be potentially 
developed into a compact multiplex chip operated with a simple handheld system 
for rapid label-free DNA analyses [52].

Immunochemical biosensors represent another type of important affin-
ity biosensor, which rely on the specific binding of antibody probes (or equiva-
lent such as aptamers) with target proteins for analyses. The embedded VACNF 
NEA has been demonstrated as a label-free electronic technique in detecting ricin 
(a toxic glycoprotein) [53] and cardiac troponin-I (cTnI, a principal biomarker for 
myocardiac infarction) [54]. As illustrated in Fig. 4.4e, antibody or aptamer probes 
are functionalized at the exposed CNF tips in an embedded VACNF NEA. Incu-
bating this electrode in the target solution induces protein binding on the surface 
in correlation with the protein concentration. The bound protein partially blocks 
the CNF surface and causes an increase in the charge transfer resistance of redox 
mediators at the electrode surface, which can be monitored with electrochemical 
impedance spectroscopy (EIS). Figure 4.4f shows the EIS at different stages of the 
electrode preparation and treatments. The charge-transfer resistance (represented 
by the amplitude of the dominant semicircle) clearly increases as the cTnI concen-
tration is increased from 0.25 to 10.0 ng/mL [54]. It was concluded that detection 
limit by this method can reach ~ 0.2 ng/mL human cTnI, about 25 times lower than 
conventional methods [54].
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4.3.3  Enzymatic Activity Analyses

4.3.3.1  Platform and Algorithm

The embedded VACNF NEAs can also be used to detect the activities of various 
enzymes such as proteases, kinases, and phosphatases, which are critical biomark-
ers involved in biological processes leading to diseases. Specific peptide substrates 
are functionalized at the exposed CNF tips in the NEAs, which are subjected to 
proteolysis or phosphorylation (or dephosphorylation). The reaction kinetics can be 
monitored with different electrochemical methods to provide the actual activity of 
these enzymes, rather than the concentrations measured with other techniques. The 
electrochemical detection of enzyme activities is attractive as portable systems for 
point-of-care diagnosis, therapeutic treatment monitoring, and drug screening for 
diseases such as cancers.

Besides presenting a characteristic steady-state limiting current in CV due to the 
nonlinear radial diffusion of redox species to the electrode surface [55], NEAs also 
afford to maintain the linear current–voltage relationship at much higher AC volt-
age in EIS measurements than macro- and microelectrodes [56]. Due to the small 
electrode size, the measured impedance of an NEA is very sensitive to the nature 
of the biomolecules bound at the electrode surface. In addition, the much smaller 
electrochemical cell time constant of NEA allows the electrochemical measurement 
to be carried out at a much higher speed. These properties make NEAs attractive for 
monitoring enzymatic reactions using peptide substrates attached to the CNF tip. 
The small radius of CNF tip protruding over the flat SiO2 matrix surface also allows 
enzymes to access to the peptide substrates without suffering the steric hindrance 
effects encountered on macroscopic surfaces.

Phosphorylation of the peptides by kinase introduces phosphate groups and 
negative charges to the electrode surface. On the other hand, dephosphorylation 
of the phosphorylated substrates by phosphatase removes the negatively charged 
phosphate groups from the peptides. Phosphorylation and dephosphorylation are 
reversible dynamic processes, which are important regulatory mechanisms in both 
prokaryotic and eukaryotic organisms [57]. The changes in charge density and/or 
conformation of the peptides accompanying these reactions may induce changes in 
electrochemical impedance |Z| [58]. Label-free real-time electrochemical impedance 
spectroscopy (REIS) method is employed which directly measures the impedance 
change at the electrode surface during enzymatic phosphorylation/dephosphoryla-
tion as shown in Fig. 4.5a. A long peptide substrate (biotin–AEEEIYGEFEAK-
KKKC) which is specific to c-Src kinase [59] is attached to the exposed CNF tip. 
When a solution containing c-Src kinase and adenosine-5′-triphosphate (ATP) is 
added to the solution, a phosphate group in ATP is transferred to the tyrosine residue 
(Tyr or Y) in the peptide, referred as phosphorylation. During this process, a nega-
tive charge is added to the peptide, which may be accompanied by a conformational 
change in the peptide. These effects are expected to affect the packing of peptides on 
the electrode surface and cause impedance change. On the other hand, the reverse 
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Fig. 4.5  a The reversible phosphorylation and dephosphorylation of peptide substrates attached 
to an embedded VACNF NEA catalyzed by kinase and phosphatase, respectively. b The real-time 
measurement showing that the impedance |Z| increases slowly upon the addition of 5.9 nM c-Src 
and 0.30 mM ATP at 100 s into the kinase buffer. c The real-time measurement showing that the 
impedance |Z| decreases rapidly upon the addition of 2.4 nM PTP1B at 73 s into the phosphatase 
buffer. d The plot of –d(|Z|/|Z0|)/dt versus |Z|/|Z0| and the fitting with straight lines for the kinetic 
data with 2.4 nM (■), 1.8 nM (▲), and 1.2 nM (♦) PTP1B, respectively. e The slopes in (d) at three 
PTP1B concentrations showing a linear relationship between the slope and the PTP1B concentra-
tion. ATP adenosine triphosphate, PTP1B protein tyrosine phosphatase 1B ([58]. With permission)
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reaction to remove the phosphate group, that is, dephosphorylation, could happen 
after replacing the kinase solution with that of protein tyrosine phosphatase 1B 
(PTP1B). The impedance may change toward the opposite direction. This method 
is particularly suitable for fast reaction such as dephosphorylation.

For slower reactions such as proteolysis induced by proteases, the kinetics can be 
measured with a special AC voltammetry (ACV) technique. Compared to common-
ly used CV techniques based on direct current (DC) ramping, ACV measurements 
on VACNF NEAs show an anomalously high electron transfer rate with redox-ac-
tive Fc molecules attached to the exposed CNF tips [10]. This is likely attributed to 
the unique conically stacked graphitic structure of the CNFs in the NEA. As a result, 
ACV on CNF NEAs can be carried out at much higher AC frequency (> 1 kHz) than 
that on macroscopic glassy carbon electrodes (GCEs) which is limited to ~ 75 Hz. 
Since the signal in ACV is nearly proportional to the AC frequency below certain 
limits, the detection sensitivity can be greatly enhanced with VACNF NEAs. The 
detection of the enzymatic activity of cancer-related proteases has been demon-
strated by monitoring the decrease in the ACV signal of Fc attached to the CNF tip 
through a specific peptide linker.

The kinetics of the above two heterogeneous enzymatic reactions may be gener-
ally explained with a modified Michaelis–Menten model as shown in the following 
equation: [60]

 (4.1)

where E, Ss, ESs, Ps, and P represent the enzyme, the surface-bound peptide sub-
strate, the enzyme-substrate complex on the electrode surface, the surface-attached 
product, and the product released to the solution, respectively. The reaction rate can 
be defined as

 (4.2)

where kcat is the dissociation rate constant, KM = ( kcat + k− 1)/k1is the Michaelis–Men-
ten constant, and ΓSs and ΓPs represent the surface densities of original and reacted 
peptide substrates, respectively. At low enzyme concentrations where [E0] << KM, 
an approximate relationship can be obtained as

 (4.3)

The reaction rate ν (or − dΓSs/dt) is a time-dependent quantity proportional to the 
change in electrochemical signals (dE/dt), where E is the kinetic electrochemical 
signal corresponding to the “extracted proteolytic signal” S in ACV measurements 
for protease, and the normalized impedance |Z|/|Z0| in REIS measurements for ki-
nase/phosphatase, respectively. As a result, the slope of (dE/dt) versus the time-
dependent E will be equal to ( kcat/KM)[E0], namely,
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 (4.4)

Thus, by rearranging the kinetic electrochemical data, we can derive the value of 
“specificity constant” kcat/KM which is commonly used to represent the catalytic 
efficiency of enzymes. In another view, the kinetic electrochemical signal is essen-
tially an exponential function

 (4.5)

where the exponential time constant τ is related to the enzymatic activity by 
1/τ = ( kcat/KM)[E0].

4.3.3.2  Kinase/Phosphatase Detection

Figure 4.5b, c shows the REIS upon adding c-Src kinase or PTP1B phosphatase into 
corresponding buffer solutions. Only a small change (< 0.5 %) in the total imped-
ance value |Z| was observed after adding 5.9 nM of c-Src kinase (Fig. 4.5b) [61]. 
The change was slow, unreliable, and superimposed on a step function due to dis-
turbance to the solution. The peptide at the VACNF NEA was fully phosphorylated 
with 1-h further incubation in c-Src kinase solution. The dephosphorylation reaction 
was much faster, showing a decrease in |Z| by ~ 1150 Ω (~ 6.3 %) over the ~ 100-s 
period after adding 2.4 nM PTP1B. These results indicated that the peptide attached 
to the VACNF NEA can be reversibly phosphorylated and dephosphorylated by 
switching the enzymes and corresponding buffers. The impedance change corre-
sponding to the dephosphorylation by PTP1B was considerably larger than that of 
phosphorylation by c-Src kinase. This is correlated with the fact that the “specificity 
constant” kcat/KM is 1.1 × 106 M− 1 s− 1 for human PTP1B and 2.9 × 107 M− 1 s− 1 for rat 
PTP1 phosphatases [62, 63], much higher than that for c-Src kinase ranging from 
2.4 × 103 to 2.5 × 104 M− 1 s− 1 [59, 64–66].

For quantitative analysis of the enzyme activity, the background-subtracted data 
|Z|/|Z0| in Fig. 4.5c was fit with an exponential decay

 (4.6)

The value − d(|Z|/|Z0|)/dt represents the reaction rate, which can be calculated from 
the exponential fitting function using Eq. (4.6) and then plotted versus |Z|/|Z0|, as 
shown in Fig. 4.5d. The slope of the straight line gives 1/τ = 0.0522s− 1 = ( kcat/KM)
[E0]. Since it is known [E0]

 = 2.4 nM, the value of kcat/Km can then be derived as 
2.2 × 107 M− 1 s− 1, right in the range reported in the literature [62, 63]. As the PT-
P1B concentration is lowered to 1.8 and 1.2 nM, respectively, the slope decreases 
proportionally as shown in Fig. 4.5d. But the derived specificity constant kcat/KM 
remains the same as expected, giving an average value of 2.1 × 107 M− 1 s− 1.
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4.3.3.3  Protease Detection

ACV uses a sinusoidal AC voltage superimposed on a DC potential ramp for 
voltammetric measurements. It has advantages over commonly used DC-based CV, 
particularly for biosensors, due to the ability to amplify the electrochemical signal 
of small quantity of redox tags by shuffling the electron between the redox tag and 
the electrode many times. In general, the signal increases with AC frequency at low 
frequencies but is saturated and then decreases at higher frequencies. Using VACNF 
NEAs, the optimum frequency for Fc through a short NH2CH2− linker was found 
to be 40 times higher than macroscopic GCE [10]. Similar phenomena were also 
observed with Fc attached to the electrode surface through a tetrapeptide and linker 
groups, that is, H2N–(CH2)4–CO–Ala–Ala–Asn–Leu–NHCH2–Fc which showed a 
peak current at ~ 0.2 V versus Ag/AgCl (3 M KCl) [12]. As shown in Fig. 4.6, the 
peak current density ( ip) in the ACVs with macro-GCE is maximum at 40 Hz but 
then drop to zero at 1500 Hz. In contrast, the ACV of the VACNF NEA gives a 
maximum ip at 1500 Hz [11, 12]. Obviously, VACNF NEAs allows the Fc signal to 
be detected at much higher frequency. This provides a unique method for protease 
detection.

Figure 4.7 a shows the scheme of monitoring protease-induced proteolytic cleav-
age of the peptide substrates attached to the embedded VACNF NEA. Upon be-
ing supplied with the specific protease, the peptide is cleaved at the particular site 
and releases the Fc moiety from the electrode surface, causing the redox signal 
to decrease, which is monitored by continuously repeated ACV measurements. As 
shown in Fig. 4.7b, adding cathepsin B (at 15.5, 30.7, and 62.1 nM) into the elec-
trochemical cell clearly cleaves the tetrapeptide H2N–(CH2)4–CO–Leu–Arg–Phe–
Gly–NH–CH2–Fc immobilized on VACNF NEA and causes the normalized ACV 
peak current S to decay exponentially [11, 12]. The decay time constant can be fitted 
with

 (4.7)

The higher cathepsin B concentration apparently causes a faster decay, giving small-
er decay time constant τ and higher protease activity, with 1/τ  = ( kcat/KM)·[E0]. The 
quantity of ( kcat/KM)·[E0] can be alternatively represented by the slope in Fig. 4.7c. 
The statistical values of ( kcat/KM)·[E0] from nine experiments at three enzyme con-
centrations are shown in Fig. 4.7d, which is linearly proportional to the enzyme 
concentration [E0], giving the average “specificity constant” kcat/KM = (3.68 ±  0.50) 
× 104 M− 1 s− 1 [67].

A major goal of today’s research is to develop methods that can quantitatively 
detect protease in complex samples and correlate the results with cancer formation. 
The capability of VACNF NEA in detecting cathepsin B activity has been recently 
demonstrated with lysates of human epithelial mammary cell (HMEC), non-tumor-
igenic breast cell MCF-10 A, breast cancer cell T47D, and metastatic breast cell 
MDA-MB-231 [68]. As shown in Fig. 4.8, the decay time clearly varied among 
these different cell lysates, giving τ = 497, 311, 248, and 215 s for 7.28 µg mL− 1 of 
HMEC, MCF-10 A, T47D, and MDA-MB-231, respectively. The derived values of 

t 0[ (b  c)]/ exp( / )·S i t i t τ= - + = -
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( kcat/KM)·[E0] are 2.00 × 10− 3, 3.20 × 10− 3, 4.02 × 10− 3, and 4.60 × 10− 3 s− 1, showing 
a good correlation with the cancer formation. With further development, such elec-
trochemical enzymatic biosensors based on VACNF NEAs may be potentially ap-
plied as portable multiplex electronic devices for rapid cancer diagnosis, treatment 
monitoring, and inhibitor screening.

Fig. 4.6  Comparison of AC voltammograms (ACVs) measured at 10, 40, and 1500 Hz of H2N–
(CH2)4–CO–Ala–Ala–Asn–Leu–NHCH2–Fc immobilized on a macro-GCE (a–c) and on a 
VACNF NEA (d–f). All measurements were done in 500 µL of 50 mM MES (pH 5.0) and 250 mM 
NaCl. Sinusoidal waves with the fixed amplitude of 25 mV were superimposed on a DC staircase 
ramp from − 0.05 to + 0.65 V at a scan rate of 10 mV·s− 1. The AC current density was calculated 
by normalization to the 7.1 mm2 geometric surface area inside the 3-mm i.d. O-ring. The actual 
CNF surface area is ~ 100 times less. CNF carbon nanofiber, GCE glassy carbon electrode. ([12]. 
With permission)
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4.4  Integration of Nanoelectrode Arrays with 
Microfluidics

The embedded VACNF NEAs are mechanically robust, thermally and chemically 
stable, and able to sustain the traditional microfabrication process. Hence, they have 
been successfully integrated as active components in microfluidic chips for manipu-
lating and detecting small redox chemicals, large biomolecules, microbial particles, 
and cells.

4.4.1  Redox Generator-Collector Pair in a Microfluidic Channel

The first study on the integration of VACNF nanoelectrodes in a microfluidic chan-
nel was reported by McKnight et al. [69]. To avoid detrimental arcing and sparking 

Fig. 4.7  a Schematic of protease-induced proteolytic cleavage of the peptide substrate. ([12]. With 
permission.) b The proteolysis kinetics represented by the extracted proteolysis signal S  = ( it 

− ib)/i0 
versus the reaction time after adding purified cathepsin B into the electrochemical cell. The final 
concentrations of cathepsin B are 15.5, 30.7, and 62.1 nM, respectively. Each set of data is fitted 
with a simple exponential decay. c Plot of the reaction rate − dS/dt versus extracted proteolysis 
signal S = ( it − ib)/i0 at different cathepsin B concentrations. d Plot of ( kcat/KM)·[E0] with respect to 
cathepsin B concentration [E0] in the proteolytic reactions. The error bars are the standard devia-
tion of the results from at least triplicated experiments. ([11]. With permission)

 



130 J. Li et al.

during DC-biased PECVD process to the growth of VACNFs, the 4″ SiO2-covered 
Si wafer was first deposited with a thin film consisting of the following material 
stacks Si/Ti/W/Ti. A UV lithography procedure was then employed to define Ni cat-
alyst (40-nm thick Ni in 500-nm-diameter circular spots) using a liftoff process. The 
10-nm thick Si top layer served as a critical interfacial layer to facilitate nucleation 
of singular Ni particles in the pregrowth process. With this unique approach, single 
CNFs can be grown from over 500-nm-diameter Ni spots which can be patterned 
easily with readily available wafer-scale reduction stepper photolithography instead 
of the slow and expensive e-beam lithography. The resulting VACNFs are spear 
shaped with ~ 500–700 nm in diameter at the base and 60–400 nm in diameter at the 
tip, with the length of ~ 5 µm. A recent study indicates that the spear shape could 
be attributed to the deposition of silicon nitride during PECVD growth of VACNFs 
due to the sputtering of the Si layer by NH3 [70]. Nevertheless, the bigger base is 
useful in increasing the mechanical stability of the VACNFs. After VACNF growth, 
UV lithography was applied to define the metal contact pattern and the stacked film 
Si/Ti/W/Ti on rest of the surface area was removed by reactive ion etching (RIE). A 
layer of SiO2 (~ 100 nm) was then conformally deposited by PECVD to encapsulate 
all surfaces. A 2-µm SU-8 layer was spun onto the wafer to further passivate the 
VACNF and define the area for exposing the metal contact by RIE. A second SU-8 
layer (15–20 µm) was applied at the last to define the microfluidic channel.

Fig. 4.8  a The normalized 
proteolysis curves measured 
in 7.28 µg mL− 1 lysates of 
HMEC (green diamond), 
MCF-10 A (blue inverted tri-
angle), T47D (cyan square) 
and MDA-MB-231 (pink 
diamond) cells, respectively. 
b Comparison of the ( kcat/
KM)·[E0] values derived from 
7.28 µg mL− 1 of HMEC, 
MCF-10 A, T47D, and 
MDA-MB-231 cell lysates 
reacting with tetrapeptide 
H2N–(CH2)4–CO–Leu–Arg–
Phe–Gly–NH–CH2–Fc on 
VACNF NEAs. The error 
bars represent the standard 
deviations derived from 
three measurements. HMEC 
human epithelial mammary 
cell, MCF Michigan Cancer 
Foundation
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Figure 4.9 shows the schematic view and a photograph of a completed single 
die consisting of up to 40 individually addressable VACNF nanoelectrodes [69]. 
Each VACNF is encapsulated with multiple layers of insulating materials leaving 
only the extreme tip exposed. CV characterization indicated that such nanoelec-
trodes have a wide potential window, over − 1 to + 1 V versus Ag/AgCl (3 M KCl) 
in various supporting electrolytes. In the solution containing redox molecules such 
as Ru NH3( )6

3+ and Fe CN( )6
4-, well-defined sigmoidal shape was observed in CV 

curves. The steady-state current clearly depended on the exposed CNF length which 
can be controlled by hydrofluoric acid (HF) etching. The communication between 
two nanoelectrodes was studied using two fully exposed VACNFs separated by 
10 µm as a generator–collector pair [69]. One VACNF was set at − 0.5 V versus 
Ag/AgCl (3 M KCl) as the generator to reduce Ru NH3( )6

3+  to Ru NH3( )6
2+, while 

the other one was set at 0 V versus Ag/AgCl (3 M KCl) as the collector to oxidize 
Ru NH3( )6

2+ back into Ru NH3( )6
3+. At the steady state in 10 mM Ru NH3( )6

3+  solu-
tion, the concentration of the reduced specie Ru NH3( )6

2+  arriving at the collector at 
10 µm distance was found to be as high as 0.8 mM, that is, ~ 8 %. Such design could 
be optimized in developing a novel amplification technology to detect very small 
amount of redox analytes by confining them in a small volume and recycling them 
between the generator and collector.

Fig. 4.9  Schematic view of a VACNF nanoelectrode array (not to scale) and photograph of a 
completed single die consisting of up to 40 individually addressed VACNFs (only four shown in 
the bottom schematic view) within an open microfluidic channel. The VACNFs are encapsulated 
with multiple layers of insulating materials leaving only the extreme tip exposed. ([69]. With 
permission)
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4.4.2  VACNF NEA DNA Sensors Integrated in a Packed 
Microfluidic Chip

The DNA hybridization sensor based on embedded VACNF NEAs discussed earlier 
in Sect. 4.3.2 can be developed into a simple multiplex electronic DNA microarray 
technology for rapid DNA analyses [30, 31, 51, 52]. To fully realize their advan-
tages, such DNA sensor chips need to be integrated with a microfluidic system for 
sample handling. Kim et al. demonstrated a fully packed microfluidic system to-
ward this direction [71]. A chip consisting of nine independently addressed e-beam 
patterned regular NEA (similar to that in Fig. 4.4b) in a 3 × 3 microarray format was 
functionalized with single-stranded DNA (ss-DNA) probes and used as the working 
electrode. A glass slide deposited with a common Ag quasi-reference electrode and 
a common Pt counter electrode was bound with the NEA chip through a polydimeth-
ylsiloxane (PDMS) tape precut with the fluidic channels (width: 300 µm and height: 
100 µm) and a circular chamber. All processes were under 65°C so that the pre-
functionalized DNA probes were retained intact. The ability of such integrated chip 
was demonstrated with differential pulse voltammetry (DPV) measurements of 
ruthenium(II)-amplified oxidation of guanine bases brought to the electrode surface 
through the specific hybridization (as described in Sect. 4.3.2). The peak height dif-
ference between the first and second DPV scans, that is, the signal correlated to the 
hybridized DNA, clearly increased as the target DNA concentration was raised. In 
addition, a PDMS-based microspotter has been demonstrated to quickly spot each 
micropad in the 3 × 3 chip with a different ss-DNA probe [71]. This can potentially 
be developed to a complete system to fabricate integrated multiplex DNA chips for 
rapid DNA analyses in field applications.

4.4.3  VACNF NEA Nano-DEP in a Fluidic Chip for Pathogen 
Detection

The embedded VACNF NEA has also been integrated into a microfluidic system 
for dielectrophoretic capture and detection of small pathogenic particles such as 
bacteria and viruses [72–74]. Dielectrophoresis (DEP) is an attractive technique 
for on-chip capture, sorting, and concentration of small polarizable particles us-
ing programmable electric fields [75, 76]. The small size of pathogens, such as 
the viral particles (~ 100 nm) and bacterial particles (~ 2 µm), makes it difficult to 
manipulate them in a fluidic flow. Recently, we have developed a simple nanoscale 
DEP device based on an embedded VACNF NEA versus a macroscopic indium tin 
oxide counter electrode, which can effectively capture both bacterial cells and viral 
particles from high-velocity fluidic flows. The highly focused electric field at the 
CNF tip produces a large DEP force to pull bacterial cells and viral particles toward 
the CNF tip and concentrate them at the electrode surface. The DEP device can be 
further integrated with a Raman probe for rapid detection of pathogens by monitor-
ing surface-enhanced Raman spectroscopy (SERS) tag specifically bound to the 
bacteria cells [77].
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4.4.3.1  Principles, Device Design, and Fabrication of the Nano-DEP Chip

DEP is the process defining the motion of particles when they are exposed to a spa-
tially nonuniform electric field [76]. It fundamentally differs from electrophoresis 
because the particle is not required to carry a net electric charge for motion to be 
induced, and both AC and DC voltages can be employed to impose the electric field 
[78]. The time-averaged DEP force FDEP  exerted on a spherical particle by an AC 
voltage is given by: [76]

 (4.8)

where r is the radius of the particle, εm is the permittivity of the suspending medium, 
∇E2 is the gradient of the square of the applied electric field strength, and Re[CM( ω)] 
is the real component of the complex Clausius–Mossotti (CM) factor given by:

 (4.9)

where εp
* represents the complex permittivity of the particle and εm

* is complex 
permittivity of the medium. Parameter σ is the conductivity of the medium, ω is the 
angular frequency (ω = 2πf ) of the applied electric field, and j = √−1. Here, we focus 
on positive DEP (pDEP) where the proper medium is chosen to give Re[CM(ω)] > 0 
so that the particles experience a DEP force directing toward higher electric field 
strength [76]. Due to the small size, the magnitude of ∇E2 at the CNF tip can be 
enhanced by orders of magnitude so that even small viral particles can be captured 
effectively [79].

Figure 4.10a illustrates the design of the DEP device in a “points-and-lid” config-
uration [75], with an embedded VACNF NEA in the exposed 200 × 200 μm2 region 
as the “points” electrode and a macroscopic transparent indium tin oxide (ITO) slide 
as the “lid” electrode. The two pieces are permanently bonded together through the 
SU–8 photoresist layers. The stretched lines in Fig. 4.10b represent the movement 
of individual bioparticles carried by the hydrodynamic flow. Figure 4.10d shows the 
forces acting on the particles, where FDEP force acts in downward direction leading 
to captures of particle on the VACNF tip in the NEA, and FDrag is the hydrodynamic 
drag force which carries the particle to flow in the channel [72, 74].

4.4.3.2  DEP Capture of Bacteria and Virus in a Microfluidic Flow

DEP capture was demonstrated with fluorescent-labeled Escherichia coli DHα5 
bacterial cells [72, 73] and Bacteriophage T4r viral particles [74]. In viral experi-
ments, 280 mM mannitol was added to the suspension medium to ensure a positive 
CM factor for pDEP [79, 80]. The DEP device was placed under an upright fluores-
cence optical microscope. The NEA employed in this study had an exposed CNF 
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density of ~ 2 × 107 CNFs/cm2, with an average spacing of ~ 2.0 µm. Figure 4.11a 
shows the typical voltage waveform applied in a DEP experiment. Fluorescence 
video was recorded spanning over that period while the solution was forced to flow 
through the microfluidic channel. Figure 4.11b shows the integrated fluorescence 
intensity over the VACNF NEA area during the DEP capture of bacteriophage T4r 
with 10 Vpp AC voltage at 10 and 100 kHz frequency, respectively [74]. Clearly, 
the viral particles were captured immediately after the AC voltage was turned on 
and reached the saturation level within 10 s. The captured particles were reversibly 
released and washed away as soon as the voltage was turned off.

The captured bacterial cells present as isolated bright spots fixed on the surface 
as shown in the snapshot image in Fig. 4.11c [72]. The number of captured bacte-
rial cells monotonically decreases as the flow velocity is increased, reflecting the 
larger drag force incurred by the flow. But for viral particles, the captured par-

Fig. 4.10  Schematic of the microfluidic chip containing a VACNF NEA based nano-DEP device. 
a The main components of the device, including a top-lid electrode made of indium tin oxide 
(ITO)-coated glass and an 18-µm SU-8 photoresist layer containing a recessed microfluidic chan-
nel, a bottom NEA chip covered with 2 μm SU-8 photoresist with a 200 × 200 μm2 open area. 
b SEM image of an NEA made of e-beam-patterned regular VACNFs. c 4X magnification optical 
microscope image showing the flow profile of fluorescent-labeled bacteriophage solution passing 
through the bonded device. d Schematic diagram of forces on the microbial particles in the active 
nano-DEP area. VACNF vertically aligned CNFs ([90]. With permission)
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ticles only present as isolated spots at flow velocity below 0.73 mm/s [74]. Above 
that, the snapshot shows fractal-like lightening patterns (see Fig. 4.11e) which are 
commonly generated under conditions where a high electric field is produced at a 
sharp electrode surrounded by charged or polarizable materials as is the case here 
(schematically shown in Fig. 4.11g) [74]. The generation of such patterns requires 
a relatively high concentration of polarizable particles at the electrode tip. Thus, it 
was seen only when the particle flux was sufficiently high to bring a large number 
of particles near the electrode and, at the meantime, the capture efficiency was suffi-
ciently high to capture and keep them in place. Accordingly, as shown in Fig. 4.11f, 
the maximum DEP capture was obtained at the flow velocity of 0.73 mm/s, at the 
transition point from isolated spots to lightening patterns. For bacterial cells, the 
high electrical field at the VACNF was blocked once a single cell was captured, 
preventing it from capturing the second bacterial cell at this site.

Depending on the size, shape, and physicochemical properties, different mi-
crobes present very different CM factor over the frequency spectrum, and thus it 
is possible to selectively sort out a specific microbe from a mixture by DEP at the 
proper frequency. It has been demonstrated that optimum DEP capture condition 
for E. coli cells is at 100 kHz [72] and for bacteriophage T4r at 10 kHz [74]. Con-
sidering that mannitol had to be added to adjust the permittivity and conductivity of 
the media (i.e., water), it is clear that the small virus particles ( bacteriophage T4r, 
80–200 nm in size) have very different CM factor compared to larger bacterial cells 
( E. coli, ~ 1–2 μm in size). As expected, higher Vpp gives stronger DEP force in all 
cases. Normally, reliable results are only obtained with ≥ 6 Vpp.

4.4.3.3  Integrated SERS–DEP Chip for Specific Pathogen Detection

Despite DEP can, to a certain degree, selectively capture one type of microbe from 
others, it does not differentiate different strains or microbes with similar sizes and 
shapes. This problem can be solved by using DEP as a generic sample concentrating 
method which is coupled with other specific detection techniques based on bio-
recognition labeling. Recently, we have demonstrated the integration of the nano-
DEP device with surface-enhanced Raman spectroscopy (SERS) probe toward the 
development of a portable pathogen detection system for rapid field applications 
[77]. Bacterial cells were bounded with SERS nanotag through antibodies and then 
captured on VACNF tips in a microfluidic DEP chip, and the captured cells were 
then detected with SERS using a portable Raman system with a 100 µm diameter 
probe that was aligned to the active DEP site. The SERS nanotag is a complex 
structure consisting of a nano-oval-shaped plasmonic metallic substrate attached 
to a Raman marker molecule (QSY21 dye [81]) with a strong and unique Raman 
fingerprint [82, 83] co-functionalized with biorecognition molecules such as an-
tibodies, aptamers, etc. This structure ensures that the Raman is in close contact 
with the metal surface. As a result, when attached to a specific pathogen, a strong 
SERS signal can be obtained from the particular pathogenic species and not from 
other microorganisms. The SERS intensity of the captured nanotag-labeled E. coli 
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using a portable Raman setup was measured over the concentration range from ~ 10 
to 1 × 109 cfu/mL and was found to be a linear function of the logarithm of bacteria 
concentration when the concentration is above ~ 100 cfu/mL. The concentration 
detection limit was determined to be ~ 210 cfu/mL, corresponding to one captured 
bacterial cell [84]. With further optimization, this integrated SERS–DEP chip may 
detect down to tens of cfu/mL from a sub-milliliter sample.

4.5  Low-Density VACNF Arrays for Gene Delivery, and 
Neural Stimulation

The high aspect ratio and strong mechanical properties make VACNFs attractive as 
sharp needles to penetrate the cell membrane and deliver DNA or drugs into the cell. 
McKnight et al. have demonstrated that an array of VACNFs can achieve this on 
a massively parallel basis [85, 86]. Regular spear-like VACNFs of ~ 100 nm in tip 
diameter, ~ 300–400 nm in base diameter, and a few microns in length were grown 
on Si surface with DC-biased PECVD similar to those discussed in Sect. 4.4.1. This 
can be fabricated in a regular array with a square lattice using routine UV lithogra-
phy with the patterned Ni catalyst dots of 400 nm in diameter. The pitch size was 
designed as 5 µm which is comparable to the diameter of a typical unattached mam-
malian cell. As a result, it is expected that there is only one VACNF impaling into a 
single cell. The yellow fluorescent protein (YFP)-encoded DNA molecules, human 
cytomegalovirus immediate-early promoter (CMVIE) reporter plasmid (pd2EYFP-
N1), were covalently attached to the VACNFs through the amide bond. Chinese 
hamster ovary cells (CHO K1BH4) were dispensed on the VACNF chip and gently 
pressed by a sterilized PDMS slab to allow cell impalefection. The chip was then 
placed in growth media to allow cell recovery and proliferation. Ten days after im-
palefection, YFP expression was clearly observed, indicating that the genes tethered 
on the VACNFs retained the ability of transcription [86]. In contrast, physisorbed 
DNA molecules did not retain on the VACNF and were not able to show transfec-
tion to the cells. The small tip radius was believed critical in minimizing the me-
chanical damage to the cell and retaining its normal biological functions.

Yu et al. further demonstrated that the VACNFs can be grown deterministically 
at the desired spots that were electrically connected to the underlying metal lines 
and used for recording neuro-electrophysiological activity [87, 88]. Figure 4.12 
shows a representative linear array consisting of 40 individually addressed VAC-
NF electrodes spaced apart by 15 µm along a total length of 600 µm. Each elec-
trode consists of about five to ten 10-µm long VACNFs grown from 2-µm diam-
eter Ni catalyst spots but collapsed into a tapered microbundle with a tip size of 
~ 100 nm in diameter [87]. Such a shape increased the mechanical robustness so 
that the electrode could sustain the harsh processes including wet and dry treat-
ments and tissue penetration. Such VACNF array serves as 3D microneedle elec-
trodes which can penetrate about 10 µm into the tissue. It is known that the surface 
of acutely sectioned tissue slices consist of injured or dead cells, and the surface 
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of slice cultures may consist of a reactive glia layer; both reduce signal propaga-
tion from the active cells to the electrodes [87]. Thus, the high-aspect ratio fea-
ture makes the VACNF microbundle electrode reach the active cells deeper in the 
tissue slices and provide better electrical–neural interface than traditional planar 
microelectrode arrays. While other state-of-the-art microneedle electrodes may be 
able to penetrate the tissue as well, their tip sizes are normally larger than 2 µm in 
diameter. The ability to reach down to 100 nm in diameter provides much higher 
spatial resolution.

Electrical stimulation and extracellular recording of the spontaneous and evoked 
neuroelectrical activity in organotypic hippocampal slices were demonstrated with 
the VACNF ultramicroelectrode [87]. The hippocampus slice of 400 µm in thick-
ness was obtained from a postnatal day 8–11 rat pup. Slices were prepared 2–3 
weeks before use. Prior to recording, VACNF chips were cleaned by air plasma 
treatment and then coated with a mixture of poly-L-lysine and laminin for improv-
ing the biocompatibility and cell adhesion. The array chip was then submerged in 
artificial cerebrospinal fluid with the organotypic hippocampal slice cultures laid 
on the VACNFs with electrode 1 located in CA3 pyramidal cell layer and elec-
trode 40 in the dentate gyrus granule cell layer. Spontaneous complex spikes of 
~ 50 µVpp was readily detected with electrode 38 in the granule cell layer, above the 
background noise of ~ 25 µVpp. By adding 1 mM tetrodotoxin, a voltage-sensitive 
sodium channel blocker, the spontaneous activity was blocked with the firing rate 
dropping from ~ 8 Hz to 0 Hz within 3 min after introduction. Furthermore, in-

Fig. 4.12  A linear array of 40 individually addressed VACNF electrodes for recording neuro-
electrophysiological activity of organotypic hippocampal slice cultures. a An optical image of the 
“as-fabricated” VACNF array. Electrodes 1–9, 11, 13, 18, 20, 22, and 24 are missing in this sample. 
b SEM image of the entire VACNF array in (a). c An enlarged SEM image of a single VACNF 
electrode. d An optical image of a hippocampal slice (22 DIV) transferred to a pre-coated VACNF 
array chip. The scale bars are 200, 5, 400, and 100 µm, respectively. ([87]. With permission)
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troducing a gamma-aminobutyric acid A (GABAA) receptor blocker, bicuculline 
methiodide (BIC), demonstrated that the restriction of the spontaneous activity by 
GABAA receptor could be lifted. Epileptiform activity propagated throughout the 
hippocampal slice was recorded at the different electrode sites. The BIC-induced 
epileptiform activity consisted of large oscillations with amplitudes ten times great-
er than spontaneous complex spikes, up to 600 µVpp [87]. Because the electrodes 
are carbon based, these arrays have potential advantages over metal electrodes and 
could enable a variety of future applications as precise, informative, and biocompat-
ible neural interfaces.

4.6  Summary and Outlook

In summary, CNTs are a family of intrigue nanomaterials. Their properties not only 
strongly depend on the internal graphitic structure of the specific CNTs such as the 
seamless tube-like SWNTs or MWNTs and conically stacked CNFs but also the 
architectures into which they are organized into. In this chapter, we focused on the 
VACNFs with an emphasis on their unique electrochemical properties. The metallic 
nature, high electrical conductivity, great mechanical strength, and the presence of 
abundant active graphitic edges enable VACNFs as unique nanoelectrodes, which 
can be used in forest-like structure or embedded arrays. The biocompatibility and 
ease in functionalization with biomolecules make them attractive for biosensors and 
other biomedical applications. CNTs in organized architectures have provided an 
opportunity to expand the capability of traditional carbon electrodes into nanometer 
scale, reaching subcellular components and individual biomolecules. With the abil-
ity of micro- and nano- patterning and integration with microfluidic techniques for 
sample handling, it can be foreseen that extremely powerful systems for biomedical 
applications based on VACNFs will be developed in the near future [89].
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5.1  Introduction

Photodynamic therapy (PDT) is a rapidly advancing treatment for multiple dis-
eases. It is becoming more widely recognized as a valuable treatment option for 
localized cancers and precancers of the skin, mouth, larynx (voice box), and other 
places. Potential PDT treatments also involve other skin problems including psoria-
sis, atopic dermatitis, seborrheic dermatitis and keratosis, eczema, alopecia areata 
(scalp hair loss), and chronic cutaneous graft-versus-host disease. In general, there 
are a number of advantages for PDT over chemotherapy and radiotherapy showing 
no long-term side effects when proper PS is applied, noninvasive care with little or 
no scarring after the site heals as compared to surgery, highly targeted precision at 
the disease site, repeatable treatments at the same site if needed, less cost than other 
cancer treatments, and taking only a short period of time for each treatment to be 
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practiced as an outpatient. The main limitation of PDT exists as its effectiveness 
shown only at treatment areas where light can reach. This implies that the major 
PDT medication should be performed in the lining of organs or just under the skin 
that can be reached by the light source.

The method of PDT is based on the administration of a nontoxic light-absorptive 
chromophore-dye drug, known as a photosensitizer (PS), systemically, locally, or 
topically to a patient bearing a tumor lesion or cancer [1], followed by illumination 
on the lesion with visible light. In the procedure, applied photoenergy activates 
the PS and, in the presence of molecular oxygen, leads to the generation of cy-
totoxic reactive oxygen species (ROS) that consequently results in the cell death 
and tissue destruction [2‒6]. A semi-purified preparation of hematoporphyrin de-
rivative (HPD) known as Photofrin® (PF, Axcan Pharma, Canada) was the first 
PS to gain regulatory approval for treatment of various cancers in a number of 
countries, including the USA [7, 8]. Other porphyrinoid and chlorin derivatives that 
have received approval from the US FDA and regulatory authorities in other coun-
tries include benzoporphyrin derivative monoacid ring A (BPD-MA, verteporfin or 
Visudyne for the treatment in combination therapies of ophthalmologic choroidal 
neovascularization, such as age-related macular degeneration (AMD), QLT Photo-
therapeutics, Canada), meta-tetra(hydroxyphenyl)chlorin (m-THPC or Foscan for 
the treatment of neck and scalp cancer, Biolitec, Germany), N-aspartyl chlorin-e6 
(NPe6 for the treatment of lung cancer, Nippon Chemical, Japan), and precursors to 
endogenous protoporphyrin IX (PpIX): 1,5-aminolevulinic acid (ALA or Levulan® 
for treatments of actinic keratosis and esophageal dysplasia, DUSA, USA), meth-
yl aminolevulinate (MAL, methyl ester of ALA, Metvixia® cream for treatment 
of some types of actinic keratoses of the face and scalp), and hexaminolevulinate 
(HAL). Additional texaphyrins (Lutrin) and sulfonated aluminum phthalocyanines 
(AlPcSn) analogs are under consideration for PDT drug applications and being 
evaluated currently at the stage of both preclinical and clinical trials [9].

The treatment of tumors using HPD–PDT was realized with several disadvan-
tages, including prolonged skin sensitivity necessitating avoidance of sunlight for 
many weeks [10], suboptimal tumor selectivity [11], poor light penetration into the 
tumor due to the relatively short wavelength used (630 nm) [12], and the fact that 
it was a complex mixture of uncertain structure [13]. Therefore, much research 
effort has been made on developing new PSs [14, 15] for PDT in the literature. 
The vast majority of these compounds are based on the chemical structures with 
a tetrapyrrole aromatic nucleus backbone [16] found in many naturally occurring 
pigments such as heme, chlorophyll, and bacteriochlorophyll. Tetrapyrroles usually 
have a relatively large absorption band in the region of 400 nm known as the Soret 
band, and they have a set of progressively smaller absorption bands as the spectrum 
moves into the red wavelengths known as the Q bands. Another broad class of po-
tential PS includes completely synthetic, non-naturally occurring, conjugated pyr-
rolic ring systems. These comprise structures such as texaphyrins [9], porphycenes 
[17], and phthalocyanines [18].

Some of the characteristics that the ideal PS should possess are (1) absorption 
bands at long wavelengths in the so-called optical window (600‒900 nm where 
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the tissue is much more transparent) for sufficiently deeper tissue penetration of 
light to allow the treatment of larger tumors, (2) high absorption extinction coef-
ficient (> 20,000‒30,000 M− 1cm− 1) of the band to minimize the dose of PS needed 
to achieve the desired PDT effect, (2) preferential uptake in target tissue, (3) high 
triplet and singlet oxygen quantum yields, (4) low photobleaching and high chemi-
cal and photostability, (5) intrinsic fluorescence to permit their detection by optical 
dosimetry (microscopy) techniques, and (6) low levels of dark toxicity to prevent 
harmful side effect to the surrounding normal tissue. The usefulness of various PSs 
proposed for antimicrobial PDT has to be judged on different criteria. One of the 
requirements is that an antimicrobial PS should be able to kill multiple classes of 
microbes at relatively low concentrations and low fluences of light. PS should be 
reasonably nontoxic in the dark and should show selectivity for microbial cells over 
mammalian cells. Up to the present date, there is no perfect PS that meets all the 
characteristics of an ideal PS. The reason why fullerenes are seen as potential PDT 
agents is that they possess some of the characteristics which render them well suited 
as a photosensitizing drug as detailed below.

Fullerene derivatives with condensed aromatic rings and an extended 
π-conjugated system of molecular orbitals are molecules of great potential for a va-
riety of photonic applications that has drawn attention of physicists, chemists, and 
engineers. Although pristine C60 can form nanocrystalline preparations that have 
been reported to have biological activity [19‒22], most researchers have studied 
chemically modified or functionalized fullerenes that acquire solubility in water 
or biologically compatible solvents and thereby have increased versatility [23‒26]. 
Accordingly, these functionalized nanostructures (and others in the nanotechnology 
revolution) have been studied recently for their biological activities with a view to 
using them in medicine [27‒29]. We are particularly interested in the biomedical 
PDT applications of fullerene derivatives [30] as a nonsurgical, minimally invasive 
approach that has been used in the treatment of solid tumors and many nonmalig-
nant diseases [31]. PDT is a nonthermal photochemical reaction, which requires 
the simultaneous presence of a photosensitizing drug (PS), molecular oxygen, and 
visible light. It is a two-step procedure that involves the administration of a PS, fol-
lowed by activation of the drug with the appropriate wavelength of light [1, 8, 32]. 
The photoactivation of the drug generates singlet oxygen and other ROS, which 
cause a lethal oxidative stress and membrane damage in the treated cells and in 
the case of tumors, leads to cell death by direct cytotoxicity and a dramatic anti-
vascular action that impairs blood supply to the area of light exposure [3]. It is 
known that depending on the parameters involved, in vitro PDT can kill cancer cells 
via apoptosis, necrosis, or autophagy. The direct killing effect of PDT on malignant 
cancer cells that has been studied in detail in vitro, also clearly applies in vivo, 
but, in addition, two separate in vivo mechanisms leading to PDT-mediated tumor 
destruction have been described. They are the vascular shutdown effect mentioned 
above [33] and the PDT-induced activation of the host immune system [34]. In case 
of antimicrobial PDT, the gram-positive bacteria are found to be more susceptible 
as compared to the gram-negative bacteria. This observation is explained by the dif-
ference in the structure of their cell walls [35].
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In this chapter review, we cover the existing literature on fullerenes for PDT, 
summarize results from our laboratory, and outline future possibilities concerning 
applications of fullerenes as PS for PDT. Figure 5.1 gives a schematic outline of the 
PDT applications that have been reported for fullerenes either pristine or functional-
ized with various solubilizing groups.

5.2  Type I and Type II Photochemistry of Fullerene 
Derivatives

In the photophysical chemistry of PDT, the light is absorbed by the PS molecule and 
an electron is excited to the first excited singlet state. In addition to losing energy 
by fluorescence or internal conversion, the excited singlet can undergo the process 
known as intersystem crossing (isc) to the long-lived triplet state [3] (PS)*. The 
excited triplet can then interact with ground state molecular oxygen (3O2) to form 
ROS. This process may occur either by the energy transfer from the excited triplet 
to 3O2 to produce singlet oxygen (1O2) or by the electron transfer from the e− donor 
to 3(PS)* to form superoxide anion (O2

−·) in the presence of 3O2 [4], as shown in 
Fig. 5.1. Reaction of singlet oxygen with biological molecules, such as proteins, 
unsaturated lipids, and nucleic acids causing oxidative damage, is thought to be re-

Fig. 5.1  A schematic outline of Type I and Type II photochemistry of fullerenes in producing ROS
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sponsible for the cell death, frequently occurring via the apoptosis pathway initiated 
by mitochondrial damage [36].

In the case of fullerene derivatives, it is being increasingly realized that as com-
pared with the standard Type II ROS (singlet oxygen), the ROS produced during 
PDT with fullerene derivatives are inclined towards Type I photochemical products 
(superoxide, hydroxyl radical, lipid hydroperoxides, and hydrogen peroxide). These 
two pathways (1O2 and O2

−·) are analogous to the Type II and Type I photochemical 
mechanisms frequently discussed in PDT with tetrapyrroles [37, 38]. It is known 
that both pristine and functionalized [60] fullerenes are able to catalyze the forma-
tion of ROS after illumination [39] in a similar fashion to the tetrapyrrole PS used 
for PDT. However, fullerenes dissolved in nonpolar organic solvents in the presence 
of oxygen seem to preferentially produce reactive singlet oxygen (Eq. 5.1) [40]. It 
is reasoned by the fact that the C60 > cage of the derivative is excited from the S0 
ground state to a short-lived (~ 1.3 ns) S1

* excited state upon photoexcitation with 
visible light. The S1

* state rapidly decays to a lower lying triplet state T1
* with a 

relatively long lifetime of 50‒100 μs (Eq. 5.1). The S1
*→T1

* decay is formally a 
spin-forbidden isc, but is driven by an efficient spin‒orbit coupling. In the presence 
of dissolved molecular oxygen (3O2), which exists as a triplet in its ground state, the 
fullerenyl T1

* state is quenched (as a consequence of the quenching, its lifetime is 
reduced to ~ 330 ns) to generate singlet oxygen (1O2

*) by energy transfer at a rate of 
2 × 109 M− 1s− 1. The singlet oxygen quantum yield ( φΔ) for this process (at 532 nm 
excitation) has been reported to be near theoretical maximum of 1.0 [40]. Example 
of 1O2-production was demonstrated by highly water-soluble hexa(sulfobutyl)fuller-
enes (FC4S) synthesized by the treatment of C60 in dimethoxyethane with sodium 
naphthalide (6.0 equiv.) followed by reacting the resulting hexaanionic fullerene 
intermediates with an excess of 1,4-butanesulfone [41]. Direct detection of 1O2 pro-
duction after irradiation at 500–600 nm of FC4S self-assembled nanovesicles was 
obtained by the measurement of its near-infrared (NIR) luminescence at 1270 nm. 
Despite having a relatively low optical absorption of FC4S at 600 nm, appreciable 
1O2 signal was detected comparable to that of Photofrin® at the same molar concen-
tration, but less than sulfonated aluminum phthalocyanine (AlS4Pc). The quantum 
yield of FC4S for the generation of 1O2 in H2O was roughly estimated to be 0.36 
using the relative correlation to that of C60 encapsulated in γ-cyclodextrin. These 
results demonstrated efficient energy transfer from [3] (FC4S)* triplet state to mo-
lecular oxygen in the nanovesicle structure:

  (5.1)

 (5.2)

 (5.3)

 (5.4)

 (5.5)
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In the presence of electron donors in polar solvents, especially those containing 
reducing agents such as nicotinamide adenine dinucleotide (NADH) at concentra-
tions found in cells (Eq. 5.2), illumination of various fullerene derivatives will gen-
erate more Type I ROS, such as superoxide anions and hydroxyl radicals, than 1O2 
(Type II ROS) [42, 43]. The phenomena were correlated to C60’s triply degener-
ate low-lying lowest unoccupied molecular orbital (LUMO) making it an excellent 
electron acceptor capable of accepting as many as six electrons, as demonstrated 
in cyclic voltammetry measurements [44]. There is some evidence that fullerenyl 
excited states (in particular the triplet) are even better electron acceptors than the 
corresponding ground state, forming the anionic C60 radical (C60

−·) [45]. Subse-
quent intermolecular electron transfer from the reduced fullerene triplet or radical 
anion to molecular oxygen forms superoxide anion radical (O2

−·, Eq. 5.3). It has 
been shown that this photophysical process is highly solvent dependent, whereas 
1O2 was generated effectively by photoexcited C60 in nonpolar solvents, such as 
benzene and toluene, while O2

−· and OH· were produced in polar solvents such as 
benzonitrile and water [46]. The other evidence was shown by Miyata et al. using 
solubilized fullerenes in water with polyvinylpyrrolidone (PVP) as a detergent [47]. 
Visible light irradiation of PVP-solubilized C60 in water in the presence of NADH, 
as a reductant, and molecular oxygen resulted in the formation of O2

−·, which was 
detected by the electron paramagnetic resonance (EPR) spin-trapping method. For-
mation of O2

−· was also evidenced by the direct observation of a characteristic sig-
nal of O2

−· by the use of a low-temperature EPR technique at 77 K. On the other 
hand, no formation of 1O2 was observed by the use of tetramethylpiperidine oxide 
(TEMP) as a 1O2 trapping agent. No NIR luminescence of 1O2 was also observed in 
the aqueous C60/PVP/O2 system. These results suggest that photoinduced bioactivi-
ties of the PVP-solubilized fullerene are caused not by 1O2 but by reduced oxygen 
species such as O2

−·, which are generated by the electron transfer reaction of C60
−· 

with molecular oxygen. Furthermore, in the biological system, hydrogen peroxide 
is formed by dismutation of superoxide anion (Eq. 5.4). Fenton chemistry (using 
small amounts of ferrous iron found in cells) is able to produce hydroxyl radicals 
from hydrogen peroxide (Eq. 5.5), while the Haber‒Weiss reaction is able to reduce 
ferric iron back to ferrous iron in order to continue the cycle by regenerating the 
active divalent ferrous iron (Eq. 5.6). In two recent reports [48, 49], we studied the 
PS properties of two series of three functionalized fullerene compounds, one series 
with polar diserinol groups (BF1–BF3) and a second series of three compounds 
with quarternary pyrrolidinium groups (BF4–BF6; Fig. 5.2). We asked the question 
whether the photodynamic effects displayed by these compounds operated primar-
ily by Type I mechanisms (superoxide) or Type II mechanisms (singlet oxygen) or 
a mixture of both and whether there was any difference between a fullerene (BF4) 
that was highly effective in killing cancer cells and a fullerene (BF6) that was highly 
effective in killing pathogenic microorganisms (see later).

The photochemical mechanism studies confirmed that depending on the precise 
conditions of the experiment, illuminated fullerenes can produce both superoxide 

Fe O Fe O3 + 2 + 
2+ ⋅→ + ⋅−

2
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and singlet oxygens. The singlet oxygen production of the more hydrophobic BF4 
dropped to almost zero when the solvent was changed from organic to aqueous. 
This is consistent with the aggregation of the compound in aqueous media, while 
the more polar BF6 remained completely in solution. The production of superoxide 
as measured by specific EPR spin trapping was as expected much higher in the 
presence of a reducing agent (NADH) than in the presence of a singlet oxygen trap 

Fig. 5.2  Chemical structures of ten functionalized fullerenes used for PDT. a mono-pyrrolidinium 
fullerene, BF4, b tris-pyrrolidinium fullerene BF6, c tetracationic fullerene BF24, d tetracationic 
fullerene BF21, e hexaanionic fullerene FC4S, and f mono-glycosylated fullerene C60–(Glc)1
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(histidine). In both cases, BF6 gave more superoxide than BF4, and the difference 
was significant in the presence of NADH. The fact that the reduction of oxygen 
consumption by both BF4 and BF6 was almost completely inhibited by azide in the 
presence of histidine confirmed that in the absence of an electron donor and in the 
presence of a singlet oxygen substrate, the mechanism is almost all Type II for both 
fullerenes. However, in the presence of NADH, the relative reduction of oxygen 
consumption by azide was much less and proportionately lower for BF6 than for 
BF4 suggesting that about 40 % of the oxygen was transformed into superoxide, and 
the overall production was higher for BF6 than for BF4.

One apparent contradiction that arises in this area is the observation that most 
of fullerene derivatives are able to act as effective antioxidants or scavengers of 
ROS. These antioxidant effects of C60 derivatives have generally been studied in the 
absence of light [21, 50‒58]. How then can we reconcile the established ability of 
fullerene derivatives to scavenge ROS acting as antioxidants and at the same time 
demonstrate the ability to operate as efficient producers of ROS under illumination 
with the correct light parameters? It was assumed that the double (sp2) bonds of 
the fullerene cage reacted with ROS forming covalent sp3 bonds thereby reducing 
the quantity of ROS to react with sensitive biomolecules similar to those damaged 
during PDT. If this hypothesis were true, it would be difficult to explain how fuller-
enes could act as efficient generators of ROS during PDT. A hypothesis that may 
explain this seeming contradiction was reported in 2009 by Andrievsky et al. [59]. 
The report showed that the main mechanism by which hydrated C60 can inactivate 
the highly reactive ROS, hydroxyl radical, is not by covalently scavenging the radi-
cals, but rather by action of the coat of “ordered water” that was associated with 
the fullerene nanoparticle [60]. Andrievsky et al. claimed that the ordered water 
coat could slow down or trap the hydroxyl radicals for sufficient time for two of the 
hydroxyl radicals to react with each other thus producing the less reactive ROS, hy-
drogen peroxide. The alternative argument includes the competitive diffusion rate 
of ROS away from the fullerene cage region and the reaction kinetic rate between 
ROS and fullerene cage. The ROS production efficiency of fullerenes decreases 
as the degree of functionalization increases, including the attack of ROS. To fully 
eliminate the ROS production capability of fullerenes, the number of addends on 
each C60 cage may have to reach an estimated figure of  > 16‒18 that allows the 
monoadducts and bisadducts to uphold a sufficiently long ROS production period 
before being converted to polyhydroxylated derivatives.

5.3  Fullerene Derivatives as Candidates of PSs for PDT

Rapidly growing interest in the medical application of fullerenes in the area of 
nanotechnology and nanomedicines [61] led to considerable gain and attention for 
the use of these nanostructures [62] as possible PS for mediating PDT of various 
diseases. Pristine C60 is highly insoluble in water and biological media and forms 
nanoaggregates that prevent its efficient photoactivity [63]. However, when fuller-
enes are derivatized by attaching hydrophilic functional groups to the carbon cage 
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making them soluble in water and biological solvents, their biological usefulness is 
markedly improved [64]. Different hydrophilic or amphiphilic side chains or fused 
ring structures have been covalently bound to the spherical C60 core. This function-
alization imparts a higher ability to produce singlet oxygen, hydroxyl radicals, and 
superoxide anion upon illumination due to the interruption of forbidden highest 
occupied molecular orbital (HOMO)‒LUMO transition of C60 that increases the 
visible absorption of derivatives at long wavelengths. Accordingly, these reactive 
species produced by functionalized C60 have been proposed as effective PDT me-
diators in several applications. Some of the advantages that fullerene derivatives 
possess over the traditional PS used for PDT are:

1) Fullerenes are comparatively more photostable and demonstrate less photo-
bleaching compared to tetrapyrroles and synthetic dyes.

2) Fullerenes show both kinds of photochemistry comprising Type I (free radicals) 
and Type II (singlet oxygen) while tetrapyrroles demonstrate largely Type II 
photochemistry.

3) Fullerenes can be chemically modified for tuning the drug’s partition coefficient 
(Log P or partition coefficient for [drug in n-octanol]/[drug in H2O]) and pKa 
values for the variation of in vivo lipophilicity and the prediction of their distri-
bution in biological systems.

4) Fullerenes can be chemically attached by light-harvesting chromophore anten-
nae to extend their absorption spectrum further into the red wavelengths and, 
thus, enhance the overall quantum yield and the ROS production.

5) Fullerene cages are prone to undergo molecular self-assembly into vesicles that 
allows the formation of self-assembled nanoparticles, as so-called fullerosomes 
or buckysomes, for improved drug delivery.The resulting fullerosomes may have 
different tissue-targeting properties.

Besides these advantages, fullerenes show some disadvantages though they can be 
overcome by applying special strategies. One of the concerns for the use of fuller-
enes is questions concerning biodegradibility as nanostructures with conceivable 
possibility of accumulation in the environment during blood circulation [65]. How-
ever, studies have concluded that C60 itself is remarkably nontoxic [21]. Another 
concern was their extreme cage hydrophobicity and innate tendency to aggregate, 
which renders them less promising for application as drugs in biomedicine. For 
the remedy, some strategies have been illustrated or applied to either solubilize or 
modify fullerenes for improving the drug delivery of fullerenes, for example, lipo-
somes [66‒68], micelles [69, 70], dendrimers [71, 72], polyethylene glycol (PEG)
ylation [73‒76], cyclodextrin encapsulation [77, 78], and self-nanoemulsifying sys-
tems (SNES) [79‒82] to overcome this shortcoming of fullerenes. Other than these 
disadvantages, the main optical absorption band of fullerenes is in the blue and 
green regions, whereas the absorption spectra of tetrapyrrole PS, except porphyrins, 
such as chlorins, bacteriochlorins, and phthalocyanines, have been designed to ex-
hibit substantial absorption peaks in the red or far-red regions of the spectrum. For 
PS to be useful in vivo, it is considered that the light used to excite them should be 
in the red/NIR spectral region where scattering and absorption of light by tissue is 
minimized. This unfavorable absorption spectrum of fullerenes can be overcome by 
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various strategies such as covalent attachment of light-harvesting antennae to fuller-
enes [83‒89] by using optical clearing agents [90‒94] or by applying two-photon 
excitation where two NIR photons are simultaneously delivered to be equivalent to 
one photon of twice the energy (and half the wavelength, so that two 800-nm pho-
tons are equivalent to one 400-nm photon) [89, 95‒99].

5.4  Synthesis of Fullerenyl PSs

5.4.1  Example 1: Synthesis of Monocationic  
and Polycationic Fullerene Derivatives

Cationic functional groups are generally considered as the addend of choice for at-
tachment on the fullerene cage due to their potential surface-binding contact with 
anionic residues of the bacteria cell wall via static charge interactions. A systematic 
trend to increase the number of positive charges per fullerene cage was observed in 
the recent report [49, 100, 101] to maximize such interactions and use them as the 
approach for targeting bacteria having a significant density of anionic residues at 
the cell wall surface. A number of chemical functionalization methods of fullerenes 
have been reviewed [23, 102‒104]. Among them, common convenient methods for 
the preparation of cationic fullerene derivatives include cyclopropanation [105] and 
pyrrolidination [106] reactions due to their high consistency in the product repro-
ducibility. Examples of the latter were given in the preparation of quaternized di-
methylpyrrolidinium [60] fullerenyl monoadduct (BF4) and trisadduct (BF6) [107, 
108]. In a typical reaction condition, C60 was treated with 1.0 or 3.0 equivalent 
of N-methylglycine (sarcosine) and paraformalaldehyde in toluene at the reflex-
ing temperature to afford either mono-N-methylpyrrolidino[60] fullerene or a large 
number of regioisomers of tris( N-methylpyrrolidino)[60] fullerene derivatives, as 
shown in Fig. 5.3. Upon quaternization of these intermediates using methyl iodide 
as the methylation agent, corresponding monocationic and tricationic products as 
BF4 and BF6 were obtained, respectively. Similarly, the reaction of C60 in tolu-
ene with either 1.0 or 2.0 equivalent of azomethine ylide produced by piperazine-
2-carboxylic acid dihydrochloride dissolved in methanol and triethylamine in the 
presence of 4-pyridinecarboxaldehyde at the refluxing temperature gave the corre-
sponding mono-piperazinopyrrolidino[60] fullerene or a number of regioisomers of 
bis(piperazinopyrrolidino)[60] fullerene derivatives. Quaternization of both inter-
mediates with methyl iodide led to the corresponding monocationic and dicationic 
products as BF22 and BF24, respectively.

In the case of cyclopropanation reaction of C60 as the functionalization method, 
it was applied recently for the attachment of a highly complex decacationic moiety 
to the fullerene cage leading to the formation of C60[> M(C3N6

 + C3)2]-(I
−)10 (LC14) 

[109, 110] and C70[> M(C3N6
 + C3)2]-(I

−)10 (LC17) [101], as shown in Fig. 5.4. The 
decacationic functional moieties of C60, C70, and C84O2 fullerenes were designed to 
both increase the water solubility and provide surface-binding interactions with –D-
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Ala-D-Ala residues of the bacteria cell wall by incorporating multiple H bondings 
and positive quaternary ammonium charges. It included two esters and two amide 
moieties to give a sufficient number of carbonyl and –NH groups in a short length of 
~ 20 Ǻ to provide effective multi-binding sites with the use of a well-defined water-
soluble pentacationic moiety C3N6

 + C3-OH at each side of the arm. In the synthetic 
reaction, a malonate precursor arm N6

 + C3 was reported to be a common synthon for 
the structural modification of PDT nanomedicines. It was derived from the quater-
nization of N,N′,N,N,N,N-hexapropyl-hexa(aminoethyl)amine precursor N6C3. The 

Fig. 5.3  Synthesis of monocationic (BF4) and tricationic dimethylpyrrolidinium[60] fullerenes 
(BF6) and mono- (BF22) and bis(piperazinopyrrolidinium)[60] fullerenes (BF24)
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best method for the preparation of C60[> M(C3N6
+C3)2] and C70[> M(C3N6

+C3)2] 
was depicted in Fig. 5.4 to begin with a well-defined fullerene monoadduct de-
rivatives, such as di( tert-butyl)fullerenyl malonates C60[> M( t-Bu)2] and C70[> M( t-
Bu)2], respectively, followed by facile trans-esterification reaction with the well-
characterized tertiary-amine precursor arm moiety, 4-hydroxy-[N,N',N,N,N,N-
hexapropyl-hexa(aminoethyl)butanamide (C3N6C3-OH) using trifluoroacetic acid 
as the catalytic reagent to afford protonated quaternary ammonium trifluoroac-
etate salt C70[> M(C3N6

 + C3H)2]. Conversion of this salt to C70[> M(C3N6
+C3)2] 

was accompanied by neutralization of trifluoroacetic acid by sodium carbonate 
and subsequent quaternization by methyl iodide to give  decacationic quaternary 

Fig. 5.4  Synthesis of C60[> M(C3N6
+C3)2]-(I

−)10 (LC14) and C70[> M(C3N6+C3)2]-(I
−)10 (LC17)
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 ammonium iodide salts. A similar conversion procedure was applied for the case of 
C60[> M(C3N6

 + C3)2]. This synthesis represented the first examples of decacationic 
fullerene monoadducts to incorporate a well-defined high number of cation without 
the use of multiple addend attachments to preserve the intrinsic photophysical prop-
erties of fullerene cages.

Similar reaction sequence with a malonate precursor arm M(C3N6C3)2 was 
also applied for the preparation of C84O2[> M(C3N6

 + C3)2]-(I
−)10(LC19) [111], as 

shown in Fig. 5.5. The decacationic arm was prepared by first the treatment of 
N,N',N,N,N,N-hexapropyl-hexa(aminoethyl)amine N5C3–NH2 with γ-butyrolactone 
(1.15 equiv.) in CH2Cl2 in the presence of BF3·Et2O−Et3N at room temperature 
for overnight to give the product of 4-hydroxy-N-(3,6,9,12,15-pentapropyl-
3,6,9,12,15-pentaazaoctadecyl)-butanamide, C3N6C3–OH, as viscous light yellow 
liquid in 60 % yield. Incorporation of C3N6C3–OH on the malonate moiety was 
carried out by an esterification reaction with malonyl chloride in anhydrous dichlo-
romethane at 0 °C to room temperature in the presence of pyridine to afford bis-
[N,N',N,N,N,N-hexapropylhexa(aminoethyl)amino]carbonyl-propanoxymalonate, 
M(C3N6C3)2, in a yield of 78 %. Quaternization of M(C3N6C3)2 to the corresponding 
quaternary methyl ammonium iodide salt, M(C3N6

+C3)2, was performed in anhy-
drous dimethylformamide (DMF) with an excess of iodomethane added in portions 
at 45 °C for a period of 3.0 days. Its reaction with C84O2 was carried out by the 
cyclopropanation reaction in a solvent mixture of toluene−DMF in the presence 
of 1.8-diazabicyclo[5.4.0]-undec-7-ene (DBU) using iodine as the halogenation 
agent. To ensure the formation of a monoadduct only and minimize the possibility 
of multi-adducts as by-products, an excess quantity of fullerenes was applied. The 
resulting product bis(20-oxo-4,7,10,13,16-pentapropyl-4,7,10,13,16,19-hexaaza-
tricosan-23-yl)-diepoxy [83] fullerenyl malonate quaternary methylammonium tri-
odide salt, C84O2[> M(C3N6

 + C3)2] (LC19-I3
−), were obtained in a yield of 60 % as 

brown solids. Subsequent attachment of the second bis-hexa(aminoethyl)amidated 
malonate M(C3N6C3)2 to LC19 was carried out by nearly identical cyclopropanation 
reaction conditions as those for the preparation of LC17 and LC19. Brown solids 
of decacationic bis[bis(20-oxo-4,7,10,13,16-pentapropyl-4,7,10,13,16,19-hexaaza-
tricosan-23-yl)malonato]-diepoxy-[83] fullerene quaternary methylammonium io-
dide salt, C84O2[> M(C3N6

+C3)2][> M(C3N6C3)2](LC20) 112, were isolated in a yield 
of 85 % after the removal of iodine in complexation with iodide for the procedure. 
Similarly, decacationic bis-[bis(20-oxo-4, 7, 10, 13, 16-pentapropyl-4, 7, 10, 13, 16, 
19-hexaaza-tricosan-23-yl)malonato][70]fullerenene quaternary methylammonium 
iodide salt, C70[> M(C3N6

 + C3)2][> M(C3N6C3)2](LC18) was synthesized in a yield 
of 65 %.

5.4.2  Example 2: Synthesis of Hexaanionic Fullerene 
Derivatives

Fullerene molecules are highly hydrophobic. It can be dispersed into aqueous me-
dium in a micelle form with the application of surfactants. However, the micelle 
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structure may not be stable enough in biological environment. In a recent report, a 
strategy of creating a covalently bonded surfactants directly on the fullerene cage 
was made in the synthesis of hexa(sulfo-n-butyl)-C60 (FC4S) leading to structurally 
stable molecular micelle in H2O [53]. The synthesis involves the use of hexaanionic 

Fig. 5.5      Structures of C70[>M(C3N6+C3)2] [>M(C3N6C3)2] (LC18) and C84O2 analogs LC19 
and LC20
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C60 (C60
− 6) chemistry for attaching six sulfo-n-butyl arms on C60 in one-pot reac-

tion, as shown in Fig. 5.6.

5.4.3  Synthesis of Light-Harvesting Chromophore Antenna-
Linked Fullerene Derivatives

Fullerenes are nanocarbon cages with all sp2 carbons interlinked in a structure of 
hollow sphere. Highly strained curving regions of the cage surface consist of chemi-
cally reactive six fulvalenyl bridging olefins that can be utilized for making nucleo-
philic addition reactions. Chemical modification of C60 on only a limited number of 
functionalization sites may not lead to much alternation of the cage’s photophysi-
cal properties. Conversely, nucleophilic addition of one or two light-harvesting an-
tenna chromophores will largely enhance the cage’s ability to respond and perform 
various photoinduced electronic and energy-related events by acting as an electron 
acceptor [42, 45]. The most abundant [60]fullerene is more readily available com-
mercially in up to kilogram quantities than a number of higher fullerenes. However, 
its visible absorption extinction coefficient is rather low. To circumvent this short-
coming, several reported approaches were described to use the highly fluorescent 
donor chromophore antenna attachment as light-harvesting antenna units, such as 
porphyrin [112, 113] or dialkyldiphenylaminofluorene (DPAF-Cn), to enhance vis-
ible absorption of the resulting conjugates and, in the latter cases, also two-photon 
absorption (2PA) cross-sections in the NIR wavelengths [114‒116]. The absorbed 
photoenergy by the donor antenna was able to undergo efficient intramolecular 
transfer to the fullerene acceptor moiety, leading to the generation of excited triplet 

Fig. 5.6  Synthesis and nanovesicle of hexaanionic hexa(sulfo-n-butyl)-C60 (FC4S)
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cage state 3(C60 >)* after the isc from its excited singlet state 1(C60 >)*. Triplet en-
ergy transfer from 3(C60 >)* to molecular oxygen produces singlet oxygen (1O2) that 
gives the cytotoxic effect to the cells in the Type II photochemistry [117, 118]. At-
tachment of donor antenna DPAF-Cn was designed to occur at a very close vicinity 
of C60 cage via a periconjugation linkage, within a contact distance of 2.6‒3.5 Å, 
to facilitate ultrafast intramolecular energy transfer and electron transfer from the 
donor antenna to C60 for enhancing PDT efficacy. This specific donor antenna was 
first introduced to give an increased optical absorption at 400 nm that led to the 
realization of ultrafast intramolecular energy transfer and/or electron transfer from 
photoexcited antenna moiety to C60 in < 130‒150 fs [116] that made this type of 
C60–antenna conjugates, C60(> DPAF-Cn)x, capable of exhibiting photoresponse in 
a nearly instantaneous time scale to protect against high-intensity radiation. By in-
creasing the number of attached antennae to four per C60 cage giving starburst pen-
tad nanostructures, highly enhanced fs 2PA cross-section values were observed in 
a concentration-dependent manner [119]. Upon the chemical alteration of the keto 
group of C60(> DPAF-Cn) bridging between C60 and the antenna moiety to a highly 
electron-withdrawing 1,1-dicyanoethylenyl (DCE) group, it was possible to extend 
the π-conjugation in the resulting dark burgundy-red C60(> cyanophenylaminofluo-
rene (CPAF)-Cn) analogous chromophore molecules to a close contact with the cage 
current. This led to a large bathochromic shift of the linear optical absorption of 
C60(> CPAF-C2) moving from 410 nm ( λmax) of the parent keto-compound to 503 nm 
with the shoulder band being extended beyond 550 nm in the UV-visible spectrum. 
The shift considerably increased its light-harvesting ability in visible wavelengths 
and caused a nearly sixfold higher production of quantum yield of singlet oxy-
gen (1O2) from C60(> CPAF-C2M) as compared with that of C60(> DPAF-C2M). The 
mechanism of 1O2 production was originated from the intermolecular triplet energy 
transfer from the 3(C60 >)* cage moiety to 3O2. A large increase in the production 
of ROS by excited C60(> CPAF-C2M) explained its effective photokilling of HeLa 
cells in vitro, via 1γ-PDT [120]. The observation demonstrated the intramolecular 
and intramolecular interaction between the excited CPAF-Cn donor antenna moiety 
and the acceptor C60 cage that was also confirmed by transient absorption spec-
troscopic measurements using nanosecond (ns) laser pulses at 480‒500 nm [121]. 
The behavior resembles that of DPAF-Cn antenna with transient photoexcitation at 
380‒410 nm reported previously [122].

Preparation of C60(> CPAF-C2M), as an example, was made by Friedel–Craft 
acylation of 9,9-dimethoxyethyl-2-diphenylaminofluorene with bromoacetyl bro-
mide in the presence of AlCl3 to yield 7-bromoactyl-9,9-dimethoxyethyl-2-diphe-
nylamino-fluorene, followed by cyclopropanation reaction with C60, as shown in 
Fig. 5.7. The resulting product C60(> DPAF-C2M) was then further treated with 
malanonitrile and pyridine in the presence of titanium tetrachloride in dry toluene 
to yield C60(> CPAF-C2M) after chromatographic purification. Similarly, selective 
attachment of two antenna moiety types DPAF-Cn and CPAF-Cn in combination 
as hybrid chromophore addends to a single C60 cage was made to result in the for-
mation of new methano[60]fullerene triads, C60(> DPAF-C18)(> CPAF-C2M), and 
tetrads, C60(> DPAF-C18)(> CPAF-C2M)2 (Fig. 5.7). The core chromophore moi-
ety of triads and tetrads will be capable of performing dual-band 2γ-PDT-based 
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 photoinduced biocidal effects with enhanced penetration depth at 800–1100 nm. 
Synthetically, preparation of triads and tetrads was accomplished by the synthesis 
of a structurally well-defined monoadduct C60(> DPAF-C18) followed by the attach-
ment of one or two CPAF-C2M antenna in sequence. A key intermediate precur-
sor, 7-α-bromoacetyl-9,9-dioctadecyl-2-diphenylaminofluorene, BrDPAF-C18, was 

Fig. 5.7  Synthetic method 
of C60(> CPAF-C2M), 
triads C60(> DPAF-C18) 
(> CPAF-C2M), and tet-
rads C60(> DPAF-C18) 
(> CPAF-C2M)2. DPAF 
dialkyldiphenylaminofluorene
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 prepared by a three-step reaction involving first palladium-catalyzed diphenylami-
nation of commercially available 2-bromofluorene at the C2 position of the fluorene 
ring to afford DPAF. It was followed by dialkylation at the C9 carbon position of 
DPAF using 1-bromooctadecane as the reagent in the presence of potassium t-bu-
toxide, as a base, in tetrahydrofuran (THF) to give the corresponding 9,9-dioctadec-
yl-2-diphenylaminofluorene (DPAF-C18) in 97 % yield. Friedel–Crafts acylation of 
DPAF-C18 with α-bromoacetyl bromide and AlCl3 afforded the compound BrDPAF-
C18 in a yield of 96 %. Its addition reaction to C60 was carried out in the presence of 
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 1.0 eq.) to result in C60(> DPAF-C18) in 
65 % yield after column chromatographic purification.

A similar reaction sequence was applied for the synthesis of the compound 
C60(> CPAF-C2M) by replacing two octadecyl groups with 2-methoxyethyl groups. 
Thus, conversion of the keto group of BrDPAF-C2M to the corresponding DCE 
group was carried out by the reaction using malononitrile as a reagent, pyridine as a 
base, and titanium tetrachloride as a deoxygenation agent in dry chloroform. The re-
action resulted in the corresponding diphenylaminofluorene BrCPAF-C2M in a yield 
of 89 % after chromatographic purification. Attachment of a CPAF-C2M antenna 
arm to a C60 cage was carried out with DBU (1.0 eq.) to afford 7-(1,2-dihydro-1,2-
methanofullerene[60]-61-{1,1-dicyanoethyl-ene})-9,9-di(methoxyethyl)-2-diphe-
nylaminofluorene, C60(> CPAF-C2M), as orange red solids in 53 % yield. The bulki-
ness of DPAF-C18 and CPAF-C2M in size can prevent these two types of antenna 
moieties form locating in close vicinity to each other at the cage surface. By consid-
ering the regio-location of reactive bicyclopentadienyl olefin bonds on the fuller-
ene surface, when the first antenna is bound at the north-pole location, the second 
antenna arm is most likely to be pushed away to the equator area of the C60 sphere. 
Therefore, only a very limited number of multiadduct regioisomers per C60 are like-
ly to form. Indeed, by controlling the reaction kinetic rate with two molar equiva-
lents of CPAF-C2M applied in the reaction with C60(> DPAF-C18) in the presence of 
DBU (2.0 eq.), only two clear preparative thin-layer chromatography (PTLC) bands 
in the product mixtures were observed in addition to the starting C60(> DPAF-C18)
(~ 15 %). The first less polar product band at Rf = 0.5 was found to be the bisadduct 
C60(> DPAF-C18)(> CPAF-C2M) isolated as orange-brown solids in 28 % yield. The 
second more polar product band at Rf = 0.4 was determined to be the trisadduct 
C60(> DPAF-C18)(> CPAF-C2M)2 isolated as red-brown solids in 40 % yield.

5.5  Molecular Self-Assembly of Chromophore–Fullerene 
Conjugates

It was found that molecular self-assemblies of FC4S resulted in the formation of 
nearly monodisperse spheroidal nanospheres with the sphere radius of gyration 
Rg ≈ 19 Å, where the major axe ≈ 29 Å and the minor axe ≈ 21 Å for the ellipsoid-like 
aggregates, or an estimated long sphere diameter of 60 Å [the radius = (5/3)1/2Rg] for 
the aggregates, as determined by small-angle neutron scattering (SANS) in D2O 
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and small-angle X-ray scattering (SAXS) in H2O [123]. This radius of gyration 
was found to remain relatively constant over a concentration range from 0.35 to 
26 mM in H2O, revealed strong hydrophobic interaction between core fullerene 
cages overcoming loose charge repulsion at the surface of the molecular micelle. It 
allowed the nanosphere formation at a low concentration despite of steric hindrance 
and high hydrophilicity arising from 6 sulfo-n-butyl arms surrounding C60. Based 
on the SANS data, the mean number of FC4S molecules for the nanosphere was 
determined to be 6.5 ± 0.7 that led to the elucidation of its nanocluster structure 
with each FC4S molecule located at the vertex of an octahedron-shaped nanosphere 
shown in Fig. 5.6 [41].

Strong hydrophobic interactions and association among fullerene cages serve 
as the major attractive driving force for amphiphilic fullerene derivatives, such 
as C60-methanocarbonyl-9, 9-dipolyethyleneglycol-2-diphenylamino-fluorene, 
C60(> DPAF-EG12C1) (Fig. 5.8), to organize into an ordered shape and form in aque-
ous solution that resulted in efficient molecular assembly. In close resemblance to 
small amphiphilic surfactant molecules in forming micelle structures in water, [60]
fullerenyl amphiphilics exhibit high tendency in forming a hydrophobic bilayer 
shell that consists of an array of C60 cages in a submicrospheric membrane, be-
low the critical aggregation concentration, known as buckysome or fullerosome 
vesicles [124‒127]. Above the critical aggregation concentration, formation of 
multi-bilayered vesicles is also possible. In the molecular structure of C60(> DPAF-
EG12C1), the moiety of C60 > and DPAF can be regarded as water-insoluble chro-
mophore units that give irregular packing in the solid particle due to dismatched 
moiety shapes. Competitive intermolecular interaction force among like-moieties 
C60−C60 and DPAF−DPAF will govern the molecular self-assembly character of 
C60(> DPAF-EG12C1). Therefore, to maximize the packing order among C60 > moi-
eties, the compound was dissolved in a minimum amount of water-miscible organic 
solvent, such as THF−dimethyl sulfoxide (DMSO; 1:1, v/v), to dissociate each C60-
DPAF chromophore unit from each other under the ultrasonication condition prior 
to its addition into water. Initiation of molecular self-assembly was assisted by con-
tinuing ultrasonication for few minutes in aqueous solution. Carbon-copper film 
grids in a 200-mesh size were used for the topography investigation of molecularly 
assembled structures, derived from C60(> DPAF-EG12C1), by transmission electron 
microscopy (TEM) images. Samples were prepared by coating the grid with a solu-
tion at 1.0 × 10− 6 M, followed by the freeze-dry technique under vacuum to retain to 
the vesicle shape on the grid. Consistent TEM microimages of nanovesicles were re-
ported to be obtained and revealed by many regular bilayer spheres in a size ranging 
from 20 to 70 nm in diameter, as shown in Fig. 5.8b. Majority of the spheres were 
larger than the typical micelle size of 20−30 nm in diameter derived from lipid mol-
ecules. Interestingly, no obvious large solid particles were detected even though this 
sample solution was not filtered through a filter membrane of 0.45 μm in pore size 
that we normally followed as a procedure. Morphology of the vesicle shell mem-
brane was revealed by a dark ring area with a roughly even wall width and a smooth 
shape around the ring image. Measurement of the vesicle wall thickness marked 
by the cross-ended lines gave a wall width of roughly 9.0−10 nm. This length fits 
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Fig. 5.8  Synthesis and 
nanovesicles of C60(> 
DPAFEG12C1). DPAF 
dialkyldiphenylaminofluorene
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approximately with the linear bilayer molecular dimension of C60(> DPAF-EG12C1) 
in 16−18 and 7.0−8.0 nm, estimated by the three-dimensional (3D) molecular struc-
tural modeling with a fully stretched oligo(ethylene glycol) chain and chromophore 
core width. This implied a shell-like bilayer consisting of a head-to-head packing of 
C60(> DPAF) chromophore moieties in the nanovesicle membrane region. It is also 
consistent with the X-ray single crystal structure of the related analogs C60(> CPAF-
C2) showing a highly ordered array of C60 > cages in the unit cell packing in the 
presence of similar planar diphenylaminofluorene chromophores [120].

5.6  Delivery Systems of Fullerene Derivatives for PDT

Several fullerene derivatives have also been tested for their photodynamic efficacy 
by employing some of the delivery vehicles. Ikeda and coworkers used a series of 
liposomal preparations of C60 containing cationic or anionic lipids together. Illumi-
nation with 136 J/cm2 light at 350‒500 nm gave 85 % cell killing in the case of cat-
ionic liposomes, and apoptosis was demonstrated [128]. Akiyama et al. solubilized 
unmodified C60 with high stability using various types of PEG-based block copoly-
mer micelles which showed cytotoxicity under photoirradiation in HeLa cells [70]. 
In another study, direct and short-time uptake within 10 min of fullerene into the 
cell membrane using an exchange reaction from a fullerene-γ-cyclodextrin com-
plex and the resulting PDT activity against cancer cells was demonstrated [129]. 
Doi et al. compared [68] the PDT activity of C60 and C70 encapsulated in dimyris-
toylphosphatidylcholine liposomes against HeLa cells and found C70 was five times 
more active than C60 attributing the difference to an improved absorption spectrum 
in the latter case. In another publication [130], this group compared delivery of C70 
encapsulated in surface cross-linked lipid vesicles called cerasomes with the above-
mentioned liposomes. They found additional stability of cerasomes coupled with 
equivalent PDT activity against HeLa cells suggesting the fullerene could mediate 
cell killing without being released from its delivery vehicle.

5.7  Photophysical Properties of Chromophore–Fullerene 
Conjugates

Photoexcitation of C60 and fullerene derivatives induces a singlet fullerenyl excited 
state that is transformed to the corresponding triplet excited state, via intersystem 
energy crossing, with nearly quantitative efficiency [45]. Subsequent energy trans-
fer from the triplet fullerene derivatives to molecular oxygen produces singlet mo-
lecular oxygen in aerobic media. This photocatalytic effect becomes one of key 
mechanisms in photodynamic treatments using fullerene derivatives as PSs. How-
ever, a high degree of functionalization on C60 for the enhancement of solubility and 
compatibility in biomedia resulted in a progressive decrease of the singlet oxygen 
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production quantum yield [Φ(1O2)]. Examples were given by Bingel-type malonic 
acid, C60[C(COOH)2]n, and malonic ester, C60[C(COOEt)2]n, [60]fullerene adducts 
[131], showing a decreasing trend of Φ(1O2) as the number of addends (n) increases. 
When the number n reached 6 for a hexaadduct, its Φ(1O2) value declined to only 
13 % or less of that for C60 [132]. However, it was not the case for molecular micel-
lar FC4S [41], a relatively high singlet oxygen production quantum yield for FC4S 
may indicate its unique electronic features in difference with Bingel-type malonic 
hexaadducts of C60. The efficiency was substantiated by direct detection of 1O2 
emission at 1270 nm upon photoirradiation of self-assembled FC4S nanospheres at 
500‒600 nm.

In the cases of light-harvesting electron-donor chromophore-assisted fullerene 
conjugate systems, such as C60(> CPAF-Cn) derivatives, their photophysical prop-
erties involve the primary photoexcitation events of either the fullerene moiety at 
UV wavelengths or the DPAF-Cn moiety at both UV and visible wavelengths up to 
600 nm [120]. Much higher optical absorption capability of DPAF-Cn than the C60 > 
cage in visible wavelengths enables the former moiety to serve as a light-harvesting 
antenna. Accordingly, formation of the photoexcited 1(DPAF)*-Cn moiety should be 
considered as the early event in the photophysical process. Alteration of the keto 
group of C60(> DPAF-Cn) to the DCE group of C60(> CPAF-Cn) effectively extended 
its photoresponsive region to longer red wavelengths. Photoexcitation processes of 
C60(> DPAF-Cn) and C60(> CPAF-Cn) pump an electron from their HOMO to the 
LUMO. By the molecular orbital calculation and energy minimization, the majority 
of the HOMO electron density was reported to be delocalized over the DPAF-Cn 
moiety, whereas the LUMO electron density was located on the C60 spheroid, and 
therefore C60

−·(> CPAF+·-Cn) was suggested as the most stable charge-separated 
(CS) state in polar solvents, including H2O [121]. These CS states may be generated 
by photoinduced intramolecular electron transfer between the diphenylaminofluo-
rene donor and C60 > acceptor moieties. The process effectively quenches fluorenyl 
fluorescence that can be observed in the most of C60(> DPAF-Cn) and C60(> CPAF-
Cn) monoadducts. Even during energy transfer events of C60(> CPAF-Cn), normally 
favorable in nonpolar solvents, observed short fluorescence lifetime of the mod-
el compound 1CPAF*-C9 (241 ps) as compared with that of the keto analogs Br-
1DPAF*-C9 (2125 ps) may be indicative of a facile photoinduced intramolecular 
charge polarization process forming the corresponding [C = C(CN)2]

−·–DPAF+·-C9 
CS state that will facilitate the formation of C60

−·(> CPAF+·-Cn) in the subsequent 
electron transfer event.

Intramolecular formation of transient CS states in chromophore–fullerene con-
jugates is crucial for the generation of radical ROS, initially with O2

−·and subse-
quently HO·, in PDT treatments. Therefore, direct detection of a transient absorp-
tion band of (C60 >)−· radical–ion pairs centered at 1020 nm during nanosecond 
laser flash photolysis of C60(> CPAF-Cn) in polar solvents provided clear confir-
mation of the formation of photoinduced CS transient state C60

−·(> CPAF+·-Cn) 
[121]. Interestingly, it was also reported [121] that by time-resolved fluorescence 
emission measurement of 1O2 at 1270 nm upon photoexcitation of C60(> DPAF-Cn) 
and C60(> CPAF-Cn) for comparison using a laser light source at 523 nm ( λex) in 
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the presence of O2 in toluene,the 1O2 production yield of the latter compound was 
found to be nearly sixfold higher than that of the former analogs indicating an en-
hanced light-harvesting capability of the CPAF-Cn moiety in visible range and sub-
sequent efficient triplet state generation of the C60 > cage moiety. The fluorescence 
intensity of 1C60

*(> DPAF-Cn) and 1C60
*(> CPAF-Cn) was significantly quenched 

by increasing the solvent polarity from toluene to benzonitrile and DMF that led 
to a near disappearance of 1O2 luminescence in DMF implying the domination of 
C60

−·(> DPAF+·-Cn) and C60
−·(> CPAF+·-Cn) CS state in polar solvents.

5.8  Microscopic Technique for Detecting Localization  
of Fullerene Derivatives

Though fullerenes have been widely used for PDT not much attention has been 
given to studying their interaction with different intracellular organelles and deter-
mining the cellular site of their potential action. The main reason for this lack of at-
tention is that in contrast to the vast majority of other PS that are highly fluorescent, 
fullerenes are nonfluorescent; thus, it is not feasible to use the common technique 
of fluorescence (confocal) microscopy to examine the intracellular uptake and sub-
cellular localization of fullerenes. Overcoming this limitation, Scrivens et al. [133] 
were the first to demonstrate its uptake by human keratinocytes in tissue culture by 
preparing a radiolabeled fullerene. In serum-free medium, they found a time (up 
to 6.0 h) and concentration-dependent uptake so that 50 % of added fullerene was 
taken up. One group used indirect immunofluorescence staining with antibodies 
that recognize fullerenes and other organelle probes to explain that a dicarboxylic 
acid derivative localized in mitochondria and other intracellular membranes [134]. 
A recent paper described the use of the related techniques of energy-filtered trans-
mission electron microscopy and electron tomography to visualize the cellular up-
take of pristine C60 nanoparticulate clusters. When human monocyte-derived mac-
rophages were examined, C60 was found in the plasma membrane, in lysosomes, 
and in the nucleus [135]. In another study, a pristine C60 preparation was obtained 
by sonication in methanol (different from the more commonly used toluene) giving 
uniformly sized particles with photoluminescence detection at 750 nm after excita-
tion at 488 nm. This emission was used to demonstrate cell uptake in normal and 
malignant breast cells after culturing them on fullerene-coated dishes [19].

5.9  ROS Production by Fullerene Derivatives

Illumination of C60 or C70 monoadduct derivatives with visible or UVA light pro-
motes its transition to a long-lived triplet excited state (Fig. 5.1), via isc processes, 
and subsequent intermolecular energy transfer to the molecular oxygen yielding 
a highly reactive singlet oxygen (1O2) in Type II reactions [45]. In the presence 



168 M. Wang et al.

of physiological concentration of reductants, such as NADH, more reactive ROS 
species, such as superoxide anion (O2

−·) and hydroxyl radical (HO·), may be pro-
duced in polar solvent and water [44]. In our study, a comparative singlet oxygen 
production efficiency study of two decacationic C60[> M(C3N6

 + C3)2]-(I
−)10(LC14) 

[109, 110] and C70[> M(C3N6
 + C3)2]-(I

−)10(LC17) [101] in DMSO−H2O (1:520, 
1.0 × 10− 6 M) was carried out by many increamental exposures of the sample to 
a UVB-enhanced visible lamp (200 W, 250−600 nm with several λmax at 315, 
370, 430, 550, and 570 nm) in an exposure interval period of 5.0 s (the light dose 
measured to be ~ 5.0 mJ/cm2 per period) followed by the flourescence emission 
measurement of the probe. For highly efficient in situ selective trapping of singlet 
oxygen, highly water-soluble 9,10-anthracenediyl-bis(methylene)dimalonic acid 
(ABMA, 8.0 × 10− 6 M) was applied as a fluorescent probe which exhibits the emis-
sion maximum at 429 nm. The corresponding most effective excitation wavelengths 
were found to be 379 and 400 nm with the later one closer to the visible range used. 
At this wavelength, the optical absorption extinction coefficient value of LC17 is 
slightly higher than that of LC14. The chemical trapping of 1O2 by highly fluores-
cent ABMA leads to the formation of non-fluorescent 9,10-endoperoxide product 
(Fig. 5.9a). The conversion allows us to follow the loss of fluorescence emission in-
tensity at 429 nm for its correlation to the proportional quantity of 1O2 produced due 
to the high kinetic rate constant of the trapping reaction in aqueous media [136]. As 
a result, a slightly higher 1O2 production rate of C60[> M(C3N6

 + C3)2] was observed 
even though the difference is not statistically significant, as shown in Fig. 5.9d. The 
use of a lower irradiation dose for the similar measurement directly in the UV-vis-
NIR spectrometer, operated at λex 400 nm (single wavelength excitation) with the 
monochromator, gave a much slower production rate of 1O2 for both cases that dis-
played a clearly higher rate for C60[> M(C3N6

 + C3)2] at this excitation wavelength.
A similar trend was also confirmed by using 1O2 probe singlet oxygen sensor 

green (SOG) reagent. Upon the tapping of 1O2 by the anthracene moiety of SOG, 
the resulting 9,10-endoperoxide-linked fluorescein product SOG-EP is highly green 
fluorescent (excitation/emission maxima  ~ 504/525 nm) that can be used for the 
correlation of relative 1O2 quantity produced. It is worthwhile to mention that the 
SOG probe chemistry is potentially more complicated than the statement above due 
to the fact that both SOG and SOG-EP are capable of sensitizing 1O2 production and 
undergoing photobleaching processes themselves, resembling those of fluorescein 
derivatives [137]. This complication can be lessened by using blue light for fuller-
ene excitation that is not absorbed by the probe. However, if we assume the amount 
of the additional 1O2 molecules derived from SOG and SOG-EP and the photo-
bleaching rate being nearly identical among experiments under the same conditions, 
the fluorescence emission intensity of SOG-EP detected will still be valuable for the 
relative comparison purpose. Accordingly, Fig. 5.10a showed the results from the 
SOG-based fluorescence probe assay experiments of LC14 and LC17 in 96-well 
black-sided plates under incremental irradiation with a blue light-emitting diode 
(LED) light source (415 ± 15 nm) under the total fluence intensity range of 0−6.0 J/
cm2. It is evident that C60[> M(C3N6

 + C3)2]-(I
−)10 (LC14) gave a significantly higher 

rate of 1O2 detected than that of C70[> M(C3N6
 + C3)2]-(I

−)10 (LC17).
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Indeed, under the similar experimental procedures relevant to PDT as those used 
for the data collection of Fig. 5.10a, but with the application of the fluorescent 
probe of 3ʹ-p-(hydroxyphenyl)-fluorescein [138] (HPF) instead, a reverse relation-
ship was observed with higher fluorescence emission intensity of fluorescein for 
C70[> M(C3N6

 + C3)2]-(I
−)10 than that for C60[> M(C3N6

 + C3)2]-(I
−)10 under the total 

fluence intensity range of 0−5.0 J/cm2, as shown in Fig. 5.10b. Since the HPF probe 
is an essential tool for the selective detection of HO· and peroxynitrite, via qui-
none formation detached from the fluorescein moiety (excitation/emission maxima 
~ 490/515 nm), with the detection sensitivity reported to be roughly 145-fold and 

Fig. 5.9  Illumination time-
dependent fluorescent a and 
b ROS-trapping mechanism 
of two types of fluorescent 
probes ABMM and TFFC c 
intensity increase of fluores-
cein probe tetrafluorofluores-
cein carboxylic acid (TFFC) 
( λex 480 nm/λem 530 nm) in 
PBS media (pH 7.4) with 
LC14 using a LED (365 nm) 
light source for detecting O2−· 
production and d intensity 
decrease of ABMM probe 
( λex 350 nm/λem 428 nm). 
ABMM anthracenediyl-
bis(methylene)dimalonic 
acid, PBS PBS
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90-fold higher for HO· than 1O2 and O2
−·, respectively [139], the measured fluores-

cence intensity can be correlated roughly to the yield of hydroxyl radicals produced. 
Besides, O2

−· is the precusor species to the formation of HO·, directly monitoring 
the presence of HO· will also serve the confirmation purpose of superoxide radical 
formation, that is, higher yield for C70[> M(C3N6

 + C3)2] than C60[> M(C3N6
 + C3)2].

It is well recognized that 1O2 can give rise to several other types of ROS, includ-
ing O2

−·, H2O2, and HO·, in a sequential reaction with iodide anion (I−) [140]. In 

Fig. 5.10  Illumination 
time-dependent fluores-
cent intensity increase of a 
fluorescein probe SOG-EP 
( λex 504 nm/λem 525 nm) for 
detecting 1O2 produced and 
b fluorescein probe HPF 
( λex 490 nm/λem 515 nm) for 
detecting O2−· produced in 
the presence of LC14 and 
LC17 using a blue LED 
(415 nm) light. SOG singlet 
oxygen sensor green, HPF 
3′-p-(hydroxyphenyl)-fluo-
rescein
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this case, the yield of O2
−· or HO· should be proportional to the quantity of 1O2. 

Therefore, our observation of a higher 1O2 production yield of C60[> M(C3N6
 + C3)2] 

in phosphate-buffered saline (PBS) solution (Fig. 5.10a) giving a lower production 
yield of radical species (Fig. 5.10b) revealed no direct correlation of 1O2 to O2

−· 
or HO· yields, or the latter species may not derive directly from the former one in 
these experiments. Contrarily, they may be in a competitive production process to 
each other in either the triplet energy transfer (Type II) or electron transfer (Type 
I) mechanism involving the electron-donating iodide anion (I−) and the electron-
accepting fullerene cage. This mechanistic path can be realized by the facile photo-
excitation of C60/C70 cages to their singlet excited state followed by the quantitative 
isc to their corresponding excited triplet transient states, 3C60

*[> M(C3N6
 + C3)2] and 

3C70
*[> M(C3N6

 + C3)2]. Apparently, the latter molecule exhibited a higher electron-
accepting capability to allow electron transfer from the iodide anion leading to the 
formation of C70

−·[> M(C3N6
 + C3)2] prior to the further transfer this electron to O2 

that gave a higher yield of O2
−· and, thus, HO·. These results were summarized 

in Fig. 5.11 to emphasize the significant importance of decacationic structural de-
sign of fullerene derivatives aiming at shifting their Type II to Type I photochem-
istry for the more reactive radical ROS in photokilling of pathogens. Accordingly, 

Fig. 5.11  A schematic presentation of enhanced Type I photochemistry of LC17 in producing 
radical ROS
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in the presence of a high number of electron-donating iodide anions as parts of 
quaternary ammonium salts in the arm region, we found that C70[> M(C3N6

 + C3)2]-
(I−)10 produced more HO· than C60[> M(C3N6

 + C3)2]-(I
−)10, in addition to 1O2. The 

observed production of HO· may arise partially from the photoinduced electron 
transfer (Type I) mechanism involving the electron-donating iodide anions (I−) and 
the fullerene cages at their excited triplet transient states, 3C60

*[> M(C3N6
 + C3)2] 

and 3C70
*[> M(C3N6

 + C3)2] having different electron-accepting strength. The pres-
ence of electrolyte salts makes the ion exchange and I−-dissociation possible 
and increases the efficiency of electron transport that forms the corresponding 
C60

−·[> M(C3N6
 + C3)2] and C70

−·[> M(C3N6
 + C3)2], respectively, as the source for the 

O2
−· and the derived ROS radicals generation.

5.10  In Vitro Photoinactivation of Microbials and Viruses 
by Mono- to Decacationic Fullerene Derivatives

The effectiveness of various PS proposed for antimicrobial PDT can be judged on 
several criteria. These PS should be able to kill multiple classes of microbes at 
relatively low concentrations and low fluences of light. PS should be reasonably 
nontoxic in the dark and should demonstrate selectivity for microbial cells over 
mammalian cells. PS should ideally have large extinction coefficients in the red part 
of the spectrum and demonstrate high triplet and singlet oxygen quantum yields. 
We have shown in a series of reported experiments that cationic fullerenes fulfill 
many, but not all of the aforementioned criteria. Our laboratory was the first to 
demonstrate that the soluble functionalized fullerenes described above, especially 
the cationic compounds BF4‒BF6, were efficient antimicrobial PS and could me-
diate photodynamic inactivation (PDI) of various classes of microbial cells [49]. 
We used a broadband-pass filter giving an output of the entire visible spectrum 
(400‒700 nm) to excite the fullerenes that maximized the absorption.

Our initial screening experiment carried out against Staphylococcus aureus at 
100 μM concentrations showed that the C60 substituted with pyrrolidinium groups 
behaved very differently than the series substituted with di-serinol groups. The 
cationic fullerenes gave high levels of dark toxicity (except for BF4) while the 
di-serinol-functionalized C60 had no dark toxicity, but showed a typical light dose-
dependent loss of colony-forming ability. However, it needed concentrations as 
high as 100 μM and white-light fluences as high as 120 J/cm2 to achieve significant 
killing (2.0‒3.0 logs or up to 99.9 %) of the gram-positive S. aureus. Even with 
these relatively high doses of both PS and light, the gram-negative Escherichia coli 
was only slightly killed (less than 1.0 log or 90 %). In sharp contrast, the cationic 
fullerenes were highly effective PS at much lower concentrations and much lower 
light doses. BF4‒BF6 were all surprisingly effective in causing light-mediated kill-
ing of S. aureus. BF5 and BF6 needed only 1 μM concentration and 1.0 or 2.0 J/
cm2 of white light to kill 4‒5 logs. BF4‒6 were tested against E. coli at 10 μM, and 
BF5 and BF6 showed similar high levels of activity (up to 6.0 logs). These findings 
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agree with numerous reports in the literature that demonstrate that PS with one (or 
preferably more cationic groups) are efficient antimicrobial PS [141‒145]. Quater-
nary nitrogen-based groups are superior to primary, secondary, or tertiary amino 
groups as the positive charge is less dependent on the pH of the surrounding media, 
or the pKa of the molecules that the PS is interacting with. Microbial cells possess 
overall negative charges, and it is thought that cationic PS bind to these groups on 
the outer layers of the cell surface. Gram-positive cells have relatively permeable 
outer layers of peptidoglycan and lipoteichoic acid or β-glucan, respectively. This 
allows cationic and to a lesser extent non-cationic PS to diffuse inwards to the 
plasma membrane where the generation of ROS under illumination can damage the 
membrane structure allowing leakage of essential components and cause cell death. 
Cationic compounds are able to displace divalent cations (Ca2 +  and Mg2+) that play 
a role in the attachment of lipopolysaccharide to the outer membrane [146]. This 
displacement weakens the structure of the outer permeability allowing the PS to 
penetrate further in a process that has been termed “self-promoted uptake” [35]. The 
fact that this mechanism requires cationic compounds explains why BF1‒BF3 were 
relatively noneffective against the gram-negative E. coli and such findings have 
been reported with numerous other non-cationic PS [143].

A recent study by Spesia et al. reported [147] that a novel N,N-dimethyl-2-
(4′-N,N,N-trimethylaminophenyl)fulleropyrrolidinium iodide (DTC60

2+) was syn-
thesized by 1,3-dipolar cycloaddition using 4-( N,N-dimethylamino) benzalde-
hyde, N-methylglycine, and C60 and quaternization with methyl iodide. Photody-
namic properties of DTC60

2 +were compared with a non-charged N-methyl-2-(4′-
acetamidophenyl)fulleropyrrolidine (MAC60) and a monocationic N,N-dimethyl-
2-(4′-acetamidophenyl)fulleropyrrolidinium iodide (DAC60

+). The photodynamic 
effect was strongly dependent on the medium, and diminished when the sensitizer 
aggregated and increased in an appropriately surrounded microenvironment. The 
PDI produced by these fullerene derivatives was investigated in vitro on E. coli. 
Photosensitized inactivation of E. coli cellular suspensions by DTC60

2 + exhibited 
an approximately 3.5 log decrease of cell survival when the cultures are treated 
with 1.0 μM of sensitizer and irradiated for 30 min. This photosensitized inactiva-
tion remains high even after one washing step. Also, the photodynamic activity was 
confirmed by growth delay of E. coli cultures. The growth was arrested when E. coli 
was exposed to 2.0 μM of cationic fullerene and irradiated, whereas a negligible 
effect was found for the non-charged MAC60. In our laboratory, we have tested a 
group of six functionalized fullerenes which were prepared in two groups of three 
compounds [48]. We demonstrated that the C60 molecule monosubstituted with a 
single pyrrolidinium group (BF4) was a very efficient PS which efficiently killed a 
panel of mouse cancer cells at the low concentration of 2.0 μM on exposure to white 
light. We have shown, in a series of reported experiments that cationic fullerenes 
fulfill many of the desirable characteristics for efficient photoinactivation of bacte-
ria and other pathogens. Our laboratory was the first to demonstrate that the soluble 
functionalized fullerenes, especially the tricationic compound BF6, were efficient 
and selective broad spectrum antimicrobial PS and could mediate PDI of various 
classes of microbial cells [49]. In a study by Spesia et al. [147], it was reported that 
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a novel fulleropyrrolidinium iodide (DTC60
2+) produced PDI in vitro of E. coli. Lee 

et al. showed that C60 derivatives were efficient in inactivating E. coli and MS-2 
bacteriophage [148]. Recently we have demonstrated the use of innovative cationic 
fullerenes as broad-spectrum light-activated antimicrobials and carried out quanti-
tative structure–function relationships to determine the optimal chemical structure 
of the fullerene derivatization [100]. The most effective compound overall against 
the various classes of microbial cells had the tetracationic structure illustrated as 
BF24 in Fig. 5.3. Another recent paper from our laboratory [108] looked at a further 
series of functionalized cationic fullerenes as antimicrobial PS and found a highly 
effective structure was the previously reported [149] tetracationic compound BF21 
(Fig. 5.2).

Antimicrobial effect of two highly water-soluble decacationic fullerenes LC14 
[109, 110] and LC17 [101] (Fig. 5.4) were applied for comparison in the PDT killing 
of the gram-positive S. aureus. In general, it is known that gram-positive bacteria 
are more sensitive and susceptible to PDT destruction than gram-negative bacteria. 
This allowed us to use a lower concentration (up to 10 μM) of fullerene derivatives 
for S. aureus killing than that (up to 100 μM) needed for effective E. coli killing. 
Our previous PDT experiments have indicated a fast-binding process of PS to mi-
crobial cells [150]. Thus, a short incubation time of 30 min was applied for both 
species. As a result shown in Fig. 5.12, neither decacationic fullerene derivative 
LC14 and LC17 gave any detectable toxicity to both bacteria in the dark in a con-
centration up to 10 μM. A pronounced PDT effect was observed after illumination 
on the LC14/LC17-incubated cells using a broad-band white light source with total 
fluence intensity of 100 J/cm2 with a sharp cytotoxicity trend even at low fullerene 
concentration of 1.0 μM, giving 3-log killing for C60[> M(C3N6

+C3)2] and 2-log kill-
ing for C70[> M(C3N6

+C3)2]. As the administered dose increased to a concentration 
of 3.0 μM, a 5-log killing effectiveness was observed for the compound LC14 and 
a corresponding 3-log for the compound LC17. Interestingly, C60[> M(C3N6

+C3)2] 
was able to eradicate the cells at higher concentrations than 3.0 μM. In the case of 
C70[> M(C3N6

+C3)2], a 5-log effective killing was achieved at a concentration of 
10 μM. Two killing curves of LC14 and LC17 were significantly different from 
each other ( p  < 0.01). In the PDT experiments against E. coli, the need to use eight-
times higher concentrations of fullerene drugs led to the observation of some dark 
toxicity (1.0−2.0 logs) at the higher concentrations of 60 and 80 μM. Surprisingly, 
the order of PDT effectiveness of these two fullerene drugs was opposite to that 
seen with S. aureus. In this case, C70[> M(C3N6

+C3)2] was most effective for E. 
coli killing with 3.0 logs at 40 μM, 5.0 logs at 60 μM, and eradicating the cells at 
80 μM, as shown in Fig. 5.12b. On the other hand, C60[> M(C3N6

+C3)2] only killed 
1.0 log at 40 μM, 2.0 logs at 60 μM, and 3.0 logs at 80 μM. These two curves were 
significantly different ( p  < 0.01).

The data showed interesting differences between the photoactivity of decaca-
tionic fullerene compounds that differ only in the number of carbon atoms in the 
fullerene cage. The decacationic arms attached to these fullerenes served to give 
the molecules rapid binding to the anionic residues displayed on the outer parts of 
bacterial cell walls. The large number of ionic groups attached to the fullerene also 
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provided enhanced water solubility, which is a necessary requirement for biologi-
cal activity. Even though these fullerenes displayed a rapid ability to photoinacti-
vate bacteria, they were also efficient in mediating the PDT killing of cancer cells 
although a longer incubation time was needed. A large molecular weight of these 
fullerenes (around 3300) means that they are too large to diffuse through the plasma 
membrane of mammalian cells, which is a rapid process, and are therefore taken 
up by the slower process of adsorptive endocytosis. The differences in effective-
ness we found between C60 and C70 was interesting. For gram-positive bacteria, 
C60[> M(C3N6

 + C3)2] was better at photokilling than C70[> M(C3N6
 + C3)2], while 

for gram-negative bacteria and for cancer cells the opposite was the case, in that 
C70[> M(C3N6

 + C3)2] was better at photokilling than C60[> M(C3N6
 + C3)2]. We have 

Fig. 5.12  PDT killing of a 
LC14 with or without light 
and b gram-negative bacteria, 
E. coli. Bacteria [10(8) cells/
mL] were incubated with 
LC14 or LC17 (for compari-
son) for 30 min followed by 
delivery or not of 100 J/cm2 
of white light. **p < 0.01
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previously reported [151] that Type II ROS, that is, singlet oxygen, 1O2, are better 
at killing gram-positive bacteria than Type I ROS, that is, hydroxyl radicals, HO·, 
while the reverse is true for gram-negative bacteria (HO· is better at killing than 
1O2). Therefore, we decided to test the type of ROS (HO· or 1O2) produced when 
LC14 and LC17 were illuminated in simple PBS solution. To do this, it was neces-
sary to employ blue light to excite the fullerene, because if white light was used, the 
light alone would activate the probe to some extent through the green absorption 
peak. The results demonstrated that C60[> M(C3N6

 + C3)2] produced more 1O2 while 
C70[> M(C3N6

 + C3)2] produced more HO·. This finding offers an explanation of the 
preferential killing of gram-positive bacteria by LC14 and the preferential killing of 
gram-negative bacteria by LC17. The hypothesis is that 1O2 can diffuse more easily 
into porous cell walls of gram-positive bacteria to reach sensitive sites, while the 
less permeable gram-negative bacterial cell wall needs the more reactive HO· to 
cause real damage [152, 153]. It has not been reported whether HO· or 1O2 is more 
efficient in killing cancer cells, but our data would suggest that HO· may be more 
effective in this case as well.

Photodynamic reactions induced by photoactivated fullerenes have been shown 
to inactivate enveloped viruses [154]. Buffered solutions containing pristine C60 
and Semliki Forest virus (Togaviridae) or vesicular stomatitis virus (VSV; Rhabdo-
viridae), when illuminated with visible light for up to 5.0 h, resulted in up to seven 
logs of loss of infectivity. Viral inactivation was oxygen dependent and equally 
efficient in solutions containing protein [155]. Hirayama et al. [156] used a me-
thoxy–PEG conjugated fullerene at 400 μM in combination with 120 J/cm2 white 
light to destroy more than five logs of plaque forming units of VSV. VSV inac-
tivation was inhibited by oxygen removal or by the addition of sodium azide, a 
known singlet oxygen quencher. The substitution of H2O by D2O, which is known 
to prolong the lifetime of singlet oxygen, promoted the virucidal activity. These 
results indicate that singlet oxygen may play a major role in VSV photoinactivation 
by the water-soluble fullerene derivative. The concentration needed for virus inac-
tivation was higher than that of other sensitizers such as methylene blue. Lin and 
coworkers [157] compared light-dependent and light-independent inactivation of 
dengue-2 and other enveloped viruses by the two regio-isomers of carboxyfullerene 
and found that asymmetric isomer had greater dark activity (albeit at much higher 
concentrations than needed for its PDT effect) due to its interaction with the lipid 
envelope of the virus. Photodynamic reactions induced by photoactivated fullerenes 
have also been shown by many workers to inactivate enveloped viruses [154‒157].

5.11  PDT Enhancement Using Light-Harvesting Antenna 
Attachments on Fullerene Derivatives

We reported [121] the synthesis of a new class of photoresponsive C60–DCE–di-
phenylaminofluorene nanostructures and their intramolecular photoinduced energy 
and electron transfer phenomena. Structural modification was made by chemical 
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conversion of the keto group in C60(> DPAF-Cn) to a stronger electron-withdrawing 
DCE unit leading to C60(> CPAF-Cn) with an increased electronic polarization of the 
molecule, as discussed the Sect. 5.4.3. The modification also led to a large batho-
chromic shift of the major band in visible spectrum giving measureable absorp-
tion up to 600 nm and extended the photoresponsive capability of C60–DCE–DPAF 
nanostructures to longer red wavelengths than C60(> DPAF-Cn). Production effi-
ciency of singlet oxygen by C60(> DPAF-C2M), as the structure shown in Fig. 5.7, 
was found to be comparable with that of tetraphenylporphyrin PS. Remarkably, 
the 1O2 quantum yield of C60(> CPAF-C2M; Fig. 5.7) was found to be nearly sixfold 
higher than that of C60(> DPAF-C2M), [120] demonstrating the large light-harvesting 
enhancement of CPAF-C2M moiety and leading to more efficient triplet state genera-
tion of the C60 > cage moiety.

We tested C60(> DPAF-C2M) and C60(> CPAF-C2M) as PSs to kill cancer cells after 
illumination. We used the human cervical cancer cell line, HeLa and incubated the 
cells for 3.0 h with increasing concentrations of fullerenes dissolved in 9,10-dimeth-
ylanthracene (DMA). Broad-band white light irradiation (200 J/cm2) was delivered 
and the cells were returned to the incubator overnight. A 4-h 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was then carried out for mito-
chondrial reductase activity as a surrogate measure of the cell viability. As a result, 
a significant, dose-dependent loss of viability in the presence of light was observed 
using C60(> CPAF-C2M) as the PS. The phenomena were not seen either in the dark 
or with C60(> DPAF-C2M) in either light or dark conditions. These data clearly show 
the markedly enhanced photocatalytic activity of C60(> CPAF-C2M) compared to that 
of C60(> DPAF-C2M), due to higher absorption intensity in visible wavelengths and 
an increased singlet oxygen quantum yield of the former compound. We interpret the 
phenomena in terms of the contributions by the extended π-conjugation and stronger 
electron-withdrawing capability associated with DCE group compared to that of the 
keto group. Accordingly, C60(> CPAF-Cn) may allow 2γ-PDT using a light wave-
length of 1000–1200 nm for enhanced tissue penetration depth.

5.12  In Vitro PDT Study of Cationic Fullerene 
Derivatives on Cancer Cells: DNA Cleavage  
and Membrane Damage

Phototoxicity using fullerenes combined with illumination to kill various cells in 
vitro has been demonstrated in many studies. It is thought that one requirement 
for any PS to produce cell killing after illumination is that the PS should actually 
be taken up inside the cell, and that the generation of ROS outside the cell (un-
less in very large quantities) will not be sufficient to produce efficient cell death. 
Because fullerenes (in contrast to the vast majority of PS) are non-fluorescent, it is 
impossible to use the common technique of fluorescence microscopy to examine 
the intracellular uptake and subcellular localization of fullerenes. Taking these con-
siderations into account, Scrivens et al. [133] were the first to prepare a radiolabeled 
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fullerene and demonstrate its uptake by human keratinocytes in tissue culture. In 
serum-free medium they found a time- (up to 6.0 h) and concentration-dependent 
uptake so that 50 % of added fullerene was taken up. Foley et al. [134] used indirect 
immunofluorescence staining with antibodies that recognize fullerenes and other 
organelle probes to show that a dicarboxylic acid derivative localized in mitochon-
dria and other intracellular membranes. The first demonstration of phototoxicity 
in cancer cells mediated by fullerenes was in 1993 when Tokuyama et al. [158] 
used carboxylic acid functionalized fullerenes at 6.0 μM and white light to pro-
duce growth inhibition in human HeLa cancer cells. However, these same authors 
later reported that other carboxylic acid derivatives of C60 and C70 were completely 
without any photoactivity as PDT agents at 50 μM [159]. Burlaka et al. [160] used 
pristine C60 at 10 μM with visible light from a mercury lamp to produce some pho-
totoxicity in Ehrlich carcinoma cells or rat thymocytes and used EPR spin-trapping 
techniques to demonstrate the formation of ROS. The cytotoxic and photocytotoxic 
effects of two water-soluble fullerene derivatives, a dendritic C60 mono-adduct and 
the malonic acid C60 trisadduct were tested on Jurkat cells when irradiated with 
UVA or UVB light [161]. The cell death was mainly caused by membrane damage 
and it was UV dose dependent. Tris-malonic acid fullerene was found to be more 
phototoxic than the dendritic derivative. This result is in contrast to the singlet oxy-
gen quantum yields determined for the two compounds. Three C60 derivatives with 
two to four malonic acid groups (dimalonic acid C60, DMAC60; trimalonic acid, 
TMAC60; and tetra-malonic acid C60, QMAC60) were prepared and the phototoxic-
ity of these compounds against HeLa cells was determined by MTT assay and cell 
cycle analysis [162]. The relative phototoxicity of these compounds was DMAC60 > 
TMAC60 > QMAC60. Hydroxyl radical quencher mannitol (10 mM) was not able to 
prevent cells from the damage induced by irradiated DMAC60. DMAC60, together 
with irradiation, was found to decrease the number of G1 cells from 63 to 42 % and 
increase G2/M cells from 6.0 to 26 %.

Rancan et al. [163] used the following approach to overcome the necessity to use 
UV or short-wavelength visible light to photoactivate fullerenes. They synthesized 
two new fullerene-bis-pyropheophorbide-a derivatives: a mono-(FP1) and a hexaad-
duct (FHP1). The photophysical characterization of the compounds revealed signif-
icantly different parameters related to the number of addends at the fullerene core. 
In this study, the derivatives were tested with regard to their intracellular uptake and 
photosensitizing activity towards Jurkat cells in comparison with the free sensitizer, 
pyropheophorbide-a. The C60 hexaadduct FHP1 had a significant phototoxic activ-
ity (58 % cell death, after a dose of 400 mJ/cm2 of 688 nm light) but the monoadduct 
FP1 had a very low phototoxicity and only at higher light doses. Nevertheless, the 
activity of both adducts was less than that of pure pyropheophorbide-a, probably 
due to the lower cellular uptake of the adducts. A group from Argentina has also 
studied the phototoxicity produced by tetrapyrrole–fullerene conjugates. Milanesio 
et al. [164] compared PDT with a porphyrin-C60 dyad (P-C60) and its metal complex 
with Zn(II) (ZnP-C60) were compared with 5-(4-acetamidophenyl)-10,15,20-tris(4-
methoxyphenyl)porphyrin (P), in both homogeneous medium containing photooxi-
dizable substrates and in vitro on the Hep-2 human larynx  carcinoma cell line. 1O2 
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yields ( ΦΔ) were determined using DMA. The values of ΦΔ were strongly depen-
dent on the solvent polarity. Comparable ΦΔ values were found for dyads and P in 
toluene, while 1O2 production was significantly diminished for the dyads in DMF. In 
more polar solvent, the stabilization of charge-transfer state takes place, decreasing 
the efficiency of porphyrin triplet-state formation. Also, both dyads photosensitize 
the decomposition of L-tryptophan in DMF. In biological medium, no dark cytotox-
icity was observed using sensitizer concentrations < or = 1.0 μM and 24 h of incuba-
tion. The uptake of sensitizers into Hep-2 was studied using 1.0 μM of sensitizer 
and different times of incubation. Under these conditions, a value of approximately 
1.5 nmol/106 cells was found between 4 and 24 h of incubation. The cell survival 
after irradiation of the cells with visible light was dependent upon light-exposure 
level. A higher phototoxic effect was observed for P-C60, which inactivates 80 % of 
cells after 15 min of irradiation. Moreover, both dyads keep a high photoactivity 
even under argon atmosphere. In a subsequent paper [165], they showed the cells 
died by apoptosis by analysis using Hoechst-33258, toluidine blue staining, termi-
nal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) and 
DNA fragmentation. Changes in cell morphology were analyzed using fluorescence 
microscopy with Hoechst-33258 under low oxygen concentration. Under this an-
aerobic condition, necrotic cellular death predominated over the apoptotic pathway. 
It was found that P-C60 induced apoptosis by a caspase-3-dependent pathway. Ikeda 
and coworkers [128] used a series of liposomal preparations containing cationic or 
anionic lipids together with dimyristoylphosphatidylcholine and introduced C60 into 
the lipid bilayer by exchange from cyclodextrin. By adding a phosopholipid with an 
additional fluorochrome, they were able to use fluorescence microscopy to demon-
strate uptake of the liposomes by HeLa cells after 24 h incubation. Illumination with 
136 J/cm2 350‒500 nm light gave 85 % cell killing in the case of cationic liposomes 
and apoptosis was demonstrated.

In our laboratory, we have tested the hypothesis that fullerenes would be able to 
kill cancer cells by PDT in vitro. We studied the same group of fullerene derivatives 
described above BF1‒BF3 and BF4‒BF6 [48]. We showed that the C60 molecule 
monosubstituted with a single pyrrolidinium group (BF4) is a remarkably efficient 
PS and can mediate killing of a panel of mouse cancer cells at the low concentration 
of 2.0 μM with very modest (5.0 J/cm2) exposure to white light. The cells were all 
cancer cells; lung (LLC) and colon (CT26) adenocarcinoma and reticulum cell sar-
coma (J774) and the latter showed much higher susceptibility perhaps due to having 
an increased uptake of fullerene because J774 cells behave like macrophages [166]. 
Besides the exceptionally active BF4, the next group of compounds has only mod-
erate activity (BF2, BF5, and BF6) against J774 cells showing some killing at high 
fluences. The last two compounds (BF1 and BF3) had no detectable PDT killing up 
to 80 J/cm2. For the first time we indirectly demonstrated that photoactive fullerenes 
are taken up into cells by measuring the increase in fluorescence of an intracellular 
probe (H2DCFDA) that is specific for the formation of ROS (in particular hydrogen 
peroxide). We believe that the superoxide produced from the illuminated fullerene 
undergoes dismutation either catalyzed by superoxide dismutase or spontaneously, 
to produce H2O2 resulting in the increased and diffused fluorescence of the probe. 
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We also demonstrated the induction of apoptosis by PDT mediated by BF4 and 
BF6 in CT26 cells at 4‒6 h after illumination. The relatively rapid induction of 
apoptosis after illumination might suggest the fullerenes are localized in subcel-
lular organelles such as mitochondria, as has been previously shown for PS such as 
benzoporphyrin derivative [167‒169]. PS that localize in lysosomes tend to produce 
apoptosis more slowly after illumination than mitochondrial PS, due to the release 
of lysosomal enzymes that subsequently activate cytoplasmic caspases [170].

The mono-pyrrolidinium substituted fullerene was the most effective PS by a 
considerable margin. The explanation for this observation is probably linked to its 
relative hydrophobicity as demonstrated by its logP value of over 2.0. The single 
cationic charge possessed by BF4 is also likely to play an important role in deter-
mining its relative phototoxicity. Many lipophilic monocations have been shown to 
localize fairly specifically in mitochondria [171‒173] and this property has been 
proposed as a strategy to target drugs to mitochondria [174]. We have also per-
formed preliminary experiments comparing effectiveness of BF4 to Photofrin®, 
one of the clinically approved PSs for cancer therapy [175]. We found that BF4 was 
far superior at PDT-mediated killing of human ovarian cancer cells in vitro than 
Photofrin. Both compounds, BF4 and Photofrin show very little dark toxicity as 
evidenced by the survival fraction at zero fluence, which was after 24 h incubation 
of the cells with each PS. Also, both show a light-dose-dependent response. How-
ever, the response of BF4 at the light fluence used was much more pronounced than 
that of Photofrin, demonstrating that BF4 is a significantly better PS than Photofrin 
against ovarian cancer cells in vitro.

We also devised a study to test whether the high degree of light-mediated antimi-
crobial activity of fullerenes in vitro could produce to an in vivo therapeutic effect 
in a mouse model of bacterial infection [107]. We used stable bioluminescent bac-
teria and a low light imaging system to follow the progress of the infection nonin-
vasively in real time in two potentially lethal mouse models of infected wounds. An 
excisional wound on the mouse back was contaminated with one of two biolumi-
nescent gram-negative species, Proteus mirabilis (2.5 × 107 cells) or Pseudomonas 
aeruginosa (5 × 106 cells). A solution of tricationic BF6 was placed into the wound 
followed by delivery of up to 180 J/cm2 of broadband white light (400–700 nm). 
Our results showed that in both cases there was a light-dose-dependent reduction 
of bioluminescence from the wound not observed in control groups (light alone or 
BF6 alone). Fullerene-mediated PDT of mice infected with P. mirabilis led to 82 % 
survival compared with 8 % survival without treatment ( p  < 0.001). PDT of mice 
infected with highly virulent P. aeruginosa did not lead to survival, but when PDT 
was combined with a suboptimal dose of the antibiotic tobramycin (6.0 mg/kg for 
1.0 day) there was a synergistic therapeutic effect with a survival of 60 % compared 
with a survival of 20 % with tobramycin alone ( p  < 0.01). In conclusion, these data 
suggest that cationic fullerenes have clinical potential as an antimicrobial PS for 
superficial infections where red light is not needed to penetrate tissue.

In the case of anti-cancer effect of LC14 and LC17-mediated PDT [101], a lon-
ger incubation period of 24 h was applied for the experiments with cancer cells 
owing to their relatively slow process to uptake fullerene derivatives. Further-
more, as it appears that cancer cells are more sensitive to the dark toxicity effects 
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of both  fullerene derivatives and DMA organic solvent, we kept the concentration 
to a single low value of 2.0 μM. The irradiation was made by a white light source 
(400−700 nm) delivered at the intensity of 100 mW/cm2 with a variable fluence dose 
of 0, 10, 20, 40, and 80 J/cm2 for giving the demonstration of a light-dose depen-
dence of cell killing. As depicted in Fig. 5.13a, C70[> M(C3N6

 + C3)2] was apparently 
more effective at cancer cell killing than C60[> M(C3N6

 + C3)2], with 1.0 log of cells 

Fig. 5.13  Fluence-dependent 
PDT killing of human cancer-
ous HeLa cells incubated 
with a 2.0 μM of LC14 or 
LC17 for 24 h and subse-
quent white light illumination 
and b 4.0 μM of LC17 or 
LC18 for 24 h and subse-
quent UVA light illumination. 
**p  < 0.01
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killing at 40 J/cm2 and 2.0 logs at 80 J/cm2. Since the MTT assay cannot reliably 
measure more than 2.0 logs of killing, the latter light-dose effectiveness is equiva-
lent to eradication. In contrast, the fullerene drug LC14 killed less than 1.0 log at all 
fluences up to 80 J/cm2. Comparing LC17 with LC18 [111], C70[> M(C3N6

 + C3)2]
[> M(C3N6C3)2]-(I

−)10, on HeLa cell PDT killing using UVA light, LC18 that pos-
sessed the additional deca-tertiary ethyleneamine chain gave significantly more 
cell killing than that found with LC17 that lacked the decatertiary amine chain 
(Fig. 5.13b). When red light was used, the situation was reversed and the decaca-
tionic LC17 gave significantly more killing than that found with LC18 with both 
chains. This interesting and unexpected finding prompted us to repeat the HeLa 
cell killing studies with the novel PDT compounds C84O2[> M(C3N6

 + C3)2]
−(I3

−)10 
(LC19-I3

−) and C84O2[> M(C3N6
 + C3)2][> M(C3N6C3)2]-(I

−)10 (LC20) using a wider 
range of different wavelengths of light (Fig. 5.14, showing only either UVA or red) 
[111]. There was more killing with LC20 than with LC19-I3

− when UVA was used 
(Fig. 5.4a) and when blue light was used. These differences are presumably due to 
the greater likelihood of electron transfer processes taking place with shorter wave-
lengths and the presence of electron-donating tertiary-ethyleneamine chain. When 
white light was used, the difference between LC20 and LC19-I3

− was smaller but 
LC20 still gave more killing, while green light gave equal killing for the two fuller-
enes. Interestingly, when red light was used (Fig. 5.14b), the situation was reversed 
and LC19-I3

− gave significantly more killing than LC20. All the utilized compounds 
induced a very low dark toxicity at these concentrations.

One of the first biological applications of photoactivated fullerenes was to pro-
duce cleavage of DNA strands after illumination. Cleavage of supercoiled pBR322 
DNA was observed after incubation with a fullerene carboxylic acid under visible 
light irradiation but not in the dark [158]. Both nicked circular and linear duplex 
form DNA were observed and there was considerable selectivity for cleavage at 
guanine bases. The photoinduced action was more pronounced in D2O in which 
singlet oxygen has a longer lifetime. An and coworkers prepared [176] a covalent 
conjugate between an oligodeoxynucleotide and either a fullerene or eosin. Cleav-
age of target complementary 285-base single-stranded DNA was observed at gua-
nosine residues in both cases upon illumination. However, the fullerene conjugate 
was more efficient in cleavage than the eosin conjugate. Moreover, the cleavage 
was not quenched by azide or increased by deuterium oxide as was found for the 
eosin conjugate, suggesting the mechanism followed a Type I pathway. Boutorine 
et al. [177] described a fullerene-oligonucleotide that can bind single- or double-
stranded DNA, and which also cleaves the strand(s) proximal to the fullerene moi-
ety upon exposure to light. Nakanishi et al. [178] also observed DNA cleavage by 
functionalized C60. Yamakoshi et al. studied biological activities of fullerenes under 
illumination including DNA cleavage, hemolysis, mutagenicity, and cell toxicity 
[179]. They prepared a conjugate between a fullerene and an acridine molecule as a 
DNA intercalating agent and compared its DNA photocleavage capacity on pBR322 
supercoiled plasmid with pristine fullerene both solubilized in PVP. This compound 
showed much more effective DNA-cleaving activity in the presence of NADH than 
pure C60 [180]. Liu and coworkers [181] used a water-soluble conjugate between 
anthryl-cyclodextrin and C60 to carry out photocleavage of pGEX5X2 DNA. Ikeda 



1835 Photodynamic Therapy with Water-Soluble Cationic Fullerene Derivatives

et al. [182] used functionalized liposomes encorporating both C60 and C70 fullerenes 
into the lipid bilayer to carry out photocleavage of ColE1 supercoiled plasmid DNA 
using λ > 350 nm light. Interestingly, C70 was significantly better (3.5 times) than 
C60 in photocleaving DNA.

It has also been shown that fullerene-mediated PDT may lead to mutagenic ef-
fects. PVP-solubilized fullerene was found to be mutagenic for Salmonella strains 
TA102, TA104, and YG3003 in the presence of rat liver microsomes when it was 
irradiated by visible light [183]. The mutagenicity was elevated in strain YG3003, 

Fig. 5.14  Fluence-dependent 
PDT killing of human cancer-
ous HeLa cells incubated 
with 4.0 μM of LC19 or 
LC20 for 24 h and subse-
quent a UVA light and b red 
light illumination. *p  < 0.05, 
***p  < 0.01
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a repair enzyme-deficient mutant of TA102. The mutation was reduced in the pres-
ence of β-carotene and parabromophenacyl bromide, a scavenger and an inhibitor, 
respectively, of phospholipase. The results suggested that singlet oxygen was gen-
erated by irradiating the C60 by visible light and that the mutagenicity was due to 
oxidized phospholipids in rat liver microsomes. The linoleate fraction isolated by 
high-performance liquid chromatography was a major component, and it played an 
important role in mutagenicity. The results of electron spin resonance (ESR) spec-
trum analysis suggested generation of radicals at the guanine base but not thymine, 
cytosine, and adenine bases and formation of 8-hydroxydeoxyguanosine (8-OH-
dG). The mechanism was proposed to involve indirect action of singlet oxygen due 
to lipid peroxidation of linoleate that causes oxidative DNA damage.

A group from India has studied the ability of fullerenes to produce oxidative 
damage to lipids in microsomal preparations. Cyclodextrin encapsulated C60 added 
to rat liver microsomes followed by exposure to UV or visible light produced lipid 
peroxidation as assayed by thiobarbituric acid reactive substances, lipid hydroper-
oxides, damage to proteins as assessed by protein carbonyls and loss of the mem-
brane-bound enzymes [184]. Quenchers of singlet oxygen (β-carotene and sodium 
azide) inhibited peroxidation, and deuteration of the buffer enhanced peroxidation, 
indicating that the photochemical mechanism is predominantly due to Type II (1O2). 
In a subsequent study [185], they compared pristine C60 with a polyhydroxylated 
derivative C60(OH)18 and found that the latter produced more pronounced peroxida-
tive damage and the mechanism was different and was mediated primarily by radi-
cal species. Lipid peroxidation was also shown in sarcoma 180 ascites microsomes. 
Yang et al. [186] used human erythrocyte membranes (EMs) as a model system to 
examine photoinduced lipid peroxidation by a bis(methanophosphonate)fullerene 
(BMPF) and four other fullerene derivatives including a mono-methanophosphonic 
acid fullerene (MMPF), a DMAC60, a TMAC60, and a polyhydroxylated fullerene 
(fullerenol). Lipid peroxidation was assessed as the malondialdehyde (MDA) level 
measured by the thiobarbituric acid assay. It was observed that BMPF increased the 
MDA level of EMs after irradiation in both time- and dose-dependent manners. The 
photoinduced activity became very significant ( p <  0.01) under the conditions of 
either the concentration of 10 μM and irradiation time of 30 min or the concentra-
tion of 5.0 μM and irradiation time of 60 min. Involvement of ROS in the activity 
was also examined by specific inhibitors of singlet oxygen, superoxide anions, and 
hydroxyl radicals, respectively. While all three kinds were found responsible for the 
activity, the former two might play more important roles than the last one.

5.13  In Vivo PDT of Tumors and Third-Degree Burn 
Infections

Fullerenes should have a photodynamic effect on tumors, if (a) the compound is 
accumulated in the tumor tissue, (b) a reasonably efficient way to administer the 
compound to tumor-bearing animals is found, and (c) enough excitation light can 



1855 Photodynamic Therapy with Water-Soluble Cationic Fullerene Derivatives

be delivered to the photosensitized tumors. The first report of fullerenes being used 
to carry out PDT of actual tumors was by Tabata [76] in 1997. They chemically 
modified the water-insoluble C60 with PEG, not only to make it soluble in water but 
also to enlarge its molecular size. When injected intravenously into mice carrying 
a subcutaneous tumor on the back, the C60–PEG conjugate exhibited higher accu-
mulation and more prolonged retention in the tumor tissue than in normal tissue. 
The conjugate was excreted without being accumulated in any specific organ. Fol-
lowing intravenous injection of C60–PEG conjugate or Photofrin (a recognized PS) 
to tumor-bearing mice, coupled with exposure of the tumor site to visible light, the 
volume increase of the tumor mass was suppressed and the C60 conjugate exhibited 
a stronger suppressive effect than Photofrin. Histological examination revealed that 
conjugate injection plus light irradiation strongly induced tumor necrosis without 
any damage to the overlying normal skin. The antitumor effect of the conjugate 
increased with increasing fluence delivered and C60 dose, and cures were achieved 
by treatment with a low dose of 424 μg/kg at a (very high) fluence of 107 J/cm2. 
Liu and others [75] conjugated PEG to C60 (C60–PEG), and diethylenetriaminepen-
taacetic acid (DTPA) was subsequently introduced to the terminal group of PEG to 
prepare C60–PEG–DTPA that was mixed with gadolinium acetate solution to ob-
tain Gd3+-chelated C60–PEG–DTPA–Gd. Following intravenous injection of C60–
PEG–DTPA–Gd into tumor-bearing mice, the PDT antitumor effect and MRI tumor 
imaging were evaluated. Similar generation of superoxide upon illumination was 
observed with or without Gd3 + chelation. Intravenous injection of C60–PEG–DTPA–
Gd into tumor-bearing mice plus light (400‒500 nm, 53.5 J/cm2) showed significant 
antitumor PDT effect and the effect depended on the timing of light irradiation that 
correlated with tumor accumulation as detected by the enhanced intensity of MRI 
signal.

A preliminary in vivo study PDT using hydrophilic nanovesicles formed from 
hexa(sulfo-n-butyl)-C60 (FC4S, Fig. 5.6) was performed by Chiang and his cowork-
ers [41, 187]. The median lethal dose (LD50) of FC4S was defined as approximately 
600 mg/kg in acute toxicity studies. No adverse effects were noted in the animals 
when the FC4S was administered orally [188]. This study was performed in imprint-
ing control region (ICR) mice bearing sarcoma 180 subcutaneous tumors. They 
were given either intraperitoneal or intravenous injection of water-soluble FC4S 
in PBS (5.0 mg/kg body weight). The tumor site was subsequently irradiated with 
an argon ion laser beam at a wavelength of 515 or an argon-pumped dye laser at 
633 nm with the beam focused to a diameter of 7–8 mm with the total light dose ad-
justed to a level of 100 J/cm2 in each experiment. Consistently, inhibition of tumor 
growth was found more effective using the low wavelength, that is, in case of better-
absorbed 515-nm laser than the 633-nm laser. Administration of FC4S to mice by 
the IP method had slightly better inhibition effectiveness than the IV method. These 
data summarized above not only suggest that PDT with fullerenes is possible in 
animal tumor models but also demonstrate the potential use of these compounds as 
PS for PDT of cancer.

Because cancer cells endocytose glucose more effectively than normal cells due 
to upregulation of glucose receptors, Otake and colleagues prepared a set of C60–
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glucose conjugates that also served the purpose of solubilizing the fullerene [189]. 
The glycoconjugated C60 compounds produced selective phototoxicity (after irra-
diation with UVA1) towards cancer cells compared to normal fibroblasts showing 
the importance of targeting glucose receptors. Inhibition by sodium azide showed 
the involvement of singlet oxygen in the cell killing. In order to investigate the ef-
fect of PDT in vivo, human-melanoma (COLO679)-xenograft-bearing mice were 
injected intratumorally with C60– (Glc)1 (0.1 or 0.2 mg/tumor) and irradiated with 
10 J/cm2 UVA1 after a 4-h drug-light interval. PDT with C60– (Glc)1 was reported 
to suppress the tumor growth with the higher dose performing better than the lower 
dose. We have recently shown [190] that intraperitoneal PDT with a fullerene and 
white light was able to demonstrate significant therapeutic effects in a challenging 
mouse model of disseminated abdominal cancer. In humans, this form of cancer is 
characterized as a thin covering of tumor nodules on intestines, and other abdominal 
organs and responds poorly to standard treatment such as surgery or chemotherapy. 
In this study, we formulated the monocationic BF4 in micelles composed of Cremo-
phor EL to treat intraperitoneally disseminated colorectal cancer in a mouse model. 
We used a colon adenocarcinoma cell line (CT26) expressing firefly luciferase to al-
low monitoring of IP tumor burden by noninvasive optical imaging. IP injection of a 
preparation of BF4 formulated in micelles (5.0 mg/kg), followed by white light illu-
mination (100 J/cm2) delivered through the peritoneal wall produced a statistically 
significant reduction in bioluminescence and a survival advantage in mice. White 
light was more effective than green light, while red light produced unacceptable 
toxicity to the mice due to excessive tissue penetration of the light into abdominal 
organs. A drug-light interval of 24 h was more effective than a 3-h drug-light inter-
val showing the importance of allowing enough time for the fullerene to be taken up 
into the cancer cells. The IP tumors were destroyed by the process of necrosis rather 
than the more usual apoptosis.

In the case of third-degree burns, they are particularly susceptible to bacterial 
infection as the barrier function of the skin is destroyed, the dead tissue is devoid 
of host-defense elements, and a systemic immune suppression is a worrying con-
sequence of serious burns [191]. Furthermore, the lack of perfusion of the burned 
tissue means that systemic antibiotics are generally ineffective [192]. Although ex-
cision and skin grafting is now standard treatment for third-degree burns [193], 
superimposed infection is still a major problem. Patients with gram-negative burn 
infections have a higher likelihood of developing sepsis than gram-positive infec-
tions [194]. Topical antimicrobials are the mainstay of therapy for burn infections 
and PDT may have a major role to play in the management of this disease [195].

We tested the in vivo PDT activity of some fullerenes in a mouse model of a 
third-degree burn infected with gram-negative bioluminescent bacterial species. We 
initially used the pathogenic variant of E. coli (enteropathogenic E. coli, EPEC) 
and inoculated the burns with 1.5 × 10(8) colony-forming unit (CFU). UVA light 
appeared to be the most effective in killing all the tested species. After considerable 
experimentation we settled on an 80-μM solution of fullerenes in PBS containing 
8 % v/v DMA. The DMA solvent is important in keeping the fullerene in solution 
and encouraging penetration of the PS into the infected tissue of the burn. The 
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 light-dose-dependent reduction of bioluminescent signal is shown in Fig. 5.15 [196]. 
As shown in Fig. 5.15a that UVA plus PBS containing 8 % DMA (no fullerene) as a 
light alone control gave only a slight reduction in bioluminescent signal even after 
72 J/cm2 of light had been delivered. When LC17 was used (Fig. 5.15b) there was 
a significant reduction in bioluminescence signal apparent at 48 J/cm2 and only a 
trace remaining after 72 J/cm2. When LC18 was used (Fig. 5.15c) it can be seen 
there was a noticeable drop in signal after only 12 J/cm2 had been delivered, and 
by the time 72 J/cm2 had been delivered the signal had been effectively eliminated. 
Both PDT groups were significantly lower than the UVA control at all fluences, 
and LC18 was significantly lower than LC17 at 12, 24, and 48 J/cm2. Because we 
observed recurrence of the E. coli in the mouse burn in the days following the PDT 
treatment, we asked whether a therapeutically useful single PDT treatment could 
be demonstrated. We formed the hypothesis that the recurrence observed with PDT 
of E. coli was due to a combination of factors. Firstly, that a few remaining viable 
bacteria were left in the burn even after disappearance of the luminescence signal. 
Secondly, that the virulence of the bacteria was an important factor. To overcome 
these adverse factors we changed several parameters in the experiment. Firstly, we 
changed to Acinetobacter baumannii, which although is clinically problematic due 
to high antibiotic resistance, appears to be less virulent in this mouse model, and 
we used a lower inoculum [5 × 10(7) compared to 1.5 × 10(8)]. Secondly, we raised 
the concentration of fullerene from 80 to 300 μM. Thirdly, we raised the concen-
tration of DMA from 8 to 15 %. Figure 5.16 shows the bioluminescence signals of 

Fig. 5.15  Representative bioluminescence images from mice with E. coli burn infections and 
treated with successive fluences of PDT or UVA light alone. a UVA control. b LC17 + UVA light. 
c LC18 + UVA light
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 representative mice captured daily from days 0 (before PDT) to day 6 post PDT. It 
can be seen that the absolute control (Fig. 5.16a, no light, no fullerene, no DMA) 
showed a continuing infection in the burn that lasted for 6 days. All other groups 
(B‒F) showed a loss of bioluminescence signal on day 1 (the day after PDT). How-
ever, in the three control groups, UVA alone (Fig. 5.16b), LC17 in dark (Fig. 5.16c), 
and LC18 alone (Fig. 5.16d) there were significant recurrence of bioluminescence 
on day 2 that lasted until day 6. In the LC17 PDT group (Fig. 5.16e), there was 
only a tiny recurrence visible at day 4 that remained tiny on days 5 and 6. In the 
LC18 PDT group, there was no recurrence of bioluminescence visible on any day 
of follow-up. Accordingly, we obtained good light-dose-dependent loss of biolumi-
nescence signal in the mouse model of E. coli burn infection, and LC18 was more 
effective than LC17 in mediating PDT under UVA illumination, consistent with the 
in vitro results. However, despite this success, recurrence of bioluminescence was 
observed in the succeeding days. While it is entirely possible that the PDT treatment 
could be repeated each day until the infection was defeated, we considered that it 
would be preferable if a single PDT treatment could be shown to be effective in 
eliminating the bacteria from the burn. This goal was achieved with an A. bauman-
nii model, which is of high clinical relevance as this species has been found to be the 
most prevalent in a military burns hospital [197] and is notorious for its antibiotic 
resistance [198]. Again LC18 was found to be superior to LC17 in this  application 

Fig. 5.16  Representative bioluminescence images from mice with A. baumannii burn infections 
and treated with PDT, UVA light alone, or absolute control, captured day 0 (before PDT) and 
then daily for six days. a Absolute control. b UVA control + 15 % DMA. c LC17 + 15 % DMA. d 
LC18 + 15 % DMA. e LC17 + 15 % DMA + UVA light. f LC18 + 15 % DMA + UVA light
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of PDT for burn infection. Lu et al. [107] reported an in vivo study where a trica-
tionic C60 fullerene excited by white light was used to treat a mouse model of exci-
sional wound infection by the gram-negative P. aeruginosa or P. mirabilis. This is 
a highly invasive infection model and fullerene mediated PDT was able to save the 
lives of mice infected with P. mirabilis, and, in the case of P. aeruginosa, when used 
in combination with subtherapeutic doses of antibiotics (tobramycin).

Furthermore, due to the aforementioned limitation of being nonfluorescent, not 
much has been studied about the in vivo pharmacokinetic characteristics of fuller-
enes such as the biodistribution and the organ/target specific binding. It is consider-
ably challenging to get good biodistribution data of fullerenes. The approaches that 
can be applied for studying the biodistribution would be by radiolabeling fullerene 
by I125 or by C14. In one of the study fullerenes were labeled with I125 and biodis-
tribution studies were carried out. It was shown that after injection in the tumor-
bearing mice C60–PEG conjugate disappeared gradually from the blood circulation 
and 78% was excreted from the body within 24 h. This conjugate did not show 
any marked accumulate in any of the organ though the accumulation in the liver 
increased up to 24 h but decreased with time and was undetectable at 144 h after 
injection. The fullerene accumulated in the carcass and the gastrointestinal tract 
in the early period but was eliminated thereafter in the same manner as liver. This 
fullerene accumulated in the tumor tissue to a significantly higher extent than in the 
skin and the muscles, and it was also retained in the tumor tissue for a longer period 
than the normal tissue [76]. Liu and others conjugated PEG to C60 (C60–PEG), and 
DTPA was subsequently introduced to the terminal group of PEG to prepare C60–
PEG–DTPA that was mixed with gadolinium acetate solution to obtain Gd3+-chelat-
ed C60–PEG–DTPA–Gd. Following intravenous injection of C60–PEG–DTPA–Gd 
into tumor-bearing mice, they observed tumor accumulation by enhanced intensity 
of MRI signal [75].

5.14  Conclusions

At the end of this chapter, we must ask ourselves whether in all reality it is likely that 
fullerenes will ever be accepted as viable PS for PDT of any disease. As discussed 
previously, these compounds have certain unique features that could make them 
favorable candidates and, at the same time, other unique features that would argue 
against them as PS for PDT. The most important favorable property is their rather 
unusual photochemical mechanism. As shown by us and by others, in aqueous solu-
tions and particularly in the presence of reducing agents, these compounds produce 
a substantial amount of superoxide anion in a Type I photochemical process involv-
ing electron transfer from the excited triplet to molecular oxygen. Although many 
workers in the PDT field think that the product of the Type II photochemical pro-
cess, singlet oxygen, is the major cytotoxic species operating in PDT-induced cell 
killing, there have been reports that Type I mechanisms may be equally  effective 
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or even more effective than Type II. This is because hydroxyl radicals are the most 
reactive and potentially the most cytotoxic of all ROS. It is assumed that hydroxyl 
radicals are formed from hydrogen peroxide by Fenton chemistry reactions cata-
lyzed by Fe2 + or Cu + ions, and that the hydrogen peroxide is produced by dismuta-
tion of superoxide anion either by enzyme catalysis or naturally. Another possible 
mechanism of cytotoxicity is the diffusion-controlled reaction between superoxide 
and nitric oxide to form the highly toxic species, peroxynitrite. Elevated levels of 
nitric oxide are present in both cancers and infections thus giving the possibility of 
additional levels of selectivity for target-specific damage.

The chief disadvantage of fullerenes is likely to be their optical absorption prop-
erties. The absorption spectrum of fullerenes is highest in the UVA and blue regions 
of the spectrum where the tissue penetration depth of illumination is shortest due 
to a combination of light absorption by cellular chromophores and light scattering 
by cellular structures. However, the molar absorption coefficients of fullerenes are 
relatively high and the tail of absorption does stretch out into the red regions of the 
visible spectrum. Fullerenes are not the most amenable molecules for drug delivery, 
and choosing appropriate formulations may be difficult. Nevertheless, the poly-
cationic modifications described in this chapter demonstrate that with the correct 
functionalities present on the fullerene cage, these difficulties may be overcome.

5.15  Future Perspectives

Fullerenes have been widely studied in recent years as potential PS that could medi-
ate PDT of diverse diseases. Most of these reports have been confined to in vitro 
studies where viruses, bacteria, fungi, or cancer cells have been incubated with a 
diverse array of functionalized or solubilized fullerene compounds followed by il-
lumination with light that is usually UVA, blue, green, or white because the absorp-
tion spectrum of fullerenes is biased towards lower wavelengths. Since in vivo PDT 
usually uses red light for its improved tissue-penetrating properties, it was unclear 
whether fullerenes would mediate effective PDT in vivo. This question can now 
be answered in the affirmative. In fact, the report in which mice suffered toxicity 
after fullerene PDT with red light but exhibited a beneficial therapeutic effect after 
white light illumination suggests that this supposed drawback may actually be an 
advantage instead. Future studies will include synthesis of new fullerene derivatives 
particularly those with light-harvesting antennae to broaden the range of activating 
light that can be used, hence increasing the light penetration depth into tissue. More 
experiments should be designed to increase the understanding of the mechanisms 
that govern the balance between Type I and Type II ROS. These studies will estab-
lish whether fullerenes can compete with more traditional PS in clinical applica-
tions of PDT.
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6.1  Biomedical X-Ray Imaging

X-rays are used today for a variety of applications, but their most widely recognized 
application is in transmission contrast imaging. When an object is placed between 
an X-ray source and a photo plate or detector, photon–matter interactions such as 
Compton and Raleigh scattering and the photoelectric effect cause absorption or 
deflection of some photons from their direct path, creating a shadow cast on the 
detector. This shadow offers information about the internal structures of the object 
under investigation. For some applications, a simple 2-D planar image generated 
by X-ray provides sufficient detail, but the overlapping of out-of-plane structures 
can obscure features of interest. In these cases, systematically acquiring many X-
ray projections over multiple viewing angles, through computed tomography (CT), 
results in full spatial information about the interiors of objects.

Both 2-D and 3-D X-ray imaging modalities are commonly used in industrial 
applications and for security screening at checkpoints and in airports, but the most 
familiar application of X-ray is medical imaging. In addition to the simple 2-D 
radiograph, X-rays are used for fluoroscopy, angiography, breast cancer screening 
(mammography and digital breast tomosynthesis), and CT.
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6.2  Conventional X-Ray Source Design

The fundamental design of the X-ray source has changed very little since the devel-
opments made by William Coolidge a century ago. In a conventional X-ray tube, the 
source of electrons is a cathode filament of tungsten wire or a similar material which 
is heated via electrical resistance so that electrons are released through thermionic 
emission. The anode within the X-ray tube is set at a high positive voltage with re-
spect to the other tube components so that the electron beam is strongly accelerated, 
gaining kinetic energy which will be imparted to the X-ray beam. When the target is 
bombarded by electrons, X-rays are generated through Bremsstrahlung and charac-
teristic radiation. The spatial resolution of an X-ray source is determined by the size 
of this focal spot on the anode, and the intensity of X-rays generated is proportional 
to the current of electrons generated by the cathode and by the square of the accel-
eration voltage applied to the anode. However, since a large amount of heat is gen-
erated within the anode along with X-ray production, heat dissipation constraints 
are the primary limitation of the total intensity of X-rays able to be generated from 
the source. Thus, increasing the transmission of heat away from the anode is a major 
design concern. Most commercial X-ray sources require a complex rotating anode 
rather than the simple stationary option in order to spread the heat load over a much 
larger volume of material in order to address this limitation.

Because of these heat dissipation concerns, it becomes impractical to pack con-
ventional X-ray sources closely together, so that X-ray devices are largely restricted 
to a single-pixel design. Therefore, for applications such as CT where X-ray acqui-
sitions are required over many angles, physical rotation of the imaging object or the 
source and detector are required, which can increase acquisition time and introduce 
motion blur.

Thermionic electron emission also creates practical limitations to the temporal 
resolution of a system, since thermionic electron emission cannot be switched rap-
idly with a filament cathode. Instead, external mechanical shuttering must be used 
to create temporally narrow pulses. In general, this leads to a poor response time 
and difficultly in generating uniform and nonperiodic pulses, both of which are 
necessary for gated imaging to reduce the blur in moving objects.

Moreover, physical shuttering is inefficient from an anode heat load perspective, 
because bombardment of the target by electrons occurs at all times and not just 
when X-ray pulses are required. This further limits the overall tube flux. Finally, 
thermionic electron emission is spatially isotropic, so a negatively biased focusing 
cup is necessary to bend the electron trajectory into a more focused beam, and the 
emitted electrons have a very wide energy distribution.

6.3  Carbon Nanotube Field-Emission X-Ray Source

To avoid the drawbacks of thermionic emission, an alternative mechanism for the 
generation of electrons for X-ray production is the well-understood process of 
quantum tunneling. In field emission, the effective work function of a material is 
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lowered through the application of a high electric field over its surface so that elec-
trons nearest the Fermi level are able to tunnel through to the vacuum level [1]. 
Field emission has clear benefits for electron emission when compared with therm-
ionic emission: The only heat generated is that created through anode bombardment 
for X-ray generation, and the switching speed of the source is limited only by the 
simple modulation of an electric field over the cathode surface. Electron flow is 
shut off at moments when there is no X-ray flux, reducing the anode heat load when 
the source is operated at duty cycles less than 100 %.

The current generated from a material by field emission is expressed with the 
Fowler–Nordheim equation, I = aV2 exp(− bɸ3/2/βV), where I, V, ɸ, and β are the 
emission current, the applied voltage, the emitter material’s work function, and a 
geometric field enhancement factor, respectively [1]. Choice of a low-work func-
tion emitter material is necessary, but even metals with typical work functions on 
the order of 100 V/µm require impractically high voltages to achieve enough field 
emission for significant X-ray generation. Another crucial consideration is opti-
mization of the field enhancement factor β, which is maximized by creating an 
emitter surface with an extremely sharp tip or profusion [2]. An optimal geometry 
maximizes the electric field at the emitter tip for easier electron tunneling without 
the application of high voltages.

Some of the first explored field-emission electron sources for X-ray generation 
used sharp metal tips as cathodes [3, 4]. Later efforts involved other materials as 
field emitters, such as Spindt tips and diamond [5, 6], but these X-ray sources 
could only achieve currents on the order of a microampere [6]. Because of their 
extremely high aspect ratios (∼ 103), strength, high electrical and thermal conduc-
tivity, and resistance to oxidation, carbon nanotubes are an excellent choice of field 
emitter material for electron emission and have been considered for this applica-
tion as early as 1995 [7]. In the two decades that have followed, this carbon nano-
tube (CNT) field emission has been used for many different applications includ-
ing X-ray sources [8–12], field-emission display [13], and liquid crystal backlight 
display [14].

6.3.1  Benefits of Field Emission for X-ray

Compared with conventional thermionic X-ray sources, a CNT field-emission X-ray 
tube is preferable for many reasons. Because field emission is controlled through 
the application of an electric field, the source has an inherently fast response time 
and is easily operated electronically. Due to the elimination of heat and focusing 
concerns at the cathode, emitter arrays can be built compactly with individually 
controllable pixels that each creates its own focal spot on the anode, generating 
an array of X-ray sources. Such X-ray sources allow rapid tomographic imaging 
without introducing motion blur, by switching sources in series rather than rotating 
or translating a single source [15]. In addition to reducing scan times, source arrays 
allow the possibility of multiplexing [16].
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6.3.2  CNT Field-Emission X-ray Source

While field emission from a single nanotube is theoretically straightforward, and 
currents of up to 1 µA may be obtained from an individual CNT [17], the cur-
rent obtained from a macroscopic cathode of numerous emitters does not scale up 
linearly. Limits in emission current and functional lifetime arise from the electri-
cal screening effect and nonuniformity in dimensions of individual emitters within 
the cathode. Adhesion of nanotubes to the substrate is another important factor, as 
poorly adhered CNTs may become dislodged under high voltages, causing arcing 
and accelerated degradation of the X-ray source. Thus, optimization of fabrication 
techniques is essential for the fabrication of high-quality field-emission cathodes.

Many methods have been proposed for fabrication of field emission cathodes, 
including surface chemical vapor deposition and screen printing. Our chosen pro-
cess is liquid-phase room-temperature electrophoretic deposition (EPD) combined 
with photolithography [18], which we describe in greater detail in the next section.

6.3.2.1  CNT Cathode Fabrication

Multiwalled CNTs with small diameters created through thermal CVD were puri-
fied and then dispersed in alcohol with an MgCl2 charger. Glass frits were added to 
the EPD ink as well to improve adhesion to the selected glass substrates with Ag 
contact lines [19]. Under a direct current (DC) electrical field, charged CNTs and 
binders are driven and deposited onto the substrate surface in a film. The density 
of CNT emitters is controlled by adjusting the initial concentration of CNTs in the 
EPD ink, and the film thickness is controlled by the applied voltage and the deposi-
tion time. The bond between CNTs and substrate was strong enough to withstand 
photoresist liftoff, with one end of each randomly oriented CNT embedded into the 
matrix.

6.3.2.2  Cathode Performance and Lifetime

Through careful optimization of the growth process, improved adhesion, density, 
and emitter orientation have led to high stability at voltages necessary for X-ray 
generation over a long operating lifetime. Due to these advancements in cathode 
manufacture, film thicknesses are uniform with only 10 % variation, and current 
densities of over 1500 mA/cm2 are obtained [19, 20].

The results of a study investigating current strength from different dimensions 
of elliptical CNT cathodes are displayed in Fig. 6.1a, and lifetime performance of a 
2 × 15-mm CNT cathode is shown in Fig. 6.1b (data courtesy of Xintek, Inc.). The 
cathodes were operated in 10-ms pulses at a rate of 1 Hz with an anode–cathode 
gap of 150 µm. One-hundred hours of operation were recorded for the 2 × 15-mm 
cathode, over which a stable emission current of 1 A was achieved [20]. The 1-A 
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value is significant for the clinical future of CNT X-ray imaging devices, as this is 
the output power of commercial CT scanners.

6.3.2.3  X-Ray Source Design

In our current generation of X-ray tube based on field emission, a CNT cathode and 
a stationary metal anode are contained inside of a vacuum enclosure along with a 
2-D grid gate electrode and electrostatic focusing structures. A bias voltage is ap-
plied to the gate electrode to extract electrons from the tips of the CNT emitters in 
the cathode, the stationary anode both accelerates the electron beam and acts as a 
target, and the static Einzel-type focusing electrodes are held at appropriate voltages 
to minimize the focal spot size on the anode while maintaining high transmission 
rates. Figure 6.2 shows the interior design of a compact, CNT-based microfocus 
X-ray source developed at the University of North Carolina, including the cathode, 
gate mesh, focusing, and stationary anode [21]. The simulated electron beam paths 
are indicated through multicolored vectors, demonstrating the effectiveness of the 
static focusing at maintaining a small focal spot on the anode.

6.3.3  Applications of CNT X-Ray Sources

Since our laboratory first introduced its CNT cathode field-emission X-ray setup 
capable of biological imaging in 2002, this technology has been implemented in 
stationary source tomography devices [22], radiation therapy applications [23], and 

Fig. 6.1  a The field-emission current density versus applied electrical field from different size 
cathodes. The voltage was applied to the anode in 10-ms pulses at a 1-Hz rate. b A pulsed emission 
current of 1 A (10 ms pulse width) at 0.1 % duty cycle from a 2 × 15-mm CNT cathode measured in 
the diode mode with a fixed extraction voltage. (Figure reproduced from Zhou and Calderon 2010)
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small-animal micro-CT imaging. X-ray sources based on field emission can be built 
compactly because of the lack of heat considerations from the cathode, and the CNT 
cathodes have been built into arrays so that emitted beams can be conformed into 
various shapes [23]. For micro-CT applications, a particularly crucial advantage of 
field-emission X-ray technology is the rapid source modulation enabled by electric 
field switching at the cathode surface, rather than physical shuttering of a therm-
ionic filament.

In this chapter, we focus specifically on the application of CNT field-emission 
X-ray sources for live small-animal imaging, pictured in Figs. 6.3 and 6.4. A de-
scription of the specific challenges of in vivo small-animal imaging follows, along 
with a detailed description of a micro-CT device capable of such imaging, and fi-
nally an overview of several biomedical research applications of this device.

Fig. 6.2  Schematic of a CNT-based field-emission X-ray source. The first inset highlights in the 
extraction of electrons via application of a bias voltage on the gate mesh. Second inset provides a 
close-up view of the CNT cathode surface. (Reproduced from Shabana et al SPIE Medical Imag-
ing 7622 76225G)

 

Fig. 6.3  a The CNT microfocus tube and b the main hardware components of the CNT micro-CT 
scanner. CNT carbon nanotube, HV high voltage. (Reproduced from Cao et al. Med Phys)
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6.4  Pre-clinical High-Resolution CT (Micro-CT)

Due to the success and ubiquity of CT in human-scale and clinical imaging, CT has 
also been extended to nonclinical imaging applications such as tissue samples, bi-
opsies, and living small animals. Micro-computed tomography (micro-CT or μ-CT) 
is the small-scale high-resolution counterpart to the CT scanners used in hospitals. 
In particular, use of in vivo small-animal imaging has recently increased to meet 
the demands of researchers studying models of human disease in genetically en-
gineered mouse models (GEMMs) or other small animals and rodents such as rats 
and rabbits. Mice in particular are highly desired as subjects for biomedical stud-
ies of disease because of a widely known murine genome, fast reproduction, and 
inexpensive housing requirements. Researchers studying disease in mice require 
the same tools of diagnosis and disease monitoring as are available in the clinic, 
including optical and fluorescence imaging, ultrasound, magnetic resonance, and 
of course CT.

6.5  In Vivo Micro-CT

Live small-animal micro-CT is in many ways analogous to clinical CT for human 
patients. High spatial resolution is necessary, but compromise is also required be-
cause radiation dose and scanning time must be minimized. Especially in longitudi-
nal imaging studies, radiation dose must be kept well below the maximum tolerable 
dose to avoid negative health consequences. At the same time, imaging duration is a 
crucial consideration, both because physiological processes of interest may evolve 
over the span of seconds or minutes, and also because rapid respiration and cardiac 
rates of mice (∼ 120 and  ∼  500 bpm, respectively) can introduce significant motion 
blur in images if not accounted for.

Fig. 6.4  a CNT micro-CT scanner as a CAD drawing and b the finished construction, housed 
inside the fitted lead shielding. End-user devices are in operation at the biomedical research imag-
ing center at the University of North Carolina and at the University of Iowa
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6.5.1  Respiratory-Gated In Vivo Micro-CT

The use of in vivo micro-CT has been recently demonstrated for a variety of preclin-
ical murine abdominal, cardiac, and pulmonary imaging applications [24, 25]. The 
high contrast between air and soft tissue makes micro-CT particularly useful for 
studies of diseases such as lung carcinoma and emphysema [26], while iodine-based 
blood pool contrast agents provide enhanced contrast against soft tissue to permit 
studies of the heart [27–30] and vascular systems. However, as a consequence of an 
animal’s rapid respiration rates, clinical breath-hold imaging techniques, where en-
tire scans occur within a single phase of respiration, are not feasible. Some method 
of respiratory and/or cardiac gating must be employed to reduce motion blur of the 
thorax when performing in vivo imaging of the heart and lungs. In a method known 
as physiological gating, projection X-ray images to be used in reconstruction are 
matched to a particular phase of the respiratory or cardiac cycles (or both), depend-
ing upon the imaging application.

When using retrospective respiratory gating, X-ray projection images are ac-
quired and each projection is sorted into a bin corresponding to a different phase of 
the respiratory cycle. Then during reconstruction, only projections corresponding to 
a single phase of respiration are used to generate the 3-D CT image. To guarantee 
full angular coverage in the phase of interest, multiple rotations of the gantry are 
necessary [31, 32]. Retrospective gating techniques have the benefit of easy imple-
mentation and fast scan times, but they result in an increased radiation dose to the 
subject due to the necessary oversampling. The increased radiation dose can be 
especially significant in small animals where the imaging dose is a large fraction of 
the 50 % lethal dose [33].

Another technique, prospective respiratory gating, circumvents this problem by 
synchronizing X-ray exposure with the physiological phase of interest. One possible 
method of prospective gating involves intubating subjects and directly manipulat-
ing airway pressure through a ventilator, controlling the amplitude and periodicity 
of the respiratory motion so that it matches X-ray exposure windows [34–36]. This 
protocol eliminates the wasted radiation dose of retrospective gating, but it requires 
advanced animal handling techniques to prevent damage to the trachea and vocal 
chords. In addition, the process of mechanical ventilation has been shown to induce 
lung injury in otherwise previously healthy specimens [37–40]. Due to these risks, 
forced breathing and breath-hold gating methods are not ideal for longitudinal stud-
ies, particularly for sensitive disease models. Also, external manipulation of lung 
pressure and volume can result in measures of tidal lung volumes and related values 
which are not accurate or physiologically relevant to the study.

Prospective gating can be performed less invasively if the mice can be permitted 
to breathe freely, instead tracking the natural abdominal motion through either a 
pressure sensor or charged-coupled device (CCD) camera and synchronizing X-
ray pulses with a desired phase in the respiration cycle [41]. Although breathing 
is not directly controlled, a healthy adult mouse under anesthesia and temperature 
control generally exhibits a stable, reproducible, quasi-periodic respiratory motion 
allowing blur-free abdominal imaging to be performed easily [41]. Free-breathing 
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prospective gating leads to an increase in scan time but a reduction in delivered 
radiation dose, avoiding the risks of intubation. To achieve the best results, a rapid-
response X-ray source with good temporal resolution (100 ms or less) to achieve 
blur-free respiration images [42] is needed.

6.5.2  Cardiac-Gated In Vivo Micro-CT

CT imaging of murine cardiac disease presents a set of unique challenges [43]. For 
human cardiac imaging, acquisition times of 75.5 ms or less per slice are required 
to eliminate in-plane arterial motion blur in a typical patient [44]. Replicating the 
clinical imaging technique with a murine subject requires imaging in less than 10–
15 ms. Thus, a cardiac imaging protocol requires that a single X-ray exposure must 
last no more than 15 ms in order to capture the diastolic phase without blur. Given 
flux and gantry speed limitations of commercial micro-CT systems, a full CT scan 
cannot be acquired in less than 15 ms, and so either prospective or retrospective gat-
ing techniques must be applied. The general concept and implications are the same 
as for respiratory-gated imaging. One additional concern is that respiratory blur will 
obscure the heart unless it is controlled for as well, so cardiac-gated imaging is by 
definition the gating of both lungs and heart simultaneously.

For successful prospective physiologically gated in vivo small-animal micro-CT 
imaging, the scanner’s X-ray source must have a small focal spot size, be capable of 
high flux for short pulse generation, yet also be capable of generating these pulses 
nonperiodically with almost instantaneous response time. Fortunately, these very 
high demands are met by an X-ray source based on carbon nanotube field-emission 
technology.

6.6  CNT Micro-CT System Components  
and Characteristics

The CNT micro-CT is a tabletop device consisting of a compact, high-flux X-ray 
source (Fig. 6.3a), a flat panel detector, and power supplies and other electrical 
components which are mounted on a rotating gantry [45]. The system design was 
chosen to mimic clinical scanners, allowing the imaging subject to be naturally ori-
ented horizontally along the axis of rotation. An image of the system and all of its 
major components is shown in Fig. 6.2b.

The X-ray source used in the CNT micro-CT system is the tube described in 
Sect. 4.2. The interior components were shown in Fig. 6.2. The CNT cathode is 
shaped into a 2.35 × 0.5-mm ellipse, corresponding to an optimal focal spot size for 
micro-CT. Optimal voltages were experimentally determined for the static focusing 
structure to optimize the focal spot size, which for the selected parameters resulted 
in a 117 × 117-µm focal spot [45]. The exit window of the X-ray chamber consists 
of 200 µm of beryllium, and an additional 0.5 mm of aluminum in filter material 
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is placed over the X-ray exit window in order to reduce low-energy photons and 
beam-hardening effects. X-ray pulses as short as 15 ms can be generated with this 
X-ray source while still providing sufficient flux for a high contrast-to-noise ratio 
in the images [45, 46].

The flat panel detector used to capture X-ray projections is a high-speed model 
with a CsI scintillator deposited on an array of photodiodes (C7940DK-02, Ham-
amatsu). The active area contains 2400 × 2400 pixels, with each pixel measuring 
50 × 50 µm (total active area of 12 cm x 12 cm), but only the central one fourth of 
its area is used. Both this detector and the compact CNT X-ray source are mounted 
on a small-bore goniometer (Huber 430, Germany) on opposite sides of the rotating 
gantry [46]. A small plastic animal bed is positioned horizontally along the gantry’s 
axis of rotation, allowing the mouse to lie comfortably in the prone position during 
image acquisition. An automated control program was written in LabVIEW (Na-
tional Instruments, Austin, TX, USA) to rotate the goniometer in a step-and-shoot 
mode during image acquisition.

Scanner geometry is optimized for maximum tube flux by reducing the object-
to-detector distance as much as possible while still keeping the bore diameter suffi-
ciently wide for subject clearance. The source-to-object distance was set for the best 
compromise between large magnification and low overall distance for maximum 
flux full coverage of the detector active area by the cone beam angle (20°) without 
photon drop-off from anode heel effect. The final geometric configuration included 
a source-to-object distance of 120 mm and an object-to-detector distance of 40 mm 
(minimum for subject clearance). This results in a magnification factor of 1.3 at the 
detector [45]. The overall effective field of view of the scanner is 46× 46 mm. Sys-
tem modulation transfer function (MTF) has been measured at 6.2 lp/mm for 10 % 
MTF and 7.3 lp/mm for 5 % MTF (corresponding to resolutions of 81 and 68 µm, 
respectively) [45].

The angular range was chosen to span 180° plus the cone beam angle opening of 
20°. The detector frame rate is fixed at 1 Hz, but total scan times for a prospectively 
gated protocol ranged from 5 to 20 min depending upon the rate of physiological 
motion and the type of gating chosen for a particular application [45, 46].

Because of the fast response time and uniform output of the CNT X-ray source, 
dynamic prospective respiratory gating is possible with this micro-CT scanner. 
With the period of respiration for a sedated mouse in the range of 80–150 bpm, the 
system temporal resolution of 10 ms allows the acquisition of blur-free images dur-
ing the low-motion portions of both the peak inhalation and full exhalation phases 
of respiration, as well as the diastolic and systolic phases of the cardiac cycle.

6.6.1  Animal Handling Protocol

All of the animal studies described in this chapter were performed under the direc-
tion of the Institutional Animal Care and Use Committee at the University of North 
Carolina in approved protocols. During live small-animal imaging, subjects were 
anesthetized with approximately 1.5 % vaporized isoflurane anesthesia in medical 
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grade oxygen at a flow rate of 1.5–2 L per minute, which is delivered through a nose 
cone attached to the animal bed. Precise isoflurane dosage is adjusted as necessary 
throughout the study to maintain steady respiration rates between 80 and 120 bpm. 
Subjects are placed in prone position on the imaging bed with their abdomens rest-
ing atop a pneumatic pillow pressure sensor which records abdominal respiratory 
motion. The sensor is attached to a pressure transducer, and the signal is monitored 
using a commercial physiological monitoring system (BioVet, m2m Imaging Corp, 
Cleveland, OH, USA). A small piece of stretchable medical bandage (Coban, 3 M 
Medical, St. Paul, MN) is used to lightly restrain subjects around the abdomen. Ani-
mals are not intubated; instead, they freely breathe the anesthesia/oxygen mixture 
throughout imaging. During cardiac imaging protocols, an ECG signal is obtained 
by affixing three neonatal electrodes to both of the mouse’s forepaws and one hind 
paw. The signals from these electrodes are also read into the BioVet software for 
monitoring and gating.

For cardiac imaging and other applications where the blood pool and vessels 
must be distinguished from the surrounding soft tissue, an iodinated contrast agent 
is necessary. For most such applications, a blood-pool contrast agent (Fenestra VC, 
50 mg I/mL, Advanced Research Technologies, Inc., Montreal, Canada) is admin-
istered immediately before imaging in a single bolus via tail-vein injection at the 
manufacturer-recommended dosage of 0.02 mL per gram animal body weight. This 
contrast agent has a demonstrated retention time in the blood pool of up to 2 h [47], 
providing contrast enhancement with respect to the surrounding soft tissue.

6.6.2  Physiological Gating Protocol

The timing circuit for prospective respiratory micro-CT imaging in step-and-shoot 
mode can be seen in Fig. 6.5 [45]. The camera readout time is 470 ms, and the 
acceptable exposure window for X-ray synchronization is defined as the time win-
dow between the end of the previous frame’s readout and the beginning of the next 
frame readout, minus the temporal width of the X-ray pulse (Fig. 6.5a). This is 
defined such that X-ray pulses could only fire during the camera exposure window 
(preventing misfires and wasted dose). X-ray exposures are synchronized with the 
physiological trigger signal from Biovet. Dynamic physiological gating resulted 
from the logic AND operation between the detector exposure window and the phys-
iological trigger from Biovet.

The physiological trigger generated by Biovet can be set to output for either pure 
respiratory gating or simultaneous cardiac and respiratory gating. For respiratory 
gating protocols, a TTL high signal was produced from the Biovet program when 
the signal from the respiratory pressure sensor coincided with the preset level cor-
responding to the desired phase of the respiratory cycle. For cardiac/respiratory gat-
ing, also referred to simply as cardiac gating, the physiological trigger was gener-
ated when the preselected levels in the cardiac and respiration signals were achieved 
within the same acquisition window (Fig. 6.5b).
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For the respiratory signal, a threshold level is manually selected in to correspond 
with the point of maximum inhalation. When the end-exhalation phase is preferred, 
a user-defined delay ranging from 150 to 200 ms elapses before the trigger signal 
occurs [46]. Similarly, for the cardiac ECG signal, the threshold level is manually 
set on the R wave for diastole, and a delay of 55 ms was inserted before the trigger 
output for systole [45].

In order to evaluate lung function as quantified by tidal lung volume, two sets of 
CT images are acquired for each animal in lung imaging protocols: one during peak 
inspiration and one during full exhalation. For assessment of cardiac function via 
ejection fraction, two sets of cardiac-gated CT images are generally acquired per 
subject: one during diastole and one during systole.

6.6.3  Image Acquisition

For respiratory-gated micro-CT, the CNT X-ray source was operated with 50 kV an-
ode voltage, 1.66 mA anode current, and 30 ms X-ray pulse widths [46]. For cardiac 
imaging, a 2-mA anode current was used with 15-ms X-ray pulse widths [45]. In 
addition to projection acquisition, averaged bright and dark images were collected 
for detector calibration. A total of 400 projections were acquired over 200° total 
gantry rotation in step-and-shoot mode, with each step covering 0.5°. After process-
ing with a custom MATLAB program to correct for raw air values and remove dark 
pixels and lines, CT volumes were reconstructed with a voxel size of 76 µm using 
a commercial Feldkamp-based software package (Cobra, Exxim Computing Corp, 
Livermore, CA, USA). The total reconstructed volume array is 5123 voxels [46].

Fig. 6.5  a The timing schematic for X-ray acquisition, incorporating synchronization of the cam-
era exposure, physiological trigger, and X-ray pulse generation. b In a simultaneous cardiac- and 
respiratory-gated protocol, the physiological trigger is generated when the selected respiration and 
cardiac phases occur within the same acquisition window. (Reproduced from Cao et al Medical 
Physics)
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6.6.4  Respiratory-Gated and Cardiac-Gated Imaging  
of Wild-Type Mice

The results of respiratory- and cardiac-gated in vivo micro-CT imaging of wild-type 
mice are shown in Figs. 6.6 and 6.7 and in Fig. 6.8, respectively.

Respiratory gating eliminates motion blur, which is visualized in coronal views 
(Fig. 6.6c and d) as a sharp transition from the lungs to the diaphragm and in axial 
views (6.6a and b) with the distinction of fine vessels within the lungs. Changes in 
lung volume between inhalation and exhalation are seen in coronal views (Fig. 6.6c 
and d), but exact volume measurements are instead derived from 3D volume seg-
mentations of the lungs and airways as displayed in Fig. 6.7. CT-derived lung vol-
ume measurements from the full inhalation and end-exhalation respiratory phases 
allow the calculation of tidal lung volume, a quantitative measure of pulmonary 
function.

Fig. 6.6  Micro-CT of healthy mouse lungs during full inhalation (a and c) and end exhalation (b 
and d). Successful gating has reduced motion blur, allowing visualization of fine structures in the 
axial (a and b) slice views. Differences in lung volume between inhalation and exhalation are best 
visualized in the coronal slice views (c and d). (Reproduced from Lee et al. Academic Radiology)
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Fig. 6.8  Cardiac-gated in vivo micro-CT images of a wild-type mouse, acquired during the dia-
stolic (a and c) and systolic (b and d) phases. Iodine contrast agent enhances blood-pool contrast, 
and the gated protocol removes motion blur because the ventricles and aorta are clearly distin-
guished from the myocardium. AO aorta, RV right ventricle, LV left ventricle. (Reproduced from 
Cao et al Medical Physics)

 

Fig. 6.7  a Front and b rear views of a volume rendering of healthy murine lungs generated from 
a respiratory-gated in vivo micro-CT image. Accurate lung volume measurements can be derived 
from micro-CT, providing data on pulmonary function
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Though diaphragmatic blur is eliminated with respiratory gating, significant blur 
is still present surrounding the heart in the axial CT slices (6.6a and 6.6b). The addi-
tion of cardiac gating to the imaging protocol eliminates this motion from the axial 
views in Fig. 6.6. With the addition of iodine contrast agent into the blood pool, the 
ventricles and aorta are clearly distinguishable from myocardium. By 3-D volume 
segmentation of the ventricles within the heart from images of diastole and systole, 
cardiac output can be calculated via the ejection fraction [46].

6.7  Examples of Imaging Applications for CNT Micro-CT

Having proven the utility of the CNT micro-CT for wild-type healthy animals, we 
now move to several disease applications, including mouse models for pulmonary, 
abdominal, and cardiac disease. These imaging applications are much more chal-
lenging than healthy small-animal imaging, pushing the envelope of what can be 
achieved through small-animal in vivo micro-CT.

6.7.1  Lung Tumor Imaging

Lung cancer is one of the leading causes of death in the USA with 222,520 new 
cases reported in 2010 and 157,300 deaths [48]. New innovations for diagnosis 
and treatment are dependent upon preclinical research of murine models for lung 
carcinoma. The noninvasive nature of respiratory-gated CNT micro-CT makes this 
technology ideal for longitudinal studies of mouse models for lung cancer.

Adult mice with multifocal, LSL-induced lung tumors (LSL-Kras) were imaged 
with prospective respiratory-gated micro-CT imaging in a longitudinal study to 
track disease development [48]. Tumor growth was appreciable over a period of 
several weeks, so imaging was performed at two time points over a month. Despite 
appreciable progression of disease over the course of the study, all animals survived 
through the final micro-CT imaging. Successfully respiratory-gated micro-CT im-
ages and optical signals were obtained for all animals. The tumors were readily 
identified on the CT images in all lobes for the Kras + mice; the smallest, readily 
identifiable tumor measured approximately 300 µm in diameter.

In Fig. 6.9, side-by-side axial CT slices acquired over a period of 3 weeks show 
the growth of two large masses [49]. Three-dimensional renderings of respiratory-
gated lung imaging highlight the increase in lesion size and number over the course 
of 3 weeks (Fig. 6.10). Though masses are inherently difficult to distinguish from 
other soft tissues, they stand in stark contrast from the airways of the lungs, and 
their presence is seen in the negative space of the 3-D images.
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6.7.2  Congenital Diaphragmatic Hernia

Congenital diaphragmatic hernia is a birth defect characterized by deformation of 
the diaphragm in infants. This deformation allows the lower organs to breach the 
diaphragm wall and displace the lungs, causing pulmonary hypoplasia and pulmo-
nary hypertension [50]. Studying a model for this disease in mice is difficult us-
ing standard respiratory-gated techniques because the characteristic diaphragmatic 
weakness of this disease does not permit pressure to be applied at the abdomen. 

Fig. 6.10  Volume rendering of tumor-burdened mouse lungs during full inhalation (shown from 
front and back), showing progression over a 3-week time period. Negative space in the volumes 
represents the location of masses within the lungs. Tidal lung volume measurements derived from 
micro-CT images quantify changes in lung function as the result of disease progression

 

Fig. 6.9  Matching reconstructed axial CT slices of a male lung tumor model mouse acquired at 
3-week intervals. Diameters of the two largest masses are labeled. (Reproduced from Burk et al. 
2011, Proc. of SPIE Vol. 7965 79651L)
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Fortunately, recent development of a contactless displacement respiration sensor 
[51] has allowed in vivo micro-CT to be performed without any physical manipula-
tion of the study subjects. Using this new device to provide the respiratory signal 
for physiological gating, adult mouse models for congenital diaphragmatic hernia 
[52] and age-matched controls were imaged using the standard gated abdominal 
imaging protocol.

CTs of wild-type animals display healthy heart and lungs (Fig. 6.11a) and vas-
culature of the liver (Fig. 6.11b) [51]. However, in the case of the diaphragmatic 
hernia model, a large volume of the right lung is displaced by the liver and other or-
gans penetrating the diaphragm, and the heart is compressed and distorted in shape 
(left). In the lower axial slice, where one would expect only the base of the lungs 
and the liver, lower organs are visible. Because the respiration monitoring apparatus 
did not involve applied pressure or any direct contact with the subject, the abnormal 
physiology can be attributed solely to disease progression.

6.7.3  Osteoclastogenesis and Rib Fractures

Our collaborators in the laboratory of Arjun Deb, Department of Medicine at the 
University of North Carolina at Chapel Hill, have studied site-specific β-catenin-
regulated osteoclastogenesis and the effect of corticosteroids in reversing this rapid 
bone loss in adult mice [53]. Due to the extreme delicacy of the ribs of animals ex-
periencing rapid osteoclastogenesis, micro-CT images of disease progression could 
not be obtained through conventional methods, and our system was again paired 
with the contactless respiration sensor to obtain a respiration signal for gating.

To create the model, Cre transgenic mice (C57Bl/6) were crossed for two gen-
erations with mice with both their β-catenin alleles floxed (β-catenin fl/fl), then 
injected intraperitoneally for 11 days with tamoxifen dissolved in corn oil. Three 
populations were studied: the previously described genetic mouse model, control 
C57Bl/6 mice injected with tamoxifen, and controls injected with oil representa-
tives of each of the three populations were imaged on day 0 (1 day before injections 
commenced) and day 10 using a CNT field-emission micro-CT.

Fig. 6.11  a Mid-lung and b mid-liver axial slices from respiration-gated micro-CT of the knock-
out hernia model. (Figure reproduced from Burk et al Phys. Med. Biol. 2012)
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Figure 6.12 shows representative reconstructed axial micro-CT slices of mice 
from the three populations during day 0 and day 10 [53]. Dramatic lung and rib 
deformation is seen in the day-10 images of the β-catenin–CK mice after tamoxifen 
injection, and complete atelectasis of one of the lungs has occurred spontaneously. 
Even in the presence of such severe disease, respiratory abdominal motion was able 
to be measured with the contactless fiber-optic sensor. Successful in vivo imaging 
of this model was possible only with the use of the CNT micro-CT and contactless 
respiratory gating.

6.7.4  Mouse Pups

Noninvasive imaging of mouse pups is desirable for the study of diseases which 
affect children and infants. One prime example is cystic fibrosis, which is a pathol-
ogy present from birth in humans, and also in murine models for the disease [54]. 
It has been seen in this mouse model that tracheal mucus obstruction can lead to 
neonatal mortality in some subjects, while others survive to maturity [55]; study of 
this phenomenon requires the ability to perform in vivo imaging on young animals 
of less than 2 weeks of age. Due to the difficulties of working with such young 
animals, physiologically gated high-resolution micro-CT imaging had previously 
not been achieved for mouse pups younger than 2 weeks of age. As a demonstra-
tion of our capability for imaging young subjects with noncontact CT techniques, 

Fig. 6.12  Reconstructed 
axial slices of respiratory-
gated micro-CT images 
acquired on day 0 (before 
injection) and day 10 of three 
mice representing three popu-
lations. (Figure reproduced 
from Burk et al Phys. Med. 
Biol. 2012)
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we performed respiration-gated micro-CT on four 11-day-old wild-type animals 
(9 C57BL/6 N), with average masses of 4.4 +/− 0.3 g [51].

CTs acquired both with and without prospective respiration gating are displayed 
in Fig. 6.13. Fine pulmonary structures are more clearly visible with gated imaging 
than in images without gating, and sharper contrast across the diaphragm, an indica-
tion of low respiratory motion blur, is seen in the gated images.

6.7.5  Cardiovascular Diseases

Cardiovascular disease is currently the leading cause of mortality worldwide [56]. 
This provides significant motivation for research and advancements in cardiac ani-
mal modeling, diagnostic testing and imaging, as well as new treatment and disease 
management. To this aim, researchers have created murine models of many cardiac 
diseases [57–59], but all studies are limited by the imaging options for the evalua-
tion of murine cardiac structure and function. With the CNT field-emission-based 
micro-CT device and a cardiac-gated imaging protocol, we have participated in 
studies of many types of cardiac disease, including aortic calcification, left ven-
tricular hypertrophy, and myocardial infarction.

6.7.5.1  Aortic Calcification

The presence of calcifications within the aortic arch correlates with an increase 
in risk of cardiovascular diseases, independent of other risk factors [60]. While 
obtaining high contrast between calcified plaques and the surrounding tissue and 
blood of the aortic arch is not difficult to achieve in CT, high spatial resolution and 

Fig. 6.13  Nongated (a and c) 
and respiratory-gated (b and 
d) CT images of an 11-day-
old mouse pup. Arrows 
indicate regions of diaphrag-
matic blurring in ungated 
images and corresponding 
regions of sharp delineation 
on respiratory-gated images. 
(Figure reproduced from 
Burk et al. Phys. Med. Biol. 
2012)
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elimination of cardiac motion blur in images is necessary to visualize and quantify 
such plaques for small animals in vivo. Using the standard cardiac-gated imaging 
protocol, CNT micro-CT has proven superior to conventional micro-CT in accurate 
visualization and distinction of calcification in the aortic arch. This superiority is 
quantified by a twofold increase in edge sharpness when compared with a com-
mercial micro-CT imaging system [61]. This work demonstrates that cardiac-gated 
CNT micro-CT is a sacrifice-free alternative to histology for the assessment of the 
distribution and severity of aortic calcifications in mouse research models.

6.7.5.2  Left Ventricular Hypertrophy

The utility of the CNT-based imaging system for quantitative cardiac evaluation of 
normal mice has been demonstrated using respiratory and cardiac-gated CNT mi-
cro-CT imaging techniques and a blood pool contrast-protocol. From the resulting 
micro-CT images, quantitative measurements of ejection fraction and myocardial 
wall thicknesses can be made to assess both cardiac function and morphology. The 
use of this device has been demonstrated for pathology by investigating a murine 
model of left ventricular hypertrophy [62]. Transverse aortic constriction (TAC), an 
effective technique for inducing left ventricular hypertrophy (LVH) in mice, was the 
model investigated for this work [63]. Studying the murine LVH model offered a 
quantitative evaluation of the adaptive cardiac response to increased hemodynamic 
load, which is often a symptom of cardiomyopathies, aortic stenosis, aortic insuf-
ficiency, and hypertension [64].

In our investigation, LVH was induced in wild-type male mice. In vivo images 
of the subjects were acquired prior to the TAC procedure and at 2 and 4 weeks fol-
lowing the procedure. By obtaining cardiac-gated micro-CT images of LVH mice 
during the diastolic and systolic phases, for multiple time points following the in-
duction of LVH, we were able to track changes in cardiac output as quantified by 
ejection fraction. Concurrently, high-resolution images allowed accurate measure-
ments of myocardial wall thicknesses over time, so that the relationship between 
wall thickness and ejection fraction could be studied in detail. This was made pos-
sible because of the noninvasive nature of prospective cardiac gating and the high 
spatial and temporal resolution offered by CNT micro-CT.

6.7.5.3  Myocardial Infarction

During myocardial infarction, more commonly known as heart attack, blood flow to 
portions of the heart is blocked causing ischemic damage. To determine a treatment 
plan, the severity of the damage must be assessed through standard clinical imag-
ing techniques. Though the current standard for in vivo murine cardiac imaging is 
echocardiography, this modality cannot easily distinguish between nonfunctional 
infarct, ischemic, stunned, hibernating, and healthy myocardium. However, the 
clinical technique of delayed contrast enhancement, considered the gold standard 
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for imaging of infarcted tissue using MRI [65], can be applied to small-animal mi-
cro-CT to successfully highlight regions of infarcted tissue. This imaging technique 
is possible because the small particles of blood contrast agents distribute themselves 
in the extracellular spaces of healthy myocardium soon after intravenous adminis-
tration, while these agents are too large to be admitted into the normal myocardial 
cells. However, the cellular changes resulting from ischemia affect arterial flow rate 
and the permeability of the capillaries. Necrotic and acute infarcted regions of the 
myocardium suffer a loss of membrane integrity, allowing contrast agent molecules 
to leak into these regions over time; furthermore, the contrast is retained in these 
tissues past the typical washout time in healthy extracellular spaces. The result is a 
characteristic delayed enhancement in necrotic regions of the myocardium captured 
in the CT or MR images acquired during an appropriate time window during which 
iohexol has diffused into infarcted tissue but has not yet washed out again [66].

We evaluated a murine model for acute myocardial infarction using the CNT 
micro-CT and a delayed contrast enhancement technique using iohexol adminis-
tered in a bolus [67]. The surgical model for ischemia and reperfusion was produced 
by surgical occlusion of the left anterior descending artery (LAD) with a suture 
for 30 min followed by 24 h of reperfusion prior to imaging. Iohexol 300 mg/mL 
(Omnipaque 300, Novation, Irving TX) was administered to the subjects via tail-
vein catheter. In CT images acquired over multiple time points following IV con-
trast administration, necrosis of the myocardium resulting from LAD obstruction 
was observed. After imaging, subjects were sacrificed and their hearts were cut 
into 1-mm slices and stained with triphenyl tetrazolium chloride (TTC) to visualize 
healthy and necrotic tissues.

Images acquired an average of 13 min after administration of iohexol contrast 
agent showing hyper-enhancement within the myocardial wall (Fig. 6.14) corre-
sponding with the region most at risk of ischemia during LAD obstruction. Match-
ing TTC-stained axial heart slices clearly exhibit regions lacking protein uptake in 
the same regions of the myocardial wall, and they are equivalent in size and shape 
to regions displaying delayed contrast enhancement in micro-CT [67].

6.8  Summary and Outlook

In the decade since carbon nanotube X-ray emission was first achieved at the Uni-
versity of North Carolina, the technology has progressed dramatically into applica-
tions for security, small-animal radiation therapy and imaging, and clinical breast 
cancer screening. Using CNT field emission, high-flux, fast-response, compact 
X-ray sources can be built in novel geometry source arrays. Within the field of 
small-animal in vivo imaging, the unique capabilities of the CNT micro-CT have 
expanded the number of animal disease models which can be studied noninvasively 
and without sacrifice, providing another tool with which researchers can work to 
find treatments and cures for cancers and cardiovascular diseases. Despite this prog-
ress, we believe that the full potential of CNT field-emission X-ray imaging for 
biomedical application is still yet to come.
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Nanotubes/Polymethyl Methacrylate Composite 
Resins as Denture Base Materials
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7.1  Introduction

Denture base acrylics resins are subjected to many different types of stresses. Intra-
orally, repeated masticatory forces lead to fatigue phenomena. Several studies have 
investigated the incidence and types of fracture of dentures [1–3]. Darbar et al. [4] 
reported that 33 % of the repairs carried out were caused by debonded/detached 
teeth and 29 % were repairs to midline fractures more commonly seen in upper 
complete dentures. The midline fracture in a denture is often a result of flexural fa-
tigue. Impact failures usually occur due to sudden blow to the denture by accidental 
dropping.

The fracture resistance of denture base polymers has been investigated [5–9]. 
Reinforcement of denture base material has been a subject of interest to the dental 
material community. Polymethyl methacrylate (PMMA) resin is the principal mate-
rial of dental prosthesis. To improve the properties of PMMA, many have incorpo-
rated an ample variety of additive materials into the polymer, including glass fibers, 
long carbon fibers, and metal wires [10–13], although success has been limited [14, 
15]. Flexural strength of PMMA resin such as Lucitone-199 (Dentsply Trubyte, 
New York, PA, USA), which is a high-impact resin with butadiene and styrene ad-
ditives, has been evaluated by several investigators, showing conflicting values but 
generally without significant material strengthening [1, 8, 16, 17].

© Springer International Publishing Switzerland 2016
M. Zhang et al. (eds.), Carbon Nanomaterials for Biomedical Applications,  
Springer Series in Biomaterials Science and Engineering 5,  
DOI 10.1007/978-3-319-22861-7_7



228 R. Wang et al.

Carbon nanotubes (CNTs) have shown extremely high mechanical properties 
with reported strengths 10–100 times higher than the strongest steel at a fraction of 
the weight [18, 19]. They have light weight. There are two main types of CNTs that 
can have high structural perfection: single-walled nanotubes (SWCNTs) consisting 
of a single graphite sheet seamlessly wrapped into a cylindrical tube, and multi-
walled carbon nanotubes (MWCNTs) composed of an array of such nanotubes con-
centrically nested like rings of a tree trunk. In addition to the exceptional mechani-
cal properties associated with CNTs (elastic modulus of 1 TPa. diamond: 1.2 TPa), 
they also possess superior thermal and electric properties [20, 21].

The incorporation of carbon fibers into a matrix not only confers strength and 
elasticity to the material but also greatly enhances toughness [22]. Research on 
nanotube composites has concentrated on polymer–CNT-based materials, wherein 
they exhibit mechanical properties that are superior to conventional polymer-based 
composites due to their considerably higher intrinsic strengths and moduli, and the 
fact that the stress transfer efficiency can be ten times higher than that of traditional 
additives [23]. It is generally believed that most MWCNTs have a “Russian doll” 
structure in which each constituent tubule is only bonded to its neighbors by weak 
van der Waals forces. This immediately raises a problem when one is considering 
incorporating CNTs into matrices [24].

The second concern is the even dispersion of CNTs into a polymer matrix. Meth-
ods of using sonic dismembrators, such as chemical modification, have been pro-
posed by Fiedler et al. [20, 25, 26]. Sui and Wagner [27] observed unusually large 
deformation in PMMA electrospun fibers under tension when MWCNTs or SW-
CNTs were included as a second phase in the fibers. The addition of CNTs caused 
a striking, visible transformation in the deformation mode of PMMA fibers. In pure 
PMMA fibers, sparse and unstable polymer necking occurs under increasing ten-
sion, leading to failure at relatively small strains. However, the presence of either 
SWCNTs or MWCNTs causes the failure strain to reach comparatively enormous 
values. According to Marrs, MWCNTs are believed to effectively bridge cracks and 
reduce the extent of plastic deformation experienced by a PMMA matrix. MWCNTs 
can successfully reinforce the craze by strengthening the fibrils and bridging the 
recesses or submicron voids to prevent their coalescence, thus enhancing the fatigue 
performance of the material.

The effects of CNTs reinforcement on mechanical properties of denture base 
materials have not been explored. The purpose of this study was to evaluate the ef-
fect of CNT reinforcement on mechanical properties of a commonly used PMMA 
denture base material. The null hypothesis is that the addition of CNTs to a PMMA 
polymer matrix will improve its mechanical properties.

7.2  Materials and Methods

The specimens were fabricated using the denture base resin, Lucitone-199® origi-
nal shade (Dentsply International Inc., New York, PA, USA). The MWCNTs, as 
received from the manufacturer (Designed Nanotubes, LLC., Austin, TX, USA), 
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were added to the measured acrylic monomer at 0.50, 1, and 2 wt% of total weight 
in a glass beaker. The liquid monomer was then under ultrasonic mixing for 20 min 
(Model UP400S, Hielscher Ultrasonics GmbH, Teltow, Germany). Following the 
manufacturer’s instructions, the powder to liquid ratio of 21 g (32 cc)/10 ml and a 
mixing time of 20 s were used. Liquid monomer with and without MWCNTs was 
added to the powder and mixed for 20 s to assure wetting of all powder particles. 
The mixture was covered for 9 min at room temperature and allowed to reach pack-
ing consistency. The mixture was packed using conventional denture flasks (Hanau 
Type, Whip-Mix Corporation, Louisville, KY, USA). Samples were molded as 
rectangular beams prepared in standard denture flasks, using a template measuring 
70 × 40 × 3 mm. The flasks were tightened by spring clamp and samples were cured 
in a water bath for a period of 9 h at 160 °F, followed by a cooling time of 30 min 
in water at 60–80 °F. The flasks were bench-cooled for 30 min and submerged in 
cool water for 15 min before deflasking. The specimens were removed from the 
flasks and cleaned from stone particles. After deflasking, each mold was prepared 
to the size of 70 × 10 × 3 mm for a three-point flexural test. The specimens were 
sequentially polished with SiC papers (600, 800, and 1000 grit) to achieve smooth 
surfaces.

Mechanical Tests
The flexural strength and flexural modulus were determined by using the three-
point bending test as specified by the ISO specification 20795-1:2008. Four groups 
were prepared at 0.0, 0.5, 1, and 2 wt% of MWCNTs with seven samples per group. 
The specimens were tested without thermocycles using a universal testing machine 
(Sintech Renew 1121, Instron Engineering Corp., Canton, MA, USA). Before each 
test, the specimen thickness and width were measured with a digital micrometer and 
recorded. A standard three-point bending jig was attached to the machine controlled 
by a computer. The testing parameters were set at the rate of 0.5 mm/min and load 
was recorded by a 1000-lb load cell. The same flexural test was performed for 
another set of four groups of same MWNCT fractions, which underwent 5000 ther-
mocycles from 20 to 80 °C at 1-min intervals using a thermocycle machine (Model 
Haake EK30, thermo Electron Corporation, Feldkirchen, Germany).

The flexural strength S was calculated using the following formula:

where S is the flexural strength in MPa, F is the failure load, L is the span of speci-
men between supports (50 mm), b  is the width of each specimen, and d  is the thick-
ness of each specimen.

Based on the load–displacement ( F–Δ) curves of a three-point bending test, me-
chanical properties were determined. Stiffness was calculated as the slope of the 
load–displacement curve obtained by linear regression. The yield point was calcu-
lated as the intersection of the load–displacement curve with a line having a slope 
that was 95 % that of the stiffness (Fig. 7.1). The load and displacement at the yield 
point were taken as the yield load ( FY) and the yield displacement (ΔY). The elastic 
work was calculated as the area under the load–displacement curve within the elas-
tic range using the trapezoidal rule.

S FL bd= 3 / 2 2
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The moment of inertia about the bending axis ( I) and the thickness ( t) of each 
specimen was used to calculate yield stress, yield strain, resilience, maximum flex-
ural strength, and flexural modulus according to Akkus et al. [28]:

where Lt is the span length between the two outer support points and FU is the ul-
timate load.

Microhardness Test
The hardness test was performed for each sample in the dry condition. Fractured 
specimens from the flexural strength test were used for the Knoop hardness test. 
Each sample was tested six times with a Knoop hardness tester (Lecco® Corp. 
M-400 St. Joseph, MI, USA) using a 200 g load and 20 s dwell time. Microhard-
ness number for each specimen was based on the average of six repeat measure-
ments from the same sample. The Knoop hardness number (KHN) is the ratio of the 
load applied to the area of the indentation calculated from the following formula: 
KHN = L/2 × ɭCp. In this equation, L is the load applied in kilogram force, ɭ is the 

Yield stress = / 8Y( ) ( )F Lt I

Yield strain = (12 )/(2Y
2D t L )

Resilience = 0.5 (Yield stress Yield strain)´

Maximum flexural strength = )/(8U( )F Lt I

Flexural modulus = Stiffness /(48L I3 )

Flexural regidity = Flexural modulus´ I

Fig. 7.1  Maximum flex-
ural strength versus CNT 
content (0, 0.5, 1.0, 2.0 wt% 
of MWCNTs). CNT carbon 
nanotubes
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length of the long diagonal of the indentation in millimeters, and Cp is a constant 
relating ɭ to the projected area of the indentation.

Statistical Method
After data collection, mean values of the surface microhardness, maximum flexural 
strength, resilience, bending modulus, yield stress, and yield strain for each group 
were analyzed with two-way analysis of variance (ANOVA) to determine the main 
significant effects of CNT percentage, thermocycle process, and their interactions. 
Furthermore, the Tukey’s honest significant difference (HSD) post hoc (multiple 
comparisons) analysis was applied to determine the significant effects. All statisti-
cal analysis was performed with statistical software (IBM SPSS Statistics 19, Sta-
tistical Package for Social Science; SPSS Inc, Chicago, IL, USA).

7.3  Results

Figures 7.1, 7.2, 7.3, 7.4, 7.5 summarize the mechanical behaviors of MWCNT/
PMMA composites of maximal flexural strength, resilience, bending modulus, 
yield stress, and yield strain with and without thermocycling (TC). Tables 7.1, 7.2, 
7.3, 7.4, 7.5, 7.6 are the summary of means and overall means of the results of each 
mechanical property and microhardness evaluated in this study.

Maximum Flexural Strength
When all the tested groups were compared, there was no significant interaction 
between CNT level and TC process on the PMMA’s maximum flexural strength 
( P = 0.22). However, the fraction of MWCNT significantly affected the PMMA’s 
maximum flexural strength ( P < 0.0001). When 0.5 wt% of MWCNT was used, 
a clear significant improvement of maximum flexural strength (101.8 MPa vs. 

Fig. 7.2  Resilience versus 
CNT content (0, 0.5, 1.0, 
2.0 wt% MWCNTs). CNT 
carbon nanotubes
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91.5 MPa, P < 0.0001) was found in comparison with that of the control group (a 
9.3 % increase). Contrarily, the increase in the percentage of CNT to 2.0 % actually 
weakened the maximum flexural strength (84.1 MPa vs. 91.5 MPa, P = 0.002). The 
TC process also significantly decreased the PMMA’s maximum flexural strength 
( P < 0.0001). In general, 10–13 % of flexural strength was lost among the groups 
after 5000 thermocycles.

Resilience
There was significant interaction between CNT level and thermocycle process on 
the PMMA’s resilience ( P = 4.2e-06). Without the thermocycle, there was an im-
provement of resilience when MWCNTs were added to PMMA at 0.5 and 1 wt% 
level ( P = 0.017). There was a reduction in resilience when CNT levels increased 

Fig. 7.4  Yield strain versus 
CNT content (0, 0.5, 1.0, 2.0 
wt% of MWCNTs). CNT 
carbon nanotubes

 

Fig. 7.3  Bending modulus 
versus CNT content (0, 0.5, 
1.0, 2.0 wt% MWCNTs). 
CNT carbon nanotubes

 



233

Table 7.1  Summary of means and overall means of maximum flexural strength (MPa)
Flexural strength Thermocycle (no) Thermocycle (yes) Mean (overall)
MWCNT = 0 % 99.29857 83.62571 91.46214
MWCNT = 0.5 % 108.18571 95.39 101.787855
MWCNT = 1.0 % 103.16857 90.44429 96.80643
MWCNT = 2.0 % 87.97143 80.29429 84.13286
Mean (overall) 99.65607 87.4385725 –

MWCNT multi-walled carbon nanotubes

Table 7.2  Summary of means and overall means of resilience (10−3/mm2)
Resilience Thermocycle (no) Thermocycle (yes) Mean (overall)
CNT = 0 % 1.003 1.2525714 1.1277857
CNT = 0.5 % 1.1548571 0.9012857 1.0280714
CNT = 1.0 % 1.2905714 0.9811429 1.13585715
CNT = 2.0 % 0.9717143 0.9495714 0.96064285
Mean (overall) 1.1050357 1.02114285 –

CNT carbon nanotubes

Fig. 7.5  Yield stress versus 
CNT content (0, 0.5, 1.0, 
2.0 wt% of MWCNTs). CNT 
carbon nanotubes

 

Table 7.3  Summary of means and overall means of bending modulus (MPa)
Bending modulus Thermocycle (no) Thermocycle (yes) Mean (overall)
CNT = 0 % 2291.714 1950.571 2121.1425
CNT = 0.5 % 2379.571 2595 2487.2855
CNT = 1.0 % 2267.429 2487.429 2377.429
CNT = 2.0 % 2379.286 2241.286 2310.286
Mean (overall) 2329.5 2318.5715 –

CNT carbon nanotubes
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from 1.0 to 2.0 % ( P = 0.008). The thermocycle also significantly reduced the re-
silience; a further study is needed to improve the dispersion of MWCNTs into the 
commercial denture base system at 0.5 and 1 wt% groups ( P = 1.5e-06).

Bending Modulus
There was significant interaction between CNT level and thermocycle process 
on the PMMA’s bending modulus ( P < 0.0001). In the absence of TC, there was 
no overall significant effect of CNT levels on the PMMA’s bending modulus 
( P  = 0.14). However, with the thermocycle process there is an overall significant ef-
fect of CNT levels on the PMMA’s bending modulus ( P < 0.0001). When CNT level 
of 0.5 % was used, a clear significant improvement of bending modulus (2595 MPa 
vs. 1950.6 MPa, P < 0.0001) was found in comparison with the strength of the con-
trol samples (0 % CNT). Contrarily, the increase in the percentage of CNT to 2.0 % 
actually weakened the bending modulus in comparison with the CNT percentage of 
0.5 %. On the other hand, at the same CNT levels, the TC process led to an improve-
ment of bending modulus with the existence of CNT (0.5–1.0 %), but a weakening 
of bending modulus in the control samples (0 % CNT) and in the sample with the 
2.0 % CNT level.

Table 7.4  Summary of means and overall means of yield stress (MPa)
Yield stress Thermocycle (no) Thermocycle (yes) Mean (overall)
CNT = 0 % 64.98714 68.66429 66.825715
CNT = 0.5 % 72.05 66.15 69.1
CNT = 1.0 % 74.86571 68.15429 71.51
CNT = 2.0 % 66.06143 63.94714 65.004285
Mean (overall) 69.49107 66.72893 –

CNT carbon nanotubes

Table 7.5  Summary of means and overall means of yield strain (mm/mm)
Yield strain Thermocycle (no) Thermocycle (yes) Mean (overall)
CNT = 0 % 0.03061429 0.0364 0.033507145
CNT = 0.5 % 0.03181429 0.02724286 0.029528575
CNT = 1.0 % 0.03447143 0.02877143 0.03162143
CNT = 2.0 % 0.02932857 0.02964286 0.029485715
Mean (overall) 0.031557145 0.030514288 –

CNT carbon nanotubes

Table 7.6  Summary of means and overall means of microhardness (kg/mm2)
Microhardness Thermocycle (no) Thermocycle (yes) Mean (overall)
CNT = 0 % 16.56667 16.07381 16.32024
CNT = 0.5 % 15.89524 15.27619 15.585715
CNT = 1.0 % 15.36667 14.50238 14.934525
CNT = 2.0 % 11.35238 11.33333 11.342855
Mean (overall) 14.79524 14.2964275 –

CNT carbon nanotubes
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Yield Stress
There was significant interaction between CNT level and thermocycle process 
on the PMMA’s yield stress ( P = 0.007). Where without the thermocycle process 
there was an improvement of yield stress when CNT levels going from 0 to 1.0 % 
(74.9 MPa vs. 64.9 MPa, P = 0.008), and there was a weakening of yield stress 
when CNT levels going from 1.0 to 2.0 % (74.8 MPa vs. 66.1 MPa, P = 0.021). 
With the thermocycle process, there was an overall weakening effect of CNT levels 
( P = 0.013) on yield stress. The smallest yield stress (63.9 MPa) was found in the 
samples with 2.0 % CNT.

Yield Strain
There was significant interaction between CNT level and thermocycle process on 
the PMMA’s yield strain ( P  < 0.0001). Without the thermocycle process there was 
an overall significant effect of CNT levels ( P  = 0.012) on yield strain, and there was 
a weakening of yield strain when CNT levels going from 1.0 to 2.0 % (0.34 mm/
mm vs. 0.29 mm/mm, P  = 0.009). With the thermocycle process, there was an over-
all weakening effect of CNT levels ( P < 0.0001) on yield strain, the smallest yield 
strain (0.027 mm/mm) was found in the samples with 0.5 % CNT.

Surface Microhardness
There was no significant interaction between CNT level and thermocycle process on 
the PMMA’s surface microhardness ( P = 0.42). Increasing CNT level significantly 
decreased the PMMA’s surface microhardness ( P < 0.0001). The mean surface mi-
crohardness of the control samples (0 % MWCNT) was found stronger (16.32), 
whereas the mean surface microhardness of samples with 2.0 % CNT was found 
actually weaker (11.34). The thermocycle process also significantly decreased the 
PMMA’s surface microhardness ( P = 0.0086) (Fig. 7.6).

Figure 7.7 is the micrograph of a fracture surface of a 0.5 wt% MWNCT/PMMA 
sample. Even dispersion of MWCNTs on the fractured surface is evident. The rods 
with bright appearance range from 25 to 35 nm in diameter. The figure also shows 
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that the bright and protruded MWCNTs are perpendicular to the surface with clean 
cleavage fracture, which is indicative of the lack of adhesion of MWCNTs to the 
PMMA matrix..

Figure 7.8 presents voids at fracture surface. The amount of voids likely was 
introduced into the samples during powder/liquid mixing and packing the material 
into a denture flask. The amount of voids might affect the mechanical strength of 
a sample.

Fig. 7.8  Micrograph 
(17,500×) of fractured 
surface of 1 % CNT/PMMA. 
Bright dots are CNTs and 
dark voids are porosities

 

Fig. 7.7  Micrograph 
(50,000×) of fractured sur-
face of 0.5 % CNT/PMMA. 
Bright rods are CNTs with 
25–35 nm diameter
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Figure 7.9 is the representation of fractured surface of a 2 wt% MWCNT/PMMA 
sample. The center of the figure shows an agglomeration of MWCNTs with po-
lymerized monomer. This characteristic is noticed on the other fractured surface 
of 2 wt% MWCNT/PMMA samples. The arrows are the small single MWCNTs 
embedded in PMMA matrix.

7.4  Discussion

The introduction of MWCNT–polymer composites has been advocated to usher 
in fresh opportunities for engineering new materials with high-performance capa-
bilities. Some researchers believe that the nanoscale dimensions and extraordinary 
properties of MWCNTs directly address the submicron damage mechanisms (such 
as crazing) that culminate during the fatigue failure of most polymers. The large tra-
ditional glass or graphite fibers commonly used in composite materials do little to 
address these microscopic mechanisms of cyclic deformation; thus, MWCNTs may 
potentially offer a new promise for improving the performance of polymer systems, 
such as PMMA, where the previous successes of traditional fibers were limited. To 
test this theory, we added small amounts (0–2 wt%) of MWCNTs to Luciton-199, 
a PMMA denture base polymer, to examine any effect on mechanical properties of 
MWNCT/PMMA composites. We also tested the effect of thermocycles on those 
properties of the composite.

We demonstrate that while MWCNT reinforcement improves the mechanical 
properties of the composite structure mainly by elevating the yield point without 
affecting the modulus or fracture strength, yield point is the region where the elastic 

Fig. 7.9  Micrograph 
(25,000×) of fractured 
surface of a 2 wt% MWCNT/
PMMA sample. Center of the 
image shows an agglomera-
tion MWCNTs and arrows 
are single fibrils MWCNTs
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deformation ends and plastic/damage-related mechanisms initiate. Elevation of this 
point indicates that MWCNTs would delay the damage initiation and may improve 
the longevity of the denture base material under impact forces or static loadings.

Without thermocycles, the values of our control groups, such as flexural strength, 
flexural modulus, and microhardness number of Lucitone-199®, are in the same 
range of the ones reported in the literature [6, 14, 16]. Our results showed that 
adding 0.5–1 wt% of MWCNTs to Luciton-199® enhanced the flexural strength 
(4–11 %), resilience (15–30 %), and bending modulus (27–33 %) performance of 
PMMA. However, the addition of 2 wt% of MWCNTs to PMMA had no effect or 
even decreased the performance of PMMA. This unfavorable result for 2 wt% group 
may attribute to some improper dispersion of MWCNTs into PMMA monomer. For 
example, more agglomerations were found on the fracture surfaces in 2 wt% group. 
Agglomerations of MWCNTs could nucleate pores and other nonhomogeneous re-
gions in the resulting nanocomposite. While individual nanotubes and perhaps even 
clumps of nanotubes can reinforce polymer matrices, clumps of such nanotubes 
also could have a detrimental role. An elevated number of MWCNT agglomerations 
likely contributed to the premature failure of the 2 wt% MWCNT specimens.

The mode of thermocycles in this work may differ from other studies; the results 
show a general trend that TC decreases in mechanical properties of the MWCNT/
PMMA composites. The microhardness values have an inverse relationship to the 
increase of MWCNTs in PMMA. Large standard deviations in some test groups are 
believed to related to the amount of voids (Fig. 7.9) in the samples resulting from 
polymer and monomer mixing during denture base packing.

Clean adhesive fracture rather than cohesive fracture exists at the interface of 
MWCNTs and PMMA matrices on all samples. This indicates that there is no chem-
ical bonding between MWCNTs and PMMA. Future improvement by adding func-
tional groups on MWCNTs may be desirable to enhance chemical bonding between 
Luciton-199® and MWCNTs.

7.5  Conclusions

The addition of MWCNTs at 0.5 and 1 wt% level to PMMA improves the mechani-
cal properties of Luciton-199®. Furthermore, the effectiveness of MWCNT rein-
forcement is dependent on the concentration of MWCNTs and the dispersion of the 
MWCNTs into PMMA matrix. Subsequent efforts need to be focused on dispersing 
MWCNTs into the commercial denture base system (both liquid and powder phas-
es), and thereby allow testing of the effect of MWCNTs on denture base materials 
as it is prepared in clinics or dental laboratories. Additionally, surface treating or 
functionalizing the surface of the MWCNTs could improve dispersion and bond-
ing within the denture base materials, which should lead to material performance 
enhancements that exceed those presented here. The results of this study show that 
further efforts to develop a clinically relevant material formulation with appropriate 
mixing techniques are justified given the benefits of nanotube reinforcement of the 
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present polymer matrix. Furthermore, the results obtained in this study have broader 
implications for other applications in dentistry and the medical industry.
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Chapter 8
Graphene for Biomedical Applications

Yufei Ma, Jie Huang, He Shen, Mengxin Zhang, Saijie Song and Zhijun 
Zhang

Graphene is a one-atom-thick sheet of sp2 carbon atoms with hexagonal lattice. 
The unique two-dimensional (2D) structure of graphene and its distinctive electrical 
features owing to numerous free electrons have been attracting increasing interests 
in the field of electronics [1], sensors [2], energy [3], etc., since its discovery in 
2004 [4]. In addition, due to its ultralarge surface area and unique optical properties, 
graphene and its derivatives triggered massive explorations in environmental [5] 
and biomedical applications [6, 7]. In this chapter, we survey the emerging applica-
tions of graphene and its related derivatives in the field of biology and medicine, 
including drug delivery, therapeutics, imaging and sensing, as well as cell culture 
substrates and antibacterial performance.

8.1  Preparation and Modification

Most of the biological incidents occur in physiological conditions which normally 
require good aqueous stability in terms of graphene’s biomedical applications. In 
order to obtain excellent physiological stability, graphene oxide (GO), a very im-
portant derivative of graphene, is usually used. To date, various oxidative protocols 
for gram-scaled GO preparation from graphite have been developed [8], includ-
ing Brodie’s method (formic HNO3 and KClO3), Hummer’s method (KMnO4 and 
H2SO4), and Marcano’s method (H2SO4 and H3PO4). Although nice control over 
the quality and reproducibility has always been a challenge, GO samples with vari-
ous lateral size, oxygen content, functional groups, and thus biocompatibility can 
be synthesized by tuning the synthetic routes. Among them, a modified Hummer’s 
method is widely used for further biomedical applications of GO, due to its mild 
reaction condition and relatively facile preparation. A typical synthetic procedure 
consists of pre-oxidation of graphite with concentrated H2SO4, K2S2O8, and P2O5, 
subsequent oxidation with H2SO4 and KMnO4, followed by mediation with H2O2 
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and elimination of metal ions with dilute HCl, ultrasonic exfoliation, and final pu-
rification through dialysis [9].

The physiological stability of bare GO rarely meets the needs of biomedical 
study, since it still possesses a large surface area and a strong π–π interaction for 
self-aggregation. Therefore, GO preparations for biological studies involve further 
steps, such as surface passivation (such as polymer modification and phospholipids 
coating) and size reduction (resulting deficient attraction against Brownian motion). 
For example, functionalization of GO by polyethylene glycol (PEG), polyethyl-
enimine (PEI), dextran, and hyaluronic acid (HA) can significantly improve the 
biocompatibility of GO; ultrasmall GO (usGO < 10 nm), also named with graphene 
quantum dots (GQD) due to its inherent fluorescence, displays no obvious in vitro 
and in vivo toxicity [10]; moreover, a branched polymer (six-armed PEG) coating 
facilitates the size reduction of GO under ultrasonic condition, resulting in a GO 
with small size (10–30 nm) [11].

In some cases, GO can be reduced using NaBH4, N2H4, or NH3·H2O, generating 
reduced GO (rGO). The reduction greatly decreases oxygen-containing functional 
groups on GO surface, enabling rGO with enhanced adsorbing ability, increased 
near-infrared (NIR) absorbance, and improved charge mobility. With no doubt, 
rGO needs further modification with hydrophilic polymers to be used in biomedical 
fields, such as drug delivery and photothermal or photodynamic therapies.

8.2  Graphene-based Therapeutics

As unique two-dimensional (2D) nanomaterials, graphene and its derivatives (es-
pecially GO) benefit from their large surface area, and thus have been extensively 
explored as a versatile platform for the deliberate delivery of drugs, proteins, and 
genes. Moreover, GO displays strong absorption in the NIR region, attracting much 
attention for its potentials in photothermal and photodynamic therapies, as well as 
photoacoustic imaging.

8.2.1  GO for Drug Delivery

GO, as a representative member among the family of graphene-based nanomate-
rials, has abundant functional groups (such as hydroxyl, carboxyl, carbonyl, and 
epoxy groups) for flexible modification, as well as high specific surface area for 
excellent loading capacity. Therefore, GO and rGO show potential application in 
drug delivery as long as their physiological stability is improved through conjuga-
tion with hydrophilic molecules.

Dai et al. first reported the use of GO as a drug delivery system in 2008, opening 
up the application of GO in biomedical field. Their pioneering study demonstrated 
the feasibility of nanoscale GO (NGO) as a novel nanocarrier for efficient loading 
and delivery of hydrophobic aromatic anticancer drugs into cells. NGO was first 
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modified with an amine-terminated six-armed PEG molecule, and then loaded with 
SN38, a hydrophobic camptothecin (CPT) analogue, via non-covalent π–π stacking 
interaction. The NGO/SN38 complex showed excellent aqueous solubility and high 
cytotoxicity for HCT-116 cells. Moreover, the same group anchored rituxan (CD 
20+ antibody) for targeted delivery of doxorubicin (DOX) into cells, and showed a 
pH-dependent drug release due to π–π stacking interaction between DOX and NGO 
[11]. Similarly, Zhang group also demonstrated that the release of DOX from GO 
surface was pH-responded, through tracking the surface-enhanced Raman spectros-
copy (SERS) signal of DOX loaded on Ag–GO. As the results suggested, Ag–GO/
DOX was taken up by cells through endocytosis and then captured into the lyso-
somes, followed by DOX detaching from GO and escaping from the lysosomes into 
the cytoplasm in an acidic environment [12].

To efficiently deliver drug molecules to a specific tumor site and reduce the 
toxicity to normal cells, Yang et al. grafted adamantane-modified porphyrin on GO 
via π–π stacking between porphyrin and GO, and then folic acid (FA)-modified 
β-cyclodextrin (β-CD) through the hydrophobic interaction between CD cavity and 
adamantane. DOX was loaded on the composites, which could specifically target to 
the tumor cells and exhibited significant antitumor effect to HeLa cells. Meanwhile, 
DOX loaded on this nanocarrier showed much lower toxicity to normal cells (cell 
viability 97 %, 24 h) than that of free DOX (cell viability 57 %, 24 h), indicating 
this GO nanocomposites to be promising in the clinical cancer therapy with fine 
biosafety [13].

Controlled loading and targeted delivery of multiple drugs is widely accepted by 
clinical practice in cancer therapy, in order to weaken the drug resistance of cancer 
cells and finally enhance the antitumor effect [14]. In order to achieve an enhanced 
efficacy, Zhang et al. explored the feasibility of GO as a nanocarrier for delivery of 
multiple anticancer drugs (Fig. 8.1) [9, 15]. In their study, NGO was functionalized 
with sulfonic acid groups to improve the physiological stability and with FA mol-
ecule to allow targeted delivery of anticancer drugs into human breast cancer cells 
(MCF-7 cells, with FA receptors). Then two common anticancer drugs, DOX and 
CPT, were loaded onto this FA-conjugated NGO via π–π interaction. NGO could 
load DOX as much as fourfold of its own weight, while the loading payload of CPT 
was only 4.5 %. Different loading ability of GO for these two drugs was ascribed 
to the difference in chemical structures of the two drugs and thus in the interactions 
between GO and drug molecules. In addition, the loading ratio of GO was linearly 
correlated to the concentration of DOX, indicating possibility of controlled load-
ing and targeted delivery simultaneously. Compared with single drug loaded onto 
NGO, co-delivery of DOX and CPT with NGO induced much higher cytotoxicity 
to cancer cells [9].

8.2.2  GO for Gene Delivery

Gene therapy is a promising approach to treat multifarious diseases caused by gene 
damage, for example, cancer. Compared to current antitumor therapies, gene ther-
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apy can avoid severe side effects of chemical drugs to normal cells and tissues due 
to its targeting effect to specific cancer cells [16]. In order to help a piece of DNA 
to successfully reach specific cancer cells, suitable gene vectors with low toxicity, 
cell or tissue specificity, and good transfection efficiency are highly demanded [17].

Zhang group and Liu group, respectively, investigated gene delivery by GO 
modified with PEI to supply positive charges and to allow the condensation of the 
negatively charged plasmid DNA (pDNA) onto GO surface by electrostatic interac-
tion [18, 19]. Zhang group conjugated GO with PEI via amide bond, and utilized 
this GO–PEI to deliver pDNA. According to the authors, PEI not only improved 
GO’s physiological stability but also facilitated the condensation of pDNA and GO 
(ratio of PEI–GO to pDNA  > 1:1). As the in vitro study suggested, high DNA trans-
fection efficiency with GO–PEI in HeLa cells was achieved even in the presence 
of 10 % phosphate-buffered saline (PBS), which largely improved the degradation 
of PEI’s transfection efficiency when grafted to other systems [18]. Liu and col-
leagues further demonstrated that GO could significantly improve the transfection 
efficiency of PEI with low molecular weight (1.2 K) and decrease the cytotoxicity 
of large PEI (10 K) [19]. In addition, Kim et al. grafted a low-molecular weight 
branched PEI (BPEI) onto GO and applied this system to deliver genes into HeLa 
and PC-3 cells. BPEI–GO exhibited high cell viability and improved gene transfec-
tion efficiency, owing to the multivalent effect of BPEI conjugated to GO and the 
formation of stable polyelectrolyte complexes of BPEI–GO and pDNA [20].

In order to overcome multiple drug resistance (MDR) of cancer cells, Zhang 
et al. employed PEI-grafted GO nanocarrier for sequential delivery of Bcl-2-target-
ed small interfering ribonucleic acid (siRNA) and DOX. Because Bcl-2 protein is 
one of the main antiapoptotic defense proteins, Bcl-2-targeted siRNA was utilized 
to reduce the Bcl-2 protein expression level in cancer cells and thus to overcome 
the MDR of cancer cells [21]. The sequential delivery of siRNA and DOX with 
PEI–GO showed remarkedly enhanced chemotherapy efficacy due to strong syner-
gistic effect of DOX and Bcl-2-targeted siRNA, which significantly inhibited Bcl-2 
expression [14]. Similarly, Bao et al. developed positively charged chitosan (CS)-
modified GO (CS-GO) for the co-delivery of (pRL-CMV) genes and anticancer 
drug CPT into HeLa cells [22].

The photothermal property of GO has been integrated to gene delivery, in addi-
tion to drug delivery. Feng et al. fabricated NGO with both PEG and PEI (NGO–
PEG–PEI) and demonstrated its gene delivery application with excellent physio-
logical stability, superior gene transfection efficiency, and low cytotoxicity [23]. In 
addition, they found that photothermally induced local heating accelerated intracel-
lular trafficking of nano-vectors, resulting in remarkably enhanced plasmid DNA 
transfection efficiency under NIR laser irradiation at a low power density.

8.2.3  GO for Protein Delivery

Proteins play important roles in physiological activities of cells and functions of liv-
ing organisms by regulating the expression of gene and cellular signaling pathways. 
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Protein-based biotherapy has significant advantages over traditional chemotherapy, 
such as high specificity to cell functions, and very low side effects and immune 
responses [24]. However, proteins have difficulties to penetrate the cell membrane, 
requiring suitable delivery vehicles to facilitate their entry into cells [6].

Shen et al. delivered proteins into cells with PEG–GO [24]. In their study, pro-
teins were loaded onto GO–PEG via non-covalent interaction and then efficiently 
delivered into cytoplasm with the protection of GO–PEG. More importantly, this 
work demonstrated that after delivered into cells by GO, the proteins retained their 
functions to determine cell fate. The ribonuclease A (RNase A) delivered by GO–
PEG led to cell death while protein kinase A (PKA)-induced cell growth.

8.2.4  GO for Photothermal Therapy

Photothermal therapy (PTT), as a minimally invasive treatment, employs hyper-
thermia to kill cancer cells. In this treatment, NIR-absorbing photothermal agents 
are first delivered to tumor site and then irradiated with an NIR laser. The NIR light 
can safely penetrate tissues as deep as several millimeters and was converted to heat 
by PTT agents to generate localized hyperthermia and destroy nearby cells [25].

GO itself is very suitable for PTT because of its strong NIR absorption, excel-
lent photo-stability, and high photothermal conversion efficiency. Liu group [25] 
demonstrated GO’s potential for efficient in vivo PTT without obvious side effects. 
In this work, GO was modified with amine-terminated six-arm-branched PEG 
to increase its biocompatibility. They have demonstrated that the branched PEG 
facilitated the exfoliation of GO sheets while broke the sheets into smaller ones 
(< 50 nm), and thus enhanced its stability and biocompatibility [11]. The PEGylated 
GO exhibits highly efficient tumor passive targeting and relatively low retention in 
reticuloendothelial systems (RES) due to its unique 2D structure, small size, and 
biocompatible PEG coating. Then, an NIR laser of 808 nm was utilized to irradi-
ate GO (intravenous administration) for in vivo photothermal therapy, leading to 
ultraefficient tumor ablation, even with low-power NIR laser irradiation suitable 
for clinical use (Fig. 8.2). Dai group [26] developed nano-sized, reduced GO (na-
no-rGO) sheets and stabilized this GO with PEGylated lipids though non-covalent 
adsorption. Interestingly, they found that the nano-rGO shown sixfold higher NIR 
absorption than the nonreduced, covalently PEGylated nano-GO due to the stron-
ger absorption of rGO in the visible and NIR region. In addition, the tumor treated 
with nano-rGO still showed 100 % tumor elimination efficacy [27], even under low 
power density laser irradiation (0.15 W/cm2, 808 nm, 5 min), which is an order of 
magnitude lower than that usually applied for many other nanomaterials in vivo 
tumor ablation. This work also discussed how surface chemistry and size of GO 
affect the in vivo performance of graphene. As the results showed, GO with smaller 
size and more PEG coating appears to be a more effective agent for in vivo PTT 
ablation of cancers.

GO acts as a carrier for drug delivery and can also serve as a platform to combine 
other therapeutic modalities for improved PTT anticancer efficacy. For example, 
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photosensitizers, CuS nanoparticles, and gold nanostructures have been conjugated 
with GO for the PTT therapy, leading to superior therapeutic efficacy compared to 
bare GO-induced PTT treatment. Guo et al. [28] covalently conjugated GO with 
Cypate, an NIR fluorescence imaging agent approved for clinical use by Federal 
Drug Administration. They demonstrated that GO could increase the dispersibility, 
half-life in circulation and the targeting ability of Cypate. Upon the irradiation of 
NIR light at 785 nm (1.5 W/cm2), a rapid increase of temperature in a GO–Cypate 

Fig. 8.2  Photothermal effects of GO–PEG (a) and GO–Cypate (b) in the buffers at various pH 
within 5 min of photoirradiation, respectively. c Conformation illustration of GO–Cypate at dif-
ferent pH and thereof FRET between GO and Cypate. d Tumor growth inhibition profiles of the 
mice bearing 4T1 tumor injected with GO–Cypate and GO–PEG at the same concentration of 
GO, respectively, followed by 785 nm PTT treatments (5 min, 1.0 W/cm2) at 24 h post injec-
tion. e Photos of the tumors extracted from the mice at the end of the PTT therapy (day 22). GO 
graphene oxide, PEG polyethylene glycol, PBS phosphate-buffered saline, FRET fluorescence 
resonance energy transfer. (Adapted with permission from Ref. [28] Copyright 2014 Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim)
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solution was observed, and GO was also proved to prevent the light-induced de-
composition of Cypate (Fig. 8.2). In addition, GO–Cypate at pH 5.0 exhibited much 
higher temperature increase under photo-irradiation than that at pH 7.4 and 8.0. 
This phenomenon was attributed to more efficient fluorescence resonance energy 
transfer (FRET) from Cypate to GO, based on the facts of weakened fluorescence 
intensity and enhanced PTT ability, because Cypate molecules might form severe 
aggregation on GO surface in acidic environment. GO was also conjugated with 
metal nanoparticles to obtain a synergistically improved photothermal effect. El-
Shall et al. [29] conjugated laser-reduced GO with Au nanomaterials of different 
size and shape, and successfully adjusted the photothermal effects by controlling 
the shape and size of the gold nanomaterials. As the authors illustrated, decrease in 
size of the gold nanostructures led to a prominent increase in the heating effciency, 
and composites of ultrasmall gold nanoparticles of 2–4 nm anchoring onto graphene 
surface generated a highly efficient photothermal effects. Liu group [30] decorated 
GO with both iron oxide nanoparticles (IONPs) and gold nanoparticles to construct 
GO–IONP–Au nanocomposites. Compared to PEGylated GO used in their earlier 
studies, GO–IONP–Au nanocomposites significantly enhanced optical absorbance 
in the NIR region, and remarkably enhanced photothermal cancer ablation effect in 
the in vitro and in vivo experiments.

8.2.5  GO for Photodynamic Therapy

Photodynamic therapy (PDT) has emerged as a promising cancer treatment since 
it can selectively destroy the diseased tissues after the uptake of photo sensitizers 
(PSs) by cancer cells followed by irradiation [31]. PDT involves the systemic, local, 
or topical administration of photosensitizers, then light irradiation with appropriate 
wavelength and dosage, and subsequent production of reactive singlet oxygen (1O2) 
species inducing cytotoxic effect [32].

GO offers great promise in PDT applications. In 2011, Cui group first stud-
ied the graphene-based carriers on the controlled loading and targeted delivery of  
chlorine-6 (Ce6), a promising photosensitizer with a high sensitizing efficacy [33]. 
In this experiment, FA molecules were covalently conjugated with GO for specific 
targeting to the cells with folate receptors, and Ce6 was loaded onto GO via π–π stak-
ing. As the results indicated, GO efficiently transported Ce6 to tumor cells, resulting 
in significant increase of the Ce6 accumulation in tumor cells, and thus remarkable 
photodynamic efficacy on MGC803 cells upon irradiation. Chen group [34] demon-
strated tumor ablation by PDT modality with novel nanocomposites of GO–PEG–
HPPH, in which graphene serves as the carrier and 2-(1-hexyloxyethyl)- 2-devinyl 
pyropheophorbide-alpha (HPPH) as the photosensitizer to treat xenograft tumors 
with PDT. GO–PEG–HPPH revealed higher tumor uptake than free HPPH after in-
travenous administration, resulting in significant tumor destruction upon the irradia-
tion of 671 nm laser with low power (75 mW/cm2). These results demonstrated that 
graphene can improve PDT efficacy as a carrier of PDT agents and significantly 
increase long-term survival of tumor-bearing mice following the treatment.
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In addition, usGO, or GQD, has been illustrated as a photodynamic agent. Mar-
kovic et al. showed that electrochemically produced GQD generated reactive ox-
ygen species, including singlet oxygen when irradiated with blue light (470 nm, 
1 W), and then killed U251 human glioma cells by causing oxidative stress [35]. 
Similarly, Ge et al. reported a new PDT agent based on GQDs derived from hydro-
thermal treatment of polythiophene [36]. This GQD sample displayed an extremely 
high quantum yield of ~ 1.3 for 1O2 generating, via a multistate sensitization process 
of energy transfer from the excited triplet state (T1) and the excited singlet state (S1) 
to the ground-state oxygen (3O2). Also, the in vitro and in vivo imaging of GQD was 
demonstrated in this study.

8.2.6  GO for Multimodal Therapy

While conventional cancer therapy techniques often fail to completely eradicate the 
tumor, there is a trend of combinational therapy with several therapeutic agents or 
multimodal therapy leading to synergistic effect. Owing to its high surface area and 
easy surface functionalization, GO is often used as a multitasking nanocarrier for 
multiple anticancer drugs and NIR dyes to achieve photothermal–photodunamic, 
chemo-photodynamic, or chemo-photothermal synergistic therapies.

Tae group [37] integrated PTT and PDT agents into a GO system for advanced in 
vivo cancer therapy by loading hydrophilic photosensitizer (methylene blue, MB) 
on NGO. The NGO efficiently localized in cancer cells with photosensitizer and 
caused complete ablation of tumor under exposure to NIR light, due to the combi-
nation of PDT induced by MB and subsequent photothermal therapy from NGO. 
This PDT–PTT combined therapy utilized smaller GO dose (10 mg/kg) and short 
irradiation time (3 min) compared to PTT alone (20 mg/kg, 5 min) [25], indicating 
synergistic effect of dual phototherapy. In another work from Liu group [38], Ce6 
was loaded on GO–PEG via π–π stacking (GO–PEG–Ce6) showed a remarkably 
improved cancer cell photodynamic destruction effect. Interestingly, the photother-
mal effect of GO can further enhance the PDT effcacy against cancer cells, because 
NIR light-induced local heating increased the cellular uptake of GO–PEG–Ce6 al-
though GO slightly inhibit the singlet oxygen generation of Ce6. In this way, com-
plete tumor elimination with mild local heating at a low power density (0.3 W/cm2) 
of the NIR laser was achieved.

Similarly, the photothermal effect of GO has been demonstrated to improve the 
chemotherapy of tumor. Wang and colleagues [39] prepared a novel nanostructure 
NGO–AuNRs with gold nanorods (AuNRs) encapsulated in NGO shells through 
electrostatic self-assembly between the negatively charged NGO and the positively 
charged AuNRs. Adipic acid dihydrazide (ADH)-modified HA (HA-ADH) was 
conjugated onto the surface of NGO–AuNRs to increase the targeting to hepatoma 
Huh-7 cells. DOX was then loaded on NGO–AuNRs composites by π–π stacking 
as a model anticancer drug. Compared to bare AuNRs and NGO, the HA-conju-
gated NGO-enwrapped AuNR nanocomposites (NGOHA–AuNRs) yielded higher 
photothermal effciency. Due to the superior photothermal promotion of NGOHA–
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AuNRs to the release of DOX, NGOHA–AuNRs–DOX performed 1.5-fold and 
4-fold higher targeted cell death rates than single chemotherapy and photothermal 
therapy, respectively.

The Kim group combined gene therapy and photothermal therapy together with 
the help of GO [40]. They developed nano-sized, PEG–BPEI–rGO nanocomposite 
as a potential PTT agent, which combined rGO sheets with BPEI and PEG through 
covalent conjugation. The transfection efficiency of PEG–BPEI–rGO with laser 
irradiation was increased approximately two- to threefold than the transfection 
without irradiation. As the authors demonstrated, endosomal membrane was rup-
tured due to the local increase in temperature caused by NIR irradiation, and then 
the PEG–BPEI–rGO complex escaped from endosomal, which induced high gene 
transfection.

Zhang et al. explored GO as an adjuvant for immune therapy [41], by using a 
usGO–Au composite through in situ growth of gold nanoparticles on usGO sheets. 
Excellent adsorbing capacity of GO could improve the binding capacity of usGO-
supported AuNPs to ovalbumin (OVA) proteins. In vivo study revealed that usGO–
Au@OVA could promote robust OVA-specific antibody response, CD4+ and CD8+ 
T cells proliferation, and the secretion of tumor necrosis factor (TNF)-α and inter-
feron (IFN)-γ.

8.3  Bioimagimg

Over the past several years, graphene and its derivatives, especially GO, have dis-
played appealing prospects in bioimaging field. Owing to their versatile surface 
modification, graphene and GO have been explored with various molecular imag-
ing techniques, including magnetic resonance imaging (MRI), positron emission 
tomography (PET) imaging, photoacoustic, and fluorescence imaging. Besides, due 
to their high drug-loading capability and photothermal effects, integration of diag-
nostics and therapies into one graphene platform, namely theranostics, has recently 
drawn increasing attention in the treatment of diseases.

The imaging ability of GO is mostly achieved by conjugation to one or mul-
tiple imaging components. Therefore, a linkage molecule with additional chemi-
cal reaction sites is required for further functional modifications, and the linkers 
are normally among macromolecules, such as PEG [42], and poly(amido amine) 
(PAMAM) [43]. Moreover, these macromolecules can also enhance the biocompat-
ibility and stability of GO in physiological solutions. Figure 8.3 shows the common 
structure of GO composites for imaging or/and therapy.

8.3.1  Optical Imaging

The technique of fluorescence imaging has been widely studied in tracking and 
monitoring live cells with graphene and its derivatives, through decorating GO or 
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rGO with highly fluorescent inorganic fluorophores or organic dyes [43, 44]. To 
avoid the fluorescence quenching by GO, it is necessary to shield GO from fluo-
rescent component with long molecular linkers, such as PEG [45], BSA [46], or an 
SiO2 shell [47]. In addition, passivating the surface reactive sites of GO by using 
alkylamines [48] or branched PEI [20] has also been attempted.

Peng et al. linked fluorescein with PEGylated GO and used this fluorescent GO as 
an intracellular fluorescence imaging probe [45]. Fluorescein-modified GO exhib-
ited excellent green fluorescence when incubated with HeLa cells for 6 h, while GO 
as the control group showed no fluorescence. Similarly, Hu et al. decorated quan-
tum dots (CdSe/ZnS) with polypeptide-modified rGO through physical adsorption. 
The surface of quantum dots was covered with tri-n-octylphosphine oxdie (TOPO) 
and 11-mercaptoundecanoic acid (MUA), which served as a spacer to prevent fluo-
rescence quenching. In this preliminary experiment, significant fluorescence can be 
monitored when two kinds of QDs–rGO with different color were subcutaneously 
injected into nude mice. Moreover, owing to the strong NIR absorbance of rGO, a 
QDs–rGO system can kill cancer cells through photothermal effect at the same time 
[49]. According to the authors, the fluorescence of QDs provided indicative infor-
mation for the heat dosage and the treatment process, leading to subsequent cancer 
ablation with minimized damages to healthy organs and tissues. In addition, precise 
monitoring of the tumor change can be obtained during photothermal therapy.

Wang et al. covalently grafted upconversion nanoparticles (Tm3+/Er3+/Yb3+ co-
doped NaYF4) onto PEGylated GO and then loaded a photosensitizer (phthalocya-
nine) to build a multifunctional theranostic platform for in vivo imaging and combi-
nation of PDT/PTT [50]. In this study, strong upconversion luminescence imaging 

Fig. 8.3  Surface modification of graphene and graphene oxide for bioimaging and therapy. Dif-
ferent functional moieties ( polymers, nanoparticles, anticancer drugs, biomolecules) could be 
anchored for specific purposes. NOTA 1,4,7-triazcyclonoane-1,4,7-triacetic acid, DTPA diethylene 
triamine pentaacetic acid
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of a white Kunming mouse was monitored and further applied to demonstrate the 
enhanced efficacy of combinational therapy of PDT/PTT compared to PDT or PTT 
alone. The synergistic effect probably was ascribed to the photothermal property of 
GO, which not only heated the cancer cells but also enhanced the delivery of PDT 
agents to the cancer cells.

As a representative fluorescence probe in the family of graphene, GQD are small 
graphene fragments with size range below 10 nm. Owing to its good biocompat-
ibility and excellent optical properties, GQD has been explored widely for bioimag-
ing applications based on its size-related fluorescence [51]. Zhang et al. employed 
a yellow-light-emitted GQD to simultaneously monitor three kinds of stem cells, 
neurospheres cells (NSCs), pancreas progenitor cells (PPCs), and cardiac progeni-
tor cells (CPCs). According to their study, GQD mainly retained in cytoplasmic 
area and did not affect the viability, proliferation, or differentiation of the stem cells 
[52]. Nurunnabi et al. prepared a series of GQD samples with different colors by 
regulating the reaction temperature during oxidative cutting of carbon fibers. These 
GQDs possessed varied emission ranging from 460 to 805 nm in wavelength, due 
to various oxygen contents defining the band gaps. In addition, GQDs were intrave-
nously injected into nude mice to illustrate their attractiveness as new noninvasive 
imaging agents [53].

8.3.2  MR Imaging

MRI is a powerful noninvasive imaging technique in clinical diagnosis. Among 
various MRI contrast agents which provide more precise information in pathologi-
cal tissues, superparamagnetic Fe3O4 nanoparticles are most commonly used in 
T2-weighted MRI. Chen et al. conjugated Fe3O4 nanoparticles onto GO and dem-
onstrated that the Fe3O4–GO composites significantly improved T2 relaxivity and 
thus enhanced the cellular MRI effect, owing to the formation of aggregates of the 
Fe3O4 nanoparticles on the GO sheets. In another study, Yang et al. in situ synthe-
sized Fe3O4–rGO nanocomposites through hydrothermal reaction and expanded the 
application of GO/Fe3O4 nanocomposites not only for imaging but also for cancer 
therapy. Due to the strong NIR optical absorbance and T2 MRI of the nanocompos-
ites, rGO–IONP–PEG exhibited remarkable photoacoustic imaging and MRI effect 
and photothermal therapy efficacy [54].

To obtain T1-enhanced MRI signal, Zhang et al. conjugated Gd–diethylene tri-
amine pentaacetic acid (DTPA) to PEGylated GO and demonstrated the significant 
improvement of T1 MRI relaxivity for GO–DTPA–Gd and cellular MRI with effec-
tive internalization of the composites into cells [55]. In a recent report, Yang et al. 
prepared Gd–DTPA grafted NGO (Gd–NGO) and then loaded with Let-7 g miRNA 
and anticancer drug epirubicin (EPI). This system (Gd–NGO) showed combined 
chemo- and gene therapy effect to malignant glioblastoma cells. Moreover, Gd–
NGO was utilized to monitor the location and extent of blood–brain barrier (BBB) 
opening, which was induced by focused ultrasound (FUS) in the presence of cir-
culating microbubbles. The in vivo experiment demonstrated that more intensive 
signals in the region of interest can be detected by using Gd–NGO [56].
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Since each molecular imaging tool has its own merits and limitations, the inte-
gration of multiple techniques into a single platform can provide distinct and syn-
ergistic advantages. Particularly, GO is a suitable candidate for such a platform due 
to its unique physicochemical properties, such as large surface area and versatile 
functionalization. Shi et al. decorated GO with iron oxide and gold nanoparticles 
and demonstrated synergistic imaging through in vivo experiment (Fig. 8.4). In ad-
dition to enhanced photothermal cancer ablation, this system was used for enhanced 
MRI and X-ray dual-modal imaging by taking the advantage of iron oxide and gold 
nanoparticles [30].

8.3.3  Photoacoustic Imaging

As a newly emerged imaging technique, photoacoustic imaging has attracted ever 
increasing interest in recent years because it offers significant increase in imaging 

Fig. 8.4  In vivo dual-modal MRI/X-ray imaging and PTT. a T2-weighted MR images of 4T1 
tumor-bearing mice before ( top) and after ( bottom) intratumoral injection of GO–IONP–Au. b 
X-ray images of tumor-bearing mice before ( left) and after ( right) intratumoral injection of GO–
IONP–Au. Tumors are highlighted by black arrows or white circles. c IR thermal images of tumor-
bearing mice injected with saline, GO or GO–IONP–Au under laser irradiation (808 nm, 0.75 W/
cm2). GO–IONP graphene oxide–iron oxide nanoparticle. (Adapted with permission from Ref. 
[30]. Copyright 2013 Elsevier B.V.)
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depth in diagnosis. Sheng et al. developed a simple method to fabricate rGO by us-
ing bovine serum albumin (BSA) as a reductant and a stabilizer. Due to the strong 
NIR absorbance of BSA-functionalized nano-rGO, it was used for in vivo photo-
acoustic imaging as well as photothermal therapy, which are both triggered by the 
transformation between light and heat [57].

8.3.4  PET Imaging

Initially developed in the mid-1970s, PET imaging is another noninvasive imaging 
technique that provides a three-dimensional (3D) image in the body. It is capable 
of quantitatively measuring the radioisotope concentrations in vivo with excellent 
tissue penetration [58]. Shi et al. designed a PET imaging agent based on rGO con-
jugated with 1,4,7-triazcyclonoane-1,4,7-triacetic acid (NOTA), which was used as 
an effective chelator to 64Cu for radiolabeled PET imaging. Particularly, TRC105, a 
human/murine chimeric immunoglobulin G (IgG)1 monoclonal antibody, was con-
jugated to rGO as a tumor vasculature-targeting ligand to CD105, which serves as 
an ideal vascular target expressed on proliferating tumor endothelial cells. Tumor 
vasculature targeting is important since it is more instantly accessible upon intrave-
nous injection. Moreover, new blood vessel formation is a critical process in tumor 
growth and metastasis. Through the noninvasive PET imaging technique, the spe-
cific targeting of 64Cu–NOTA–rGO–TRC105 to CD105 in 4T1 murine breast tu-
mors model was demonstrated, suggesting rGO conjugates as promising candidates 
for in vivo tumor vasculature targeting [59].

8.3.5  Raman Imaging

Raman spectroscopy is another powerful technique for biological imaging, as it 
provides a high signal-to-noise ratio and can distinguish different fingerprints of the 
Raman probes in a nondestructive way. It is well known that metal nanoparticles, 
especially Au and Ag nanoparticles, can significantly improve the Raman signal 
of probe molecules [60–62], that is, surface-enhanced Raman scattering (SERS) 
effect. Based on the distinctive Raman spectra of GO, researchers have decorated 
Au or Ag nanoparticles onto GO for detection or cellular imaging by using this 
SERS technique. Au/GO hybrids was employed as a Raman probe to investigate 
the internalization mechanism of GO, which was found to be a clathrin-mediated, 
energy-dependent endocytosis [15].

In another study, Wang et al. built a nanocomposite by anchoring gold nano-
clusters (GNCs) on rGO, and further utilized it as a Raman spectroscopy probe to 
investigate the interactions between the GNC–rGO nanocomposites and proteins 
and DNA. Their study suggested that the presence of GNC–rGO induced DNA 
chain disorder and affected the protein α helices without disturbing β folding [63].
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8.4  Graphene for Biological Sensors

8.4.1  Graphene-based Electrochemical Sensors

Graphene has been extensively studied to fabricate electrodes for electrochemical 
sensors, due to its excellent absorbing ability, efficient charge transfer, large electro-
chemical potential window, and tunable chemical and electrical properties. In order 
to gain facile fabrication, rGO, rather than pristine graphene or GO, was generally 
applied due to its abundant functional groups and high electrochemical activity [2].

Interestingly, benefited from its high potential (~ 2.5 V), rGO shows significant 
catalytic activity toward some small enzymatic products such as H2O2 and nicotin-
amide adenine dinucleotide (NADH). In addition, the large surface area of GO fa-
cilitates target loading, making it attractive for enzyme-based sensors. For example, 
hemoglobin embedded in an rGO-CS film can facilitate a H2O2 sensor with a limit 
of detection (LOD) of 0.51 uM [64]. Furthermore, with the help of horseradish 
peroxidase (HRP) to hydrolyze H2O2, and sodium dodecyl benzene sulfonate to 
improve the enzyme loading because of intercalation, a lower LOD of 0.1 uM was 
achieved by Zeng and coworkers [65].

Glucose oxidase (GOD) can specifically recognize glucose which is a significant 
element for the diagnosis of diabetes, so it can be incorporated into graphene-based 
electrodes for the electrochemical detection of glucose. Kang et al. showed a GOD–
rGO–CS electrode with high sensitivity (0.02 mM of LOD) [66]; while Alwarappan 
et al. constructed a conducting porous matrix with GOD, rGO, and polypyrrole 
(ppy), and improved the LOD to 3 uM [67]. In addition, decoration of in situ-grown 
metal nanoparticles on rGO can further lower the LOD to 0.6 uM [68], of which the 
high performance was attributed to the facts that the highly conductive nature of the 
metal nanoparticles facilitates rapid charge transfer on rGO sheets.

Thanks to the strong π–π stacking and electrostatic attraction between GO and 
nucleobases, development of DNA sensors based on rGO are also realized. Huang 
et al. applied GO with abundant carboxylic groups for highly sensitive detection of 
guanine (50 nM) and adenine (25 nM) [69]. Du et al. decorated an rGO electrode 
with AuNPs through potentiostatic electrodeposition for the detection of single-
stranded DNA (ssDNA) [70]. Furthermore, they demonstrated that the oxidation 
signal of thymine can be distinguished from that of adenine, making the detection of 
single-base mutation possible without any labeling or probe DNA. In a work of Lim 
et al., double-stranded DNA (dsDNA) could be differentiated from ssDNA with 
a graphene-based SiC electrode, which is impossible for conventional electrodes 
because of their limited electrochmemical potential window [71]. In addition, GO-
modified electrode was introduced to detect DNA hybridization, through the gua-
nine oxidation signal from the target ssDNA molecules without guanine base [72].

Graphene-based electrochemical sensors have been used to detect various protein 
markers, when an antibody was applied. Su et al. used the interaction between alpha 
fetoprotein (AFP) and anti-AFP antibody to partially block HRP reducing H2O2, 
with an LOD of 0.7 ng/mL [73]. The authors applied HRP and electropolymerized 
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thionine (TH) films, which was constructed with GO-CS through layer-by-layer 
assembly, to mediate the electron transfer from H2O2 to the electrode. On the other 
hand, Wei et al. directly embedded TH in rGO film through π–π stacking and then 
covalently cross-linked AFP antibody with TH. With intimate interaction of rGO 
and TH for efficient electron transfer, as well as high loading of TH and AFP anti-
body molecules on the rGO film, they achieved a much lower LOD of 5.77 pg/mL, 
and successfully applied this sensor to AFP detection in serum [74].

A highly sensitive and selective dopamine sensor (0.01 uM) was demonstrated 
by Hou et al. [75]. In this report, ethylenediamine triacetic acid (EDTA)-modified 
graphene (EDTA-GO) was chosen to fabricate a glass carbon electrode for sev-
eral reasons. (1) EDTA-GO greatly enhanced the electrochemical activity in physi-
ological solutions and effectively increased the surface area on electrode, (2) EDTA 
groups could concentrate DA from the solution, (3) EDTA groups linked to GO sur-
face promoted the electron transfer, and (4) carboxylic groups of EDTA could block 
the diffusion of ascorbic acid and thus avoid its interference. Furthermore, Tan et al. 
[76] illustrated that β-cyclodextrin could greatly enhance the electron transfer for 
the rGO electrode, obtaining a lower LOD of 5 nM for the detection of dopamine.

8.4.2  Graphene-based Electronic Sensors

Graphene-based electronic sensors, normally considered as field effect transis-
tors (FETs), are expected to display a high signal-to-noise ratio for several rea-
sons. First, graphene and GO show high carrier mobility and carrier density, as 
well as low intrinsic noises; second, graphene’s planar structure enables its extreme 
exposure to the environmental variation and thus highly sensitive conductance of 
graphene; and third, the gate voltage of graphene can be manipulated with various 
doping for different charge transfer. In addition, graphene provides a large detection 
area for cell detection and allows simultaneous optical observation during electrical 
measurement. Therefore, graphene and its derivatives have been applied to various 
electronic sensors, providing vast new possibilities.

A graphene-based electronic sensor for the detection of glucose and glutamate 
was illustrated by Chen et al., with an LOD of 0.1 mM and 5 µM [77]. The detection 
through increased conductance of graphene film was mediated by H2O2 (p-dopant), 
which was generated by specific enzymes, GOD, and glutamate dehydrogenase, 
respectively. Similarly, proteins bearing charges or dipoles can bind onto the surface 
of graphene via π–π interaction, and thus can be detected through the doping effect. 
Ohno et al. developed a pristine graphene device for the detection of BSA with 
an LOD of 0.3 nM, based on the nonspecific adsorption of graphene to BSA mol-
ecules, which is negatively charged under physiological condition [78]. However, 
the adsorption lacks recognition to targets, missing specificity in detection.

In order to offer an electronic immunoglobulin E (IgE) sensor with specificity, 
Ohno et al. modified the graphene surface of the sensor with IgE-specific aptam-
ers, observing dramatic decrease in the conductance of p-type graphene due to field 
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effect when positively charged substances interacted with graphene [79]. In another 
work, Mao et al. assembled AuNPs and anti-IgG antibody on an rGO film, and they 
employed a blocking buffer to minimize nonspecific binding, obtaining an LOD 
of 13 pM. Similarly, BSA was used to improve the specificity of a graphene im-
munosensor for the detection of prostate-specific antigen (PSA) using rGO sheets, 
leading to an immunoglobulin G electronic sensor with wide detection range (0.1–
100 ng/mL) [80].

Mohanty et al. reported a DNA sensor made of GO sheets, which was modi-
fied with probe ssDNA via simple π–π stacking. When hybridization of the target 
DNA occurred, the conductance of GO sheets increased owing to p-doping effect, 
as the author determined. Since the measurement of conductance was performed 
under dry condition, field effect did not fit the situation because DNA molecules 
contained no charges [81]. On the contrast, Dong et al. developed an electronic 
DNA sensor with chemical vapor deposited (CVD)-grown graphene and suggested 
that the detection of hybridization of DAN in solution was based on n-doping effect 
[82]. In addition, this sensor could detect single-base mismatch of the target ssDNA 
with an LOD of 10 fM.

Cells can intimately interact with graphene film, without damage to the local 
curvature. Therefore, graphene-based electronic sensors have been applied to the 
detection of cells due to the tight and homogeneous interaction between cells and 
graphene, as well as sensitive electronic properties of graphene. Cohen-Karni et al. 
demonstrated a graphene FET for the detection of cardiomyocyte cell bioactivity 
(Fig. 8.5) [83]. It was the field effect that triggered the device response, because 
electrical potential changed at the nano-interface between the cell and the FET due 
to the ionic current flows through the membrane ion channels. Compared to con-
ventional metallic microelectrodes and a silicon nanowire FET, the graphene FET 
showed comparable sensitivity and signal-to-noise ratio. He et al. fabricated a cen-
timeter-long and a micrometer-wide ultrathin rGO film through microfluidic pat-
terning and coupled the rGO film with neuroendocrine PC-12 cells (Fig. 8.5) [84]. 
This rGO FET could detect rapid vesicular secretion of hormone catecholamine 
of PC-12 cells due to membrane depolarization, because catecholamine molecules 
released from the cells interacted with rGO sheets through p–p interaction, and in-
creased p-type rGO conductance via p-doping. In addition, the authors claimed that 
microfluidic patterning technique enabled flexible sensors for curved targets, for 
example, organs. In addition, Kempaiah et al. [85] coupled rGO coating on a yeast 
cell, and monitored in real time the dynamic mechanical response of a yeast cell to 
osmotic stresses or heat shock based on the change in the electrical conductance of 
the rGO layer.

8.4.3  Optical Sensors

Graphene and its derivatives possess strong absorption over a wide range from ul-
traviolet to IR region, showing highly efficient quenching effect to fluorescence. In 
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addition, the defects, mostly oxygen-containing functional groups, on graphene and 
GO surface restrict free π electrons, and thus create a wide range of local energy 
gaps due to various sizes of sp2 domain. Therefore, GO was extensively explored as 
optical sensors based on FRET. Generally, a GO-based FRET sensor contains three 
components, including GO flakes as quencher, a reporter as fluorescence donor, and 
a recognition probe linked to the reporter. The detection of target molecules relies 
on that the probe molecules associate with the targets and then induces turn-on fluo-
rescence due to the release of fluorescent reporter from the GO surface.

Graphene can selectively adsorb ssDNA over dsDNA, due to strong π–π interac-
tion between nucleosides and graphene. Taking advantage of protection of ssDNA 
from enzymatic cleavage by GO, Tang et al. designed a DNA optical sensor based 
on a ssDNA and DNAse I, obtaining an LOD of nanometer range [86]. Further-
more, the authors showed that ssDNA was intact to DNAase when adsrobed on the 
GO surface. This design strategy of selectively interacting with ssDNA has also 
been applied to build other DNA sensors [87, 88]. In addition, Huang et al. devel-
oped a graphene-based DNA sensor for simultaneous detection of multiple ssD-
NAs, through distinctly colored probes linked with different DNA targets. As the 
study revealed, the interference between different targets was negligible, and the 
detection limit reached as low as 100 pM [89].

Using highly specific binding of aptamers, protein sensors have also been de-
veloped based on similar designs. Lu et al. demonstrated graphene-derived sensors 

Fig. 8.5  a Graphene and nanowire transistors for cellular interfaces and electrical recording chip, 
from which the signals from cardiomyocytes was recorded at different applied water gate poten-
tials. (Adapted with permission from Ref. [83]. Copyright 2010 American Chemical Society). b 
The interface between a PC-12 cell and rGO FET. rGO reduced grphene oxide. (Adapted with 
permission from Ref. [84]. Copyright 2010 American Chemical Society)
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with nanometer detection of proteins, including human serum albumin (HSA), 
BSA, human IgG, and bovine thrombin [90]. Chang et al. reported a graphene 
FRET aptasensor for thrombin with a detection limit of 31.3 pM [91]. Wang et al. 
developed an ultrasensitive (LOD of 0.5 nM) and selective assay for the detection 
of cyclin A2, a prognostic indicator in early-stage cancer, using fluorescent-labeled 
p21(WAF-1) derived from cyclin A2 binding sequence [92]. Furthermore, similar con-
struction of an aptamer/GO sensor has been demonstrated for in situ adenosine 
triphosphate (ATP) probing in living cells, with the capability of cellular delivery 
of DNA (Fig. 8.6) [93].

8.5  Biological Applications of Graphene-based Substrates

8.5.1  Scaffolds for Cell Culture and Differentiation

Graphene-based substrates have been developed for potential applications in tis-
sue engineering. Min’s group first utilized GO film as a scaffold for mammalian 
cell culture [94]. NIH-3T3 mouse fibroblasts seeded on GO film did not display 
obvious change of cell shape, inhibition of cell adhesion and growth, and abnormal 
expression of cytoskeletal genes. This work indicated that mammalian cells could 
attach and proliferate on GO substrate with high gene transfection efficiency, and 
thereby providing a new insight into development of graphene-based materials for 
implantable applications.

Based on the above study, graphene-based materials were further explored as 
promising substrates for multipotent progenitor cells culture and tissue engineering 
due to the unique physicochemical properties of graphene. Recently, researchers de-
veloped graphene-based substrates for mesenchymal stem cells (MSC) [95], neural 
stem cells (NCS; enhanced differentiation of human neural stem cells into neurons 
on graphene), and induced pluripotent stem cells (iPSCs) [96] growth and control-
lable differentiation. By tuning the superficial oxygen content, the mechanics and 
topography of graphene-based scaffolds and the differentiation of these multipotent 
progenitor cells could be regulated.

Fig. 8.6  Illustration of in situ molecular probing in living cells by using an aptamer-carboxyflu-
orescein (FAM)/graphene oxide nanosheet (GO-nS) nanocomplex. ATP adenosine triphosphate. 
(Adapted with permission from Ref. [93]. Copyright 2010 American Chemical Society)
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Several groups have explored graphene-based scaffolds for musculoskeletal tis-
sue engineering, as graphene-based substrates could direct MSC differentiation into 
osteoblast and myoblast. For example, graphene-based materials can pre-concen-
trate growth agents (serum) and differential inducers (such as β-glycerolphosphate 
and dexamethasone) through π–π stacking interactions between aromatic rings of 
these molecules and graphene platform [97]. Graphene and GO substrates could act 
as pre-concentration platforms for enriching agents in culture medium, and there-
fore efficiently enhanced MSC attachment, growth, and osteogenic differentiation. 
MSCs possess the capacity to osteogenic differentiation under favorable mechani-
cal stimuli from the surrounding microenvironments [98, 99]. Nayak et al. [100] 
also reported promotion of osteogenic differentiation of MSCs induced by graphene 
substrate. However, they found that this phenomenon was not only because of the 
collection of another osteogenic inducers (bone morphogenetic protein) but also 
the stiffness and strain properties of graphene films. They found that differentiation 
level of MSCs grown on graphene substrates (on Si/SiO2) were much higher than 
that of MSCs grown on graphene substrates (on polydimethylsiloxane (PDMS), 
polyethylene terephthalate (PET), and glass slide). It has been suggested that gra-
phene on softer substrates such as PET and PDMS would impact MSCs differentia-
tion, since the lateral stress of graphene scaffolds could provide appropriate cyto-
skeletal tension for accelerated osteogenic differentiation. Additionally, GO would 
induce mouse MSCs myoblast differentiation [101]. A study by Ku et al. indicated 
that graphene-based platforms could significantly accelerate myogenic differentia-
tion from myogenic protein expression analyses, multinucleate myotube formation, 
and expression of differentiation-specific genes (MyoD, myogenin, troponin T, and 
MHC). It has also been found that GO would significantly enhance the myogenic 
differentiation, which was attributed to the serum protein adsorption and stiffness 
of graphene.

Graphene substrates can promote NSC adhesion and its differentiation toward 
neurons, rather than glial cells. Since graphene has a good electrical conductiv-
ity, the neural activity of the differentiated cells could be evaluated by electrical 
stimulation using the graphene electrode [102]. Cheng’s group reported that CVD-
grown graphene substrate accelerated growth-associated protein-43 (GAP-43) ex-
pression, and promoted neurite sprouting and outgrowth of neurons extracted from 
mouse hippocampal [103]. As the formation of neural network and performance in 
the assembled neural network is one of the key issues for neural tissue engineer-
ing, Cheng et al. further studied its impact on the unique electrical and mechani-
cal properties of graphene. As they demonstrated, the graphene film could support 
the growth of functional neural circuits and improve the neural performance and 
electrical signaling in neural network (Fig. 8.7) [104]. Inspired by these investiga-
tions, they reported a 3D porous structure based on graphene foam (GF), which 
could support NSCs growth and keep them at an active proliferation state with 
an upregulation of Ki67 expression. More importantly, 3D-GFs accelerated NSCs 
differentiation toward astrocytes and especially neurons [105]. Additionally, they 
found 3D graphene substrate could remarkably rescue lipopolysaccharide-induced 
neuro-inflammation, while 2D graphene could not [106].
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Moreover, graphene (CVD grown) and GO (films made) substrates could support 
the mouse iPSCs adherence and proliferation [96]. Chen et al. revealed graphene 
and GO substrates could induce iPSCs spontaneous differentiation into ectodermal 
and mesodermal lineages; however, they led to distinct differentiation characteris-
tics due to the different surface chemical properties. Graphene suppressed the iPSCs 
differentiation toward the endodermal lineage, while GO enhanced the endodermal 
differentiation. All these investigations suggested that graphene-based platforms 
might find promising applications for stem cell research and tissue engineering with 
excellent biocompatibility and incredible capability of enhanced differentiation. Al-
though much progress has been made on biomedical applications of graphene-based 
substrates in tissue regeneration, more efforts should be made on the interactions of 
biosystems and graphene, such as the long-term in vivo toxicity and immunity after 
implantation, and efficiency of in vivo tissue repair.

8.5.2  Substrates for Antibacterial Effects

Nowadays, antibacterial nanomaterials, such as silver nanoparticles [107], titanium 
oxide nanoparticles [108], and carbon nanotubes (CNTs) [109], are widely used in 
daily life, since they show less drug resistance than the traditional antibiotics. The 
potential use of graphene-based nanomaterials for antibacterial applications also at-
tracts increasing interests. Fan and Huang’s groups explored the antibacterial prop-
erties of GO and rGO, which was obtained through modified Hummers’ method 
(Fig. 8.8) [110]. They found that both GO and rGO at low concentration (85 ug/
mL) could effectively inhibit the growth of gram-negative bacteria, Escherichia 
coli. The mechanism of antibacterial property is that GO induced cell membrane 

Fig. 8.7  The development 
of neural networks by NSC 
differentiation on graphene 
substrates. (a–d) Representa-
tive images immunostained 
by DAPI (nucleus) and 
antibody against β-tubulin 
(neurons) at different cultur-
ing times (day 1 to day 14). 
(Adapted with permission 
from Ref. [104]. Copyright 
2013 Elsevier B.V.)
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damage and consequently led to cytoplasm leakage. Moreover, GO and rGO sus-
pensions were conveniently fabricated into macroscopic antibacterial papers via 
vacuum filtration. Therefore, mass production of antibacterial paper with low cost 
can be expected with graphene-based materials. Moreover, GO and rGO nanowells 
showed remarkable destruction of gram-positive bacteria, such as Staphylococcus 
aureus, compared to gram-negative bacteria E. coli [111]. Sharp edges of GO or 
rGO nanowells directly interacted with S. aureus, which lacks an outer membrane, 
and then restrained the activity of microorganism. Besides bacteria, the mycelial 
growth could be inhibited by rGO nanosheets. Sawangphruk et al. has applied three 
fungi models, including Aspergillus niger, Aspergillus oryzae, and Fusarium oxys-
porum in their study. The IC50 values of rGO against three types of fungi were 50, 
100, and 100 μg/mL, respectively [112].

Fig. 8.8  Antibacterial activity of GO nanosheets. Metabolic activity of E. coli incubation with GO 
(a), antibacterial activity of GO nanosheets against E. coli (b), TEM images of E. coli (c), and E. 
coli exposed to GO nanosheets (d). (Adapted with permission from Ref. [110]. Copyright 2010 
American Chemical Society)
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The mechanism of antibacterial and antifungal activity of graphene-based mate-
rials was suggested mainly in two possible ways [110–113]: (1) GO or rGO damag-
es membrane of microorganisms by theirs sharpened edges, leading to the leakage 
of cytoplasm. (2) Graphene-based nanomaterials cause the membrane and oxidative 
stress to induce bacterial toxicity.

On the other hand, there were some controversial reports regarding antimicrobial 
performance of the graphene-based materials. Das et al. found that GO was not 
harmful to bacteria, such as E. coli and Pseudomonas aeruginosa [114]. Similarly, 
Sun and coworkers demonstrated that GO could enhance the microbial attachment 
and growth rather than inhibition. However, they did observe that graphene-modi-
fied nanoparticles showed an enhanced bacterial toxicity. For instance, E. coli ad-
sorbed on the surface of rGO/TiO2 composite thin film is more sensitive to photoin-
activation [115], and GO/Ag complexes showed an enhanced antibacterial activity 
[116]. Based on the investigation of highly enhanced antibacterial property of GO/
Ag complex, Gao et al. have further studied its stability and long-term antibacte-
rial properties. They found that GO/Ag@Fe2O3 complexes showed significantly 
enhanced stability by decreasing the release rate of Ag+ iron compared to Ag@
Fe2O3. The presence of GO obviously slowed down the oxidation process of the 
Ag nanoparticles and enabled Ag+ ions recrystallization on GO surface, therefore 
exhibiting long-term antibacterial property against bacteria (both gram negative and 
gram positive) [117]. This work revealed the origin of enhanced antibacterial effect 
of nanoparticles combined with GO. Shen’s group has coordinated lanthanum (III) 
on GO sheets (GO–La complexes) for inhibition of E. coli growth [118].

8.6  Outlook

Graphene and its derivatives have been extensively studied for their biological ap-
plications since 2008. As the encouraging yet preliminary studies show, the large 
surface area ensures graphene-based nanomaterials as efficient vehicle to transport 
therapeutics or imaging agents into cells. In addition to active or passive targeting, 
strong NIR absorbance of graphene facilitates the enhanced cargo accumulation in 
the tumor sites through light-induced local temperature increase. Graphene’s excel-
lent electronic properties make it popular in biological sensing; besides, unique 
planar structure and physicochemical properties of graphene and GO attract much 
attention with regard to their use as cell culture scaffolds and anti-bacterial sub-
strates. Clearly, the positive feedbacks of graphene-based biomedical investigations 
so far will accelerate the research in the related fields, and inspire more explorations 
of these nanomateirals in biomedical applications. Here, we list several possible 
directions of biological and medical research on graphene in the future:

1. Development of graphene-based multifunctional delivery systems. There 
has been a trend of development of nanotheranostic platform based on GO. 
Future research interests with graphene, especially GO, will be focused on the 
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applications of GO for co-delivery of multiple therapeutics and/or imaging 
agents, integration of multiple modalities of clinical purpose, including diagno-
sis, controlled loading and release of cargoes, targeting, in situ tracking inside 
cells or tumor sites, and multimodal therapy, for better clinical outcome. In addi-
tion, oral transmucosal delivery of non-cancer therapeutics may deserve special 
attention in the future research.

2. Size-, morphology-, and property-controllable, and scalable production of gra-
phene. Although many synthetic routes of graphene and its derivatives have 
been developed, a protocol of biocompatible graphene with controlled size, size 
distribution, and surface nature, as well as scale-up production and fine repro-
ducibility, are urgently demanded. Moreover, inside look into the mechanism of 
graphene oxidation is currently a priority to rationally optimize the preparation 
of GO.

3. Biological effects and safety issues of graphene and its derivatives. There are 
increasing concerns regarding the in vitro and in vivo toxicity of graphene-based 
nanomaterials, and significant progress has been made to develop biocompatible 
graphene derivatives through appropriate surface coating and functionalization. 
However, different and even contrary results reported so far complicate the situ-
ation, making it difficult to draw a clear conclusion regarding the toxicity of gra-
phene at in vitro and in vivo levels, because it is defined by purity, size, oxygen 
content, and surface chemistry of graphene. Therefore, a profound understand-
ing of the interactions between graphene and biosystems, especially the toxicity 
of graphene nanomaterials, both in vitro and in vivo, is highly desired before 
their clinical applications.

After all, graphene and its derivatives have shown promising future in the field of 
biology and medicine, based on numerous efforts and rapidly increasing attention 
from researcher and the society. Despite facing many problems and challenges at 
current stage, we have strong faith that the exploration of the biomedical applica-
tions of graphene, GO, and its other related derivatives will move forward, and fi-
nally reach clinical stages, with strong, continuous, and joint efforts from research-
ers with backgrounds spanning from materials chemistry, nanotechology, biology, 
to medicine.
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Chapter 9
Bionic Graphene Nanosensors

Yong Lin Kong, Manu S. Mannoor and Michael C. McAlpine

9.1  Bionic Nanosensors

9.1.1  Introduction

Bionics is defined by Dictionary.com as “the utilization of electronic devices and 
mechanical parts to assist humans in performing difficult, dangerous, or intricate 
tasks, by supplementing or duplicating parts of the body” [1]. It is believed that the 
term bionics was coined in 1958 by Dr. Jack E. Steele, M.D. The etymology of the 
word is a portmanteau of bio (as in life) + onics (as in electronics) [2]. Thus, “bion-
ics” represents the functionalities of classes of systems that are formed by merging 
biological systems with engineered functional electronic and/or mechanical sys-
tems [3]. In modern medicine, prosthetic implants such as pacemakers, retinal, and 
cochlear implants are manifestations of advanced bionic devices that aim to restore 
lost or impaired biological functionalities [4, 5]. For example, a cochlear implant 
consists of an external digital audio device that links with internal components to 
stimulate the auditory nerve fibers with transmitted audio signals, enabling some 
degree of speech recognition for otherwise completely deaf patients [6]. Likewise, 
retinal prosthetics such as the Argus II System involve surgical implantation of elec-
trode arrays to stimulate optical nerve cells and offer some degree of visual percep-
tion to retinitis pigmentosa patients [7].

Applications of bionic sensing devices extend beyond prosthetic devices, and are 
expected to proliferate in use over the coming decades. For instance, wearable elec-
tronic systems are rapidly emerging with the expectation of radical advancements 
in personalized medicine and continuous healthcare monitoring. Electronic sensors 
can be used to measure physiological conditions such as blood pulsation [8],  saliva 
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[9], and sweat chemical content [10], and provide portable  electrocardiography [11], 
 ballistocardiograms [12], and electromyography [13]. Data acquired from these 
wearable systems can also improve our understanding of diseases [14] such as epi-
lepsy [15] and heart arrhythmias [16].

Conventional wearable devices consist of electronics that can be “strapped” onto 
the body in the form of common objects such as clothing [17], watches [18], patches 
[12], and bandages [13]. Yet, effective implementation of wearable systems can be 
constrained by patient compliance as well as mechanical incompatibilities at the 
interface of the electronic systems and the biological tissue [19]. Prolonged usage 
of conventional wearable devices can cause discomfort and irritation, limiting their 
application and effectiveness [16]. Indeed, biological tissue is soft, stretchable, flex-
ible, heat sensitive, and three dimensional (3D), while high-performance inorganic 
electronic materials are rigid, brittle, and two-dimensional (2D) materials which 
require high temperatures for crystallization. For instance, the Young’s modulus of 
skin is on the order of 105–106 Pa [20]; in contrast, the moduli of bulk electronic 
materials such as gold and silicon are on the order of 109–1011 Pa [21]. Human skin 
can exceed strains up to 30 % [22], while inorganic electronic materials typically 
fracture at strains of ca. 1 % [19]. These dichotomies prevent seamless interfacing 
of electronics with biology [14].

Conformal integration of wearable devices with biological systems lies in en-
abling close, intimate contact and attachment between the two [23]. Nanotechnolo-
gy involves the creation of reduced dimensionality nanomaterials, such as quantum 
dots (0D) [24, 25], nanotubes/nanowires (1D) [26], and graphene (2D) [27–30], that 
exhibit an assortment of unique, size-dependent properties. Interestingly, despite 
the disparities between biology and electronic materials in their bulk forms, these 
two systems can become more compatible at the nanoscale [31, 32]. In the case of 
mechanical properties, a simple equation which helps to elucidate this is x = 2SL2/3t 
[33]. This describes the deflection x at the end of a cantilever beam (clamped at the 
other end) of length L and thickness t, with a maximum permissible material surface 
strain given by S. Thus, even brittle crystals possessing intrinsically small values of 
S (ca. 0.1 %) may overcome these mechanical constraints, provided they are geo-
metrically designed to small thicknesses and large lengths. In particular, developing 
structures with nanoscale thicknesses is critical for achieving macroscale deflections 
[34]. Examples include one-dimensional (1D) and 2D nanostructures, for example, 
nanowires [35–37], nanotubes [38–41], nanoribbons [42, 43], nanomembranes (thin 
films), and graphene [44]. In addition to these mechanical advantages, size-scaling 
of materials can reveal new fundamental electrical and mechanoelectric insights 
[45]. Further, increases in surface-to-volume ratios can lead to improved capabili-
ties, such as highly sensitive biochemical sensing [46, 47] and larger interfacial ad-
hesion [48]. Indeed, both protein molecules and nanowire cross-sections are on the 
order of 10 nm, while the influence of van der Waals forces increases significantly 
as the size scale of the structure decreases [49]. A number of promising strategies 
have been enabled by the interfacing of nanoscale electronic materials onto organs 
such as the epidermis [10, 50, 51], the lung [52], and the brain [53].
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9.1.2  Graphene as Sensing Nanomaterial

Electronic sensors based on nanoscale materials such as nanowires [54], carbon 
nanotubes (CNTs) [55], and graphene [56] have been shown to boast parts-per-
billion (ppb) sensitivities, a consequence of the high surface areas of these materials 
[50]. CNT-based composite materials with passive circuits have enabled wireless 
chemical and gas sensors [41]. Single-atom-thick sp2 graphene is a particularly in-
teresting material due to its remarkable electrical [57], mechanical [58], and sensing 
[59, 60] properties. As shown in Fig. 9.1a, graphene is a foundational fullerene that 
can be wrapped up into C60 buckyballs (0D), rolled up into CNTs (1D) [61, 62], 
or stacked to form graphite [63, 64]. The growth of graphene films on supporting 
metallic films (Ni or Cu) using chemical vapor deposition (CVD) methods [65], 
combined with post-etching of the underlying metal, offers the ability to efficiently 
transfer graphene films to other substrates over large areas [66] for biocompatible 
sensing and flexible electronics applications [67, 68]. These properties render gra-
phene an ideal active material for direct interfacing onto smooth and rugged surfac-
es. Despite its atomically thin structure, graphene is thermodynamically stable due 
to 3D warping, which increases elastic energy and suppresses thermal vibrations, 
minimizing the total free energy above a certain temperature range [69].

Graphene exhibits remarkable mechanical properties, including an ultimate ten-
sile strength of 130 GPa, an intrinsic strength of 42 N/m, and a Young’s modulus of 
~ 1 TPa [27]. Van der Waals forces clamp graphene onto substrates [70], and mono-
layer graphene exhibits a high interfacial adhesion energy of 0.45 J/m2 on silicon 
dioxide, as determined by pressure blister tests (Fig. 9.1b) [48]. This high adhesion 
energy is due to conformal lamination of the highly flexible thin graphene layer on 
substrates [71], and enables the intimate and robust transfer of graphene onto alter-
native surfaces, such as biomaterials.

Most excitingly, graphene exhibits extraordinary electronic properties, which 
manifest in high sensitivity of graphene nanosensors. The charge carriers of ambipo-
lar graphene can be continuously tuned between holes and electrons, and graphene 
exhibits very high mobilities even under ambient condition, up to 15,000 cm2 V-

1 s-1 (Fig. 9.1c) [64]. Significantly, graphene sensors have been shown capable of 
sensitivities even down to the ultimate detection limit of individual gas molecules 
(Fig. 9.1d) [56, 64, 72]. This sensitivity is explained by several contributing factors. 
First, the effect of adsorbate molecules is maximized on the 2D material, as every 
atom is a surface atom and thus the entire volume of graphene is exposed. Second, 
graphene has low level of excess 1/f noise caused by thermal switching due to its 
few crystal defects. Finally, graphene exhibits high metallic conductivity, which 
translates into low Johnson noise operation and provides a large relative change 
of carrier concentration when exposed to low concentrations of analyte molecules 
[56].
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9.1.3  Bionic Integration and Biomimicry

Progress in the development of selective sensors has recently accelerated due 
to increased concerns about chemical and biological threats [26, 36, 38, 56, 60, 
73–79]. While DNA and protein biomolecular sensors can exploit well-established 

Fig. 9.1  a Graphene is a building block for fullerenes of all other dimensionalities [64]. b Blister 
test of a graphene membrane on a SiO2 substrate, used to determine the mechanical properties and 
adhesion energy of graphene [48]. A graphene membrane seals gas molecule inside microcavities 
and bulges due to excess pressure within the micro-cavity. Copyright Victor Tzen and Rex Tzen 
(2011). c Graphene displays ambipolar characteristics. The steep slope of the curve indicates a very 
high mobility ( μ ≈ 5000 cm2 V-1 s-1). Insets show the change in position of the Fermi energy EF with 
changing gate voltage [64]. d Single-molecule detection with a graphene sensor. The blue and red 
curves show Hall resistivity changes during adsorption and desorption of NO2, respectively. The 
green curve shows the response to helium as a reference. The grid line corresponds to changes 
caused by the addition of 1 electron charge [56]. Figures 9.1a and c are reprinted with permission 
from Macmillan Publisher Ltd.: Nature Materials [64], Copyright 2007. Figure 9.1b is reprinted 
with permission from Macmillan Publisher Ltd.: Nature Nanotechnology [70], Copyright 2011. 
Figure 9.1d is reprinted with permission from Macmillan Publisher Ltd.: Nature Materials [56], 
Copyright 2007
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 “lock-and-key” interactions to achieve selectivity, obtaining high selectivity in elec-
tronic sensing devices while maintaining robustness is a significant challenge. The 
association constant ( Ka) for a low-affinity antibody–antigen complex is ca. 104–
105 L/mol, while the Ka value for high-affinity complexes can be as high as 1011 L/
mol [80]. Arrays of sensors (“electronic noses”) offer an alternative approach, in 
which the unique “fingerprint” response patterns acquired from semi-selective ar-
rays can be correlated to particular analytes. For the case of traditional e-noses, se-
lectivity is increased by employing larger sensor libraries. An alternative approach 
is to exploit naturally derived compounds and couple them to sensors in order to 
increase the degree of selectivity [81]. Accurate recognition requires sensors to de-
tect a unique molecular feature of the analyte. For example, antibodies and peptide 
aptamers [82–85] are biorecognition molecules that can bind targets with varying 
degrees of selectivity.

Molecular biomimetics is an emerging field in which the tools of molecular bi-
ology and nanotechnology are synergized [86]. Biomimicry [55, 86–88] enables 
the functionalization and modification of electronic sensing materials to impart 
biorecognition selectivity to an otherwise promiscuous platform. Further, self-as-
sembly [89, 90] can be employed as a facile method for binding, patterning, and 
depositing biomolecules onto nanomaterials in a programmable manner. The end 
result is the creation of nano–bio interfaces which synergistically combine the ul-
trasensitive response of the nanoscale sensor with the selectivity afforded by the 
biological recognition component.

9.2  Biointerfaced Graphene Nanosensors

9.2.1  Introduction

Direct interfacing of graphene sensors onto the human body could revolutionize 
health quality monitoring and adaptive threat detection [4]. Interfacing electronic 
devices and sensors with biomaterials has been of interest for decades, for on-body 
physiological and analytical measurements [91–93]. Traditionally, device designs 
for such applications involved either implantation of device electrodes into tissue 
[94] or mechanical mounting of components on the body using braces, clamps, 
or adhesive tapes. Such systems encased rigid and bulky onboard power sources, 
associated circuitry, and direct physical connections between the sensing probes 
and data processing electronics [95, 96]. Further, the large form factors and rigid 
substrates prohibited intimate integration onto the soft and curvilinear surfaces of 
biological tissue, causing discomfort during continuous use. Device designs and 
platforms that minimize the mechanical discrepancy between such abiotic/biotic in-
terfaces are thus highly desired for conformal biointegrated electronics and sensors. 
Here, we explore the use of a novel method for interfacing ultrasensitive graphene 
sensors onto biological materials via a silk substrate intermediary.
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9.2.2  Biotransfer of Graphene Sensors Using Silk as a Transfer 
Medium

Silk, a textile industry staple for thousands of years, has recently sparked increased 
interest within the materials science community due to its impressive mechanical 
properties including high elastic modulus, tensile strength, ductility, and toughness 
[53, 97]. Silk has also been shown to be an efficient “middleman” medium for trans-
ferring materials such as passive metallic electrodes onto tissues via intimate con-
tact and dissolution—a consequence of the elasticity and biodegradability imparted 
by the unique molecular structure of silk. When crystallized in air, the silk fibroin 
secondary structure kinetically favors a disordered collection of α-helices and ran-
dom coils which results in aqueous solubility. Hence, silk possesses programmable 
solubility rates that are dependent on β-sheet content and fibroin concentration. Silk 
films have been patterned with metal electrodes and intimately “bioresorbed” onto 
the brain and skin for electro-mapping experiments [51, 53]. Recent work has dem-
onstrated the ability to fabricate active electronic components such as transistors 
[98] and metamaterials [99, 100] on films of regenerated silk.

The fundamental operation and key functionalities of the sensor design are 
schematically illustrated in Fig. 9.2. First, CVD-grown graphene is transferred to a 
polydimethylsiloxane (PDMS) stamp via removal of the underlying Ni layer with 
FeCl3. Graphene was then transfer printed onto silk films (50 µm) by moistening the 
silk surface with a wet cotton swab. Next, a graphene-based sensing element with 
a wireless readout coil was generated on silk fibroin (Fig. 9.2a). A customized gold 
electrode (150–200 nm) was then fabricated via shadow mask-assisted deposition 
on silk fibroin.

The ultrathin nanosensors can be intimately biotransferred from the silk platform 
onto biomaterials, such as tooth enamel, via dissolution of the supporting silk film 
(Fig. 9.2b). The extremely large surface area of the graphene and electrodes ensures 
high adhesive conformability to the rugged surfaces of biomaterials. Specificity 

Fig. 9.2  Biotransferable graphene wireless nanosensor. a Graphene is printed onto bioresorbable 
silk and contacts are formed containing a wireless coil. b Biotransfer of the nanosensing architec-
ture onto the surface of a tooth. c Magnified schematic of the sensing element, illustrating wireless 
readout. d Binding of pathogenic bacteria by peptides self-assembled onto the graphene nano-
transducer. The graphene images were reproduced with permission from James Hedberg (www.
jameshedberg.com). The tooth image was reproduced courtesy of Georgianax/Vecteezy.com

 

http://www.jameshedberg.com
http://www.jameshedberg.com
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in biological recognition is achieved by self-assembling biorecognition molecules 
such as peptides or antibodies onto the graphene monolayer (Fig. 9.2c). Further, 
Fig. 9.2c illustrates the two other major functionalities of the hybrid biosensor unit: 
battery-free operation and remote wireless sensing capability. Upon recognition and 
binding of specific targets (Fig. 9.2d), the electrical conductivity of the graphene 
film is modulated and wirelessly monitored using an inductively coupled radio 
frequency (RF) reader device. The key functionalities of the graphene/silk hybrid 
sensing elements are thus derived from a synergistic integration of the individual 
materials properties and components.

Figure 9.3a shows large area graphene integrated with water-soluble silk fibroin 
films following the transfer printing process. Figure 9.3b shows the fully formed 
biosensing device after electrode deposition. Specifically, the architecture con-
sists of a parallel inductance, resistance, and capacitance (LRC) resonant circuit 
with a gold inductive coil for wireless transmission, and interdigitated capacitive 
electrodes contacting graphene resistive sensors. The resulting device is a passive 

Fig. 9.3  Graphene biotrans-
fer and characterization. a 
Graphene printed onto a 
bioresorbable silk film. b 
Passive wireless telemetry 
system consisting of a planar 
meander line inductor and 
interdigitated capacitive 
electrodes integrated onto the 
graphene/silk film. Graphene 
sensor biotransferred onto 
the surface of a human molar 
(c) and onto muscle tissue 
(d). Scale bars are 5 mm. e 
Fluorescent image of sensor 
fabricated on a fluorescent 
silk film and laminated onto 
the surface of a tooth, before 
(left) and after (right) dis-
solution of silk. The absence 
of a fluorescence signal 
confirmed complete removal 
of the silk matrix. Scale bar 
is 250 µm. f Raman spectrum 
following interfacing of gra-
phene onto the tooth surface
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 wireless telemetry system, obviating the need for onboard power sources and ex-
ternal connections.

The thin film sensing elements thus fabricated on silk are then biotransferred 
and intimately integrated onto a variety of substrates. Complete dissolution of the 
silk matrix template in water led to strong attachment of the graphene–Au electrode 
structure within a time period of 15–20 min. Significantly, Fig. 9.3c shows a photo-
graph of the graphene nanomaterial with patterned gold electrodes integrated onto 
the surface of a human molar, and Fig. 9.3d shows a photograph of the graphene 
sensor biotransferred directly on muscle tissue. To ensure complete dissolution of 
the silk substrate, sensor biotransfer experiments were performed using fluores-
cent silk films, before and after the dissolution of the silk (Fig. 9.3e, left). Com-
plete quenching of fluorescence was verified after immersion in water for 20 min 
(Fig. 9.3e, right). Electronic and structural properties of the graphene were interro-
gated using Raman spectroscopy [101]: Figure 9.3f shows the Raman spectrum of 
a monolayer region of the graphene following biotransfer onto a tooth surface. The 
spectrum is in good agreement with other graphene monolayer spectra [101], and 
the phosphate ν1 peak from the tooth enamel substrate is evident [102].

9.2.3  Graphene Functionalization for Bacteria Detection

Pathogenic contamination and resistant “superbug” infections remain critical con-
cerns in both developed and developing nations, due to extremely low minimum 
infective doses (MID) for many bacteria and the lack of inexpensive and portable 
methods to detect at these limits [103]. Currently available methods for the detec-
tion of microbiological threats utilize specific enrichment media to separate, iden-
tify, and count bacterial cells [104]. Alternatively, polymerase chain reaction (PCR) 
[105] and DNA-based nanobarcode [106] detection strategies have proven to be fast 
and highly sensitive, but such methods require pretreatment and cell lysis to extract 
DNA. An alternative strategy is the development of methods that allow for direct 
and sensitive detection of whole microbial cells or endotoxins. Particularly interest-
ing are sensors that can be directly interfaced with contamination sources, including 
the body, food, and hospital equipment.

Aptamer-functionalized nanotube electrodes have been shown to detect single 
bacterial cells in real time [104]. Further, we have recently shown that phage display 
can be utilized to determine peptide sequences which selectively bind to CNTs and 
graphene [55, 107–109]. This has enabled the generation of bifunctional peptides 
containing a carbon nanomaterial recognition moiety combined with an analyte 
binder to noncovalently self-assemble and impart selectivity on graphene sensor ar-
rays. Another study has demonstrated the ability of naturally occurring antimicrobi-
al peptides (AMPs) to serve as robust biorecogniton moieties with broad-spectrum 
activity in electronic biosensing platforms [110]. Unlike antibodies, AMPs are more 
stable and exhibit broadband selectivity toward a range of pathogenic bacteria [81, 
111, 112].
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Here, graphene nanosensors were functionalized with a chemically synthesized 
bifunctional peptide, consisting of (1) a dodecapeptide graphene-binding peptide 
(GBP), (2) a triglycine linker, and (3) the AMP odorranin-HP (OHP), which shows 
activity toward both the gram-negative bacteria Escherichia coli and Helicobacter 
pylori and the gram-positive bacteria Saphylococcus aureus [113]. Figure 9.4a 
shows a molecular drawing of the resulting 38 amino acid sequence, HSSYWYAF-
NNKT–GGG–GLLRASSVWGRKYYVDLAGCAKA (GBP–OHP). Raman spec-
troscopic analysis of the peptide functionalized graphene surface indicated slight 
doping of graphene (Fig. 9.4b), consistent with our previous electronic measure-
ments [114].

The activity of the immobilized GBP–OHP toward S. aureus and H. pylori cells 
were compared via fluorescent assays with activity toward erythrocytes (Fig. 9.4c, 
9.4d, and 9.4e, respectively). The concentration of the bacterial cells used for the 
assays was 106 CFU/mL and the concentration for erythrocytes was 40 % hemato-
crit. The assays clearly show higher binding to bacterial cells, evident by the higher 
fluorescent density. The specificity of the interaction of S. aureus cells with GBP–
OHP peptides was further analyzed via flow-through electrical measurements of 
the graphene sensors (Fig. 9.4f). Following elution with deionized (DI) water, the 
response of GBP–OHP toward S. aureus is fourfold larger than the response toward 
both a GBP-functionalized sensor and a GBP–OHP sensor exposed to erythrocytes.

9.2.4  Wireless Detection and Monitoring

Wireless detection, readout, and power are critical to bionic applications, which 
provide the bionic sensing devices with a minimal footprint by eliminating power 
sources, wire ports, and connections. A wireless sensor consists of the sensor and 
the reader. A single-layer inductive–capacitive (LC) resonant circuit, integrated in 
parallel with the resistive (R) graphene monolayer, formed the basis of the wireless 
sensor unit here. The reader device consisted of a two-turn coil antenna connected 
to a frequency response analyzer (Hewlett Packard 4191A RF impedance analyzer). 
The wireless reader transmits power as well as receives data from the remote pas-
sive sensor via inductive coupling. The reader continuously monitors the complex 
impedance spectrum of the reader–sensor system. The impedance analyzer passes 
an alternating current (AC) signal through the antenna and generates a magnetic 
field and induction current in the coil of the sensing element that results in a poten-
tial drop which is dependent on the resistance of the graphene sensor. Biological 
or chemical changes at the surface of graphene will induce resistance changes via 
charge transfer and/or the field effect, which are reflected as changes in the fre-
quency characteristics (bandwidth) around the resonance point. The characteristic 
frequencies and bandwidth are quantities that are primarily determined by the reso-
nant circuit; hence, the readout is relatively insensitive to the coupling coefficient 
between the sensor and reader coil.
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Fig. 9.4  Graphene functionalization with antimicrobial peptides (AMPs). a Molecular model of a 
bifunctional peptide consisting of a graphene-binding peptide (GBP) coupled to an AMP odorra-
nin-HP (OHP) via a triglycine linker (–GGG–). b Raman spectra before (blue line) and after (red 
line) immobilization of bifunctional peptides on the graphene surface. The inset shows a shift in 
the 2D band of graphene due to molecular doping. Fluorescent images of the binding of Staphy-
lococcus aureus (c), Helicobacter pylori (d), and erythrocytes (e) to GBP–OHP-functionalized 
graphene. Scale bars are 10 μm. f Selectivity of GBP–OHP functionalized graphene sensor. (□) 
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A major functionality of the sensor construction is wireless remote query capa-
bility. Certain strains of S. aureus are notoriously antibiotic resistant and respon-
sible for over 500,000 post-surgical wound infections in the USA each year [115, 
116]. S. aureus has been reported to survive up to 9 weeks on standard plastic and 
similar dry hospital environments [116]. To simulate the use of graphene wireless 
sensors in hospital sanitation and biohazard monitoring, we interfaced the nanosen-
sors with an intravenous (IV) bag (Fig. 9.5a). Next, solutions containing various 
concentrations (103–108 CFU/mL) of bacterial cells were allowed to dry on the sen-
sor surface for 30 min. The change in graphene resistance upon bacterial binding 
was wirelessly monitored as a bandwidth change in the sensor resonance curve [41]. 
Different concentrations of S. aureus cells were incubated on the sensor surface. 
The percentage change in graphene resistance is depicted in Fig. 9.5b; significantly, 
wireless detection limits of one bacterium per microliter were achievable in wire-
less operation mode.

To investigate the performance of the sensor when directly integrated with bi-
ological tissue, the sensor was biotransferred onto the surface of a bovine tooth 
(Fig. 9.6a). Teeth are in continuous contact with breath and saliva, which represent 
rich biologic media that can be probed for the presence of disease, infectious agents, 
or metabolic changes [117–119]. Monitoring dynamic characteristics of respiration, 

Fig. 9.5  Wireless monitoring of S. aureus. a Optical image of the graphene wireless sensor inte-
grated onto the surface of an intravenous (IV) bag. Scale bar is 1 cm. b Percentage change in 
graphene resistance versus concentration of S. aureus cells, which were incubated on the sensor 
surface and dried. Error bars show standard deviation ( N = 3)

 

Indicates resistance of graphene sensor functionalized with GBP–OHP upon exposure to deionized 
(DI) water. (▿) Indicates resistance of graphene sensor functionalized with only GBP upon expo-
sure to S. aureus. (✩) Indicates resistance of graphene sensor functionalized with GBP–OHP upon 
exposure to erythrocytes. (○) Indicates resistance of graphene sensor functionalized with GBP–
OHP upon exposure to S. aureus. The dotted line indicates elution with DI water. The inset shows 
image of the flow-through measurement system. Scale bar is 1 cm. Concentrations of the bacterial 
cells used for the assays is 106 CFU/mL, and the concentration of erythrocytes is 40 % hematocrit
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including the presence of biomarkers and volatile organic compounds (VOCs) in 
exhaled breath, is of growing interest in noninvasive disease diagnosis [78, 118, 
119]. Significantly, integration of the tooth sensor enabled remote monitoring of 
breath when exhaling on the tooth. Figure 9.6b depicts the real-time change in gra-
phene conductance on exposure to breath. Importantly, the sensor shows rapid re-
sponse to breath, and the signal was observed to restore back to the baseline after 
the breath pulse.

9.3  Graphene Nanosensors for Disease Analyte Detection

9.3.1  Introduction

Reports of asthma, a fatal and chronic inflammatory lung disease, have increased 
by 21 % in the previous decade in the USA. Improving asthma patient outcomes 
requires early diagnosis; yet, children often find it difficult to perform traditional 
airway function assessments such as sputum induction and bronchoalveolar lavage. 
The development of a highly sensitive, selective, and portable or even biointer-
faced molecular sensor could provide for more effective, noninvasive diagnosis 
and promote advanced mediation of asthma via early onset detection. However, 
conventional methods for detecting these biomarkers, such as enzyme-linked im-
munosorbent assay (ELISA), require several rounds of washing and incubation, and 
cannot be biointerfaced. Label-free nanoelectronic sensors such as the graphene 
sensors described above suggest an alternative approach, while still achieving high 
sensitivity, ability to be biointerfaced, and compatibility with conventional micro-
fabrication approaches if large-scale arrays are desired for multi-analyte detection. 

Fig. 9.6  Tooth sensor for wireless monitoring of breath. a Optical image of the graphene wireless 
sensor biotransferred onto the surface of a tooth. Scale bar is 1 cm. b Electrical conductance versus 
time upon exposure of the sensor to pulses of exhaled breath (red line). Baseline conductance is 
shown as the blue line
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Here we  describe an approach involving patterning and functionalizing graphene 
surfaces with selective antibodies, in order to develop arrays of ultrasensitive gra-
phene nanosensors tuned to targets of interest to asthma detection from exhaled 
breath condensate (EBC). Specifically, by functionalizing these sensors with anti-
body agents for key asthma-related target analyte cytokines, including tumor necro-
sis factor (TNF)-α, interleukin (IL)-4, and IL-5, detection limits down to femtogram 
per milliliter levels were achieved. By sensing these key cytokines of asthma from 
human EBC, this graphene nanosensor platform could eventually promote accurate 
and noninvasive diagnosis of asthma, as well as provide warning of an impending 
asthma attack.

9.3.2  Pathology of Asthma

Asthma is a chronic obstructive lung disorder and inflammatory disease which af-
fects approximately 300 million worldwide [120, 121]. Patients with asthma have 
swollen, inflamed, and sensitive airways. This causes recurring coughing, chest 
tightness, and wheezing. When agitated by inhaled substances, the muscles can 
swell and tighten, and excessive mucus is released, leading to a tightening and con-
striction of the airway. Asthma attacks cause an estimated 250,000 deaths annually 
[122]. Asthma has no cure, and despite an increasingly better understanding of how 
the body reacts during an asthma attack, the exact causes of asthma remain poorly 
understood [123]. As a result, worldwide prevalence of asthma has increased dra-
matically, and in the USA, asthma rates among children under 18 increased from 
3.6 % in 1980 to 9 % in 2001 [124]. This is especially true for children in lower-
income and urban areas, and thus it is generally believed that levels of car exhaust, 
ozone, VOCs, and other pollutants are significant environmental factors in the de-
velopment of asthma [125].

Equally discouraging are the limited methods for diagnosing asthma. The diag-
nostic criteria set forth by the British Thoracic Society are based on variations in 
peak flow rate in response to various triggers and treatments [126, 127]. Yet, these 
tests can take weeks to perform and require a comprehensive medical history evalu-
ation, but asthma patients can have a relatively long symptom-free period before 
an unexpected asthma attack [128]. Other diagnosis methods, such as the bron-
chial challenge test, are physically demanding, prone to false positives/negatives, 
and children often find it difficult to perform airway function measurements. These 
points are critical, because currently the most effective treatments for asthma are (1) 
identification and minimization of environmental triggers, and (2) early diagnosis, 
since timely intervention can prevent harmful effects later in life [129].

A key challenge in accurately diagnosing asthma is the difficulty in distinguish-
ing asthma from other lung diseases that exhibit similar symptoms, such as chronic 
obstructive pulmonary disease (COPD) [130]. For instance, inflammation induced 
by COPD and asthma could cause similar symptoms despite the fact that the un-
derlying pathways and mechanisms are different (Table 9.1) [131]. Inflammation of 
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asthma is largely due to eosinophilic inflammation, while COPD is due to neutro-
philic inflammation [131]. Thus, accurate diagnosis of the disease is critical, since 
these distinct lung diseases could have a very different treatment strategies despite 
the similar symptoms [132].

One promising method for accurate asthma diagnosis is via the direct measure-
ment of cytokine levels [133, 134]. Cytokines are regulatory proteins important in 
intercellular communication, which are secreted by numerous cells in response to 
stimuli [80]. Asthma, which is primarily caused by eosinophilic inflammation, has 
been linked with an increased number of type 2 T helper cells, and the concentra-
tions of secreted cytokines [133] such as IL-4 [135–137], IL-13[135], TNF-α [135, 
136], and IL-5 [135, 138–141] have been found to be correlated with asthma. Yet, 
direct sampling of cytokines from the lung, using methods such as bronchoalveo-
lar lavage, is invasive. The insertion and removal of the fiber-optic bronchoscope 
might also preferentially select or activate some cells, changing the epithelial lining 
fluid composition. Children, who are particularly vulnerable to asthma [124], often 
are physically incapable of performing these invasive sampling and diagnosis tests.

EBC is a noninvasive collection method that samples the airway lining fluid 
[142]. Compared to traditional methods, the relatively noninvasive nature of EBC 
collection allows for more frequent collection, with minimal alteration of the airway 
environment [143], which is important to accurately represent the cytokine levels 
that correlate to asthma diagnosis. However, the concentrations of cytokine col-
lected using this method are miniscule, in the range of femtogram per milliliter to 
picograms per millileter, and thus their quantification requires a reliable and robust 
ultrasensitive measurement tool. In addition, due to the overlapping roles that cyto-
kines play in biological responses and the complexity of the asthma disease itself, 
there is no single signature biomarker that can be used to distinguish asthma from 
other diseases. Hence, the diagnosis of asthma requires the multiplexed determina-
tion of concentrations from a panel of biomarkers in order to fingerprint asthma 
from other pulmonary infections or diseases.

Current measurement methods, such as ELISA, require several rounds of wash-
ing and incubation and expensive optical equipment, and thus cannot be biointer-
faced for the purpose of rapid, real-time, continuous multi-array diagnoses [144–
146]. In addition, EBC collection traps both water-soluble volatile gases and aero-
solized particles, so it contains a vast number of nontarget molecules and proteins 
[143, 147]. This renders the detection of small cytokine concentrations in a com-
plex solution particularly challenging and prone to false positive results. Likewise, 

Table 9.1  Comparison of symptoms and underlying mechanisms of asthma versus COPD
Asthma COPD

Inflammation Significant Significant
Eosinophil Significantly higher Normal
Neutrophil Normal Significantly higher
Lymphocytes TH2 type TH1 and TC1 type

COPD chronic obstructive pulmonary disease
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 preserving the stability of cytokines in EBC is difficult. The actual concentrations 
of cytokines in EBC are susceptible to variations in the protocols of collection and 
preservation times [148]. In other words, without a direct, real-time measurement of 
the collected samples, the cytokine measured with conventional laboratory instru-
ments might not be representative of the actual concentration levels in the patient, 
increasing the likelihood of misdiagnosis.

Our approach represents a paradigm shift from these methods, by enabling rapid, 
highly sensitive, and specific antibody monitoring of asthmatic breath indicators. 
A direct, real-time measurement of cytokine levels immediately following collec-
tion of EBC, or perhaps even from a device immobilized on teeth that continuously 
samples the breath itself, could enable unique and effective measurement methods 
for the purpose of noninvasive diagnosis. Indeed, highly sensitive and selective 
sensors which can be generically tailored to serve both as “molecular shields” for 
environmental triggers, and to noninvasively detect asthma before the appearance 
of symptoms, would be tremendously useful. A number of challenges exist to the 
implementation of such devices. Here, we provide a progress report of our results 
to date.

9.3.3  Device Design and Fabrication

As discussed previously, nanoelectronic sensors can provide exceptionally low de-
tection limits [50, 56, 64]. Graphene is a particularly interesting candidate, due 
to its high chemical stability and mechanical strength, which enables the efficient 
transfer of graphene films to other substrates for biointerfaced sensing. Further, the 
large-scale synthesis of 2D graphene lends itself to compatibility with conventional 
microfabrication techniques, in order to create arrays of devices for multiplexed 
target analyte detection. Here we describe a wafer-scale graphene sensor fabrication 
process for creating graphene sensor device arrays.

First, CVD was used to nucleate and grow a monolayer of graphene from a cop-
per metal substrate [28]. Poly(methyl methacrylate) (PMMA) polymer was then 
spin-coated on top of the graphene, and the copper layer was etched away chemi-
cally using ferric(III) chloride. The stack of PMMA and graphene was then trans-
ferred as a monolayer to a Si wafer containing a surface silicon dioxide (SiO2). The 
PMMA polymer was dissolved in chloroform and subsequently annealed to remove 
any PMMA residue. Figure 9.7a shows the successful transfer of a large area, 2″ × 
2″ monolayer of graphene onto SiO2, wherein the monolayer graphene is visible via 
a purple color [149]. The graphene was then patterned using photolithography and 
defined via oxygen plasma reactive-ion etch (RIE), as shown in the dashed box in 
Fig. 9.7b. A total of 100/10 nm Au/Ti were then deposited using electron beam de-
position in a patterned region to form the source and drain electrodes of the defined 
graphene area, as shown in Fig. 9.7c. To minimize electrical noise during the solu-
tion measurement, a 2-µm-thick layer of insulating SU-8 was patterned on top of 
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the electrodes to provide passivation. Figure 9.7d is a scanning electron microscopy 
(SEM) image that shows the electrodes topped with SU-8, exposing a 10-µm × 20-
µm region of the graphene for analyte sensing.

Finally, the wafer was diced into 6  mm × 6 mm square pieces of graphene de-
vice arrays using a wafer dicing saw. As shown in Fig. 9.8a, the fabrication process 
yielded a total of 81 graphene sensing chips, for a total of 810 graphene sensors 
from a 2″ × 2″ monolayer graphene. A plastic tube made from a treated  hydrophobic 
pipette was then attached to the graphene chip for solution measurements, as shown 
in Fig. 9.8b. Figure 9.8c shows a top view of the sensor chips, each of which con-
tains 10 sensors. Device characterization prior to the functionalization process at 
this stage is crucial, as consistent electronic performance of graphene sensors is 
a prerequisite to accurate measurements of ultralow cytokine concentrations. Fig-
ure 9.8d shows the change in the drain current when a solution gate (Ag/AgCl 
electrode) [150] is varied from - 0.5 to 0.5 V. Ambipolar field-effect characteristic 
curves were observed using both a solution gate and a back gate measurement. The 
graphene device exhibits p-type behavior, as the Dirac point is located at + 0.12 V, 
which could be due to doping from adsorbed molecules such as water [151]. The 
measured mobility of the graphene device was determined to be 1700 cm2 V- 1 s- 1, 
which is of comparable order as other graphene devices that have been produced by 

Fig. 9.7  Fabrication of graphene nanosensor arrays. a CVD grown graphene, transferred to a Si 
wafer via PMMA. Scale bar is 1 cm. b A plasma-defined graphene area is shown inside the orange 
dashed box. Scale bar is 10 µm. c Electrode arrays containing graphene sensing elements patterned 
via photolithography. Scale bar is 100 µm. d Electron microscopy image showing a graphene sen-
sor with passivated gold electrodes. Scale bar is 100 µm
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the PMMA transfer method [152]. The lower value of this mobility in comparison 
to the theoretical value of pristine graphene could be due to the effect of chemical 
residues on the CVD grown graphene following the transfer process [153].

9.3.4  Graphene Surface Functionalization

Graphene is inherently ultrasensitive, but not selective. Yet, EBC contains a rich 
variety of molecules with a wide range of concentrations [142, 143, 147, 154, 155]. 
Thus, it is crucial that selectivity be imparted to the graphene sensors by modifying 
graphene with biorecognition molecules that can target the cytokines of interest. 
The strong binding between antibodies and their corresponding antigens, with asso-
ciation constants ( Ka) of 104–1011 L/mol, could enable highly selective detection of 

Fig. 9.8  a Large area fabrication of graphene sensors. Scale bar is 10 mm. b Solution gating of 
graphene sensors, and relative size of the chip to a dime. Scale bar is 1 mm. c Each chip contains 
10 graphene sensors, and room temperature vulcanized (RTV) silicone is used to seal the tube 
(attached ring) to the chip for the solution measurement. Scale bar is 1 mm. d Gate response of the 
graphene sensor, where the voltage is applied through the Ag/AgCl solution gate
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cytokines [80]. The idea is to capture the target molecule within the Debye screen-
ing length [156], so that only molecules of interest modulate the charge density of 
graphene via a gate effect. The screening effect is the result of the electrostatic po-
tential from charges on cytokines and other proteins decaying exponentially toward 
zero with distance from the graphene surface [157]. The Debye screening length 
can be adjusted by tuning the ionic concentration, such that nontarget charged mol-
ecules that are located outside the Debye screening length will have minimal effects 
on the response of the graphene sensor [158].

The functionalization strategy should be non-covalent in nature, in order to pre-
serve the intrinsic properties of graphene, as covalent bond breaking may introduce 
scattering centers in the graphene [159, 160]. Figure 9.9a shows a schematic of 
the functionalization process, by binding immunoglobulin G (IgG) antibody non-
covalently with poly-l-lysine (PLL) coated on the graphene. Afterward, a buffer 
blocking solution (bovine serum albumin, BSA) is added to shield the remainder of 

Fig. 9.9  Functionalization of graphene with antibodies. a Schematic of the non-covalent function-
alization method used to impart selectivity to graphene nanosensor. Poly-l-lysine acts as a linker 
that couples the IgG antibody to the graphene surface, and BSA buffer serves as a blocking agent 
to cover the unbound sites to reduce nonspecific binding to the graphene surface. b Response 
curve of TNF-α on an anti-TNF-α functionalized device (red triangles) and a graphene device 
without anti-TNF-α antibody (blue dots). Effectiveness of binding of fluorescently tagged antibod-
ies to different binding molecules, in which a stronger brightness represents a higher concentra-
tion of antibody attachment to (c) poly-l-lysine, and (d) 1-pyrenebutanoic acid, succinimidyl ester 
(PBSE). Scale bars are 20 µm. BSA bovine serum albumin, IgG immunoglobulin G, TNF tumor 
necrosis factor
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the exposed area of graphene from exposure to nontarget molecules in subsequent 
experiments. The effectiveness of the immobilization techniques was then assessed 
via control experiments. For example, Fig. 9.9b shows the strong response of a sen-
sor toward TNF-α that has been immobilized with anti-TNF-α, in comparison to a 
negligible response of a sensor that was not immobilized with anti-TNF-α.

Different methods for non-covalent functionalization of antibodies have been 
explored. We investigated the use of (a) PLL, and (b) 1-pyrenebutanoic acid, suc-
cinimidyl ester (PBSE), as immobilization reagents. PLL is a positively charged 
molecule which attaches to the graphene surface, and subsequently, the negative 
surface charges of the antibody electrostatically attach to the PLL. PBSE is a bi-
functional molecule with a pyrenyl group at one end and a succinimidyl ester at 
the other end [159]. The pyrenyl group will attach to the surface of graphene via 
π-stacking, while the succinimidyl ester groups can form amide bonds with second-
ary amines that exist in abundance on the surface of proteins [159]. Figures 9.9c and 
d show the distributions of the fluorescently tagged antibody on graphene surfaces 
that have been immobilized with PLL and PBSE, respectively. Comparing the two 
methods reveals that PLL yields a stronger fluorescence signal, suggesting that it is 
more effective than PBSE in the non-covalent functionalization of antibodies. Im-
proving the surface density of the antibody on the sensor also improves the dynamic 
response of the sensor, since the maximum number molecules that can be attached 
to the surface is significantly increased.

9.3.5  Sensing Response and Calibration Curve

A platform consisting of a multiplexed array of graphene sensors can be fabricated 
to distinguish and sense a wide variety of target cytokines for disease diagnosis 
(Fig. 9.10a). Importantly, the graphene sensing platform shows promising results 
for the detection of dilute concentrations of three key cytokines that are relevant 
to the pathology of asthma. Due to the inherently high sensitivity of the graphene 
transducer [56], the detection limits for the sensing platform are extremely low, on 
the order of femtogram per milliliter. Further, the detection range toward the tar-
get molecules is over six orders of magnitude. The response exhibits a logarithmic 
dependence on target molecule concentration, due to nonlinear screening by the 
electrolyte of the system, which is expected in nanosensors [161]. This is particu-
larly important in sensing cytokines from EBC, as concentration variations between 
different individuals is expected to be significant [134, 135, 142, 143]. These results 
are promising as they can be used to generate calibration curves that relate clinical 
responses back to quantitative cytokine concentration levels.
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9.3.6  Outlook: Noninvasive Diagnosis of Complex Diseases

We have demonstrated a fabrication strategy for generating a multiplexed platform 
of highly sensitive and specific antibody-based graphene sensor arrays. For future 
directions, EBC samples can be collected from patients, deposited on the graphene 
sensors, and the concentrations of key biomarkers can be measured by correlating 
the electrical readout to the calibration curves. Employing this multiplexed sensor 
array, in tandem with a large population cohort, could enable the collection of rich, 
multidimensional data from different groups (control vs. asthmatic vs. COPD, etc.) 
within a rapid period of time. Collection of data from a large population is critical 
to account for individual variations as well as other factors such as the overlapping 
roles of the biomarkers in complex diseases. The acquired data can then be ana-
lyzed using statistical tools such as principal component analysis (PCA) to identify 
those key biomarkers and their concentration levels to distinguish diseases with 
overlapping symptoms. This analysis will eventually enable graphene nanosensors 

Fig. 9.10  a Schematic of functionalized sensor arrays. Percentage change in resistance of gra-
phene sensors that have been functionalized with (b) TNF-α antibody, (c) IL-5 antibody, and (d) 
IL-4 antibody toward a wide range of concentrations of TNF- α, IL-4, and IL-5, respectively. TNF 
tumor necrosis factor, IL interleukin
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to fingerprint different diseases. With this ever-expanding library of statistical data, 
the graphene sensing platform will become a more accurate and powerful tool in 
disease diagnosis.

More excitingly, by coupling the capability of direct sensing with on-body at-
tachment of the graphene sensor with wireless readout, the concentration profile 
of an array of target biomarkers could be monitored continuously and in real time. 
For this purpose, more robust biorecognition compounds, such as peptides, might 
be useful. Phage display can be used to determine new peptide sequences that target 
specific molecules [55, 107–109], and we have shown the ability to rapidly generate 
peptide sequences toward the key asthma biomarkers, TNF-α, IL-5, and IL-4 using 
a multiplexed microfluidic device [162]. Machine learning approaches can be used 
to interpret the continuously acquired multivariate data [163]. Real-time, on-body 
monitoring of an asthmatic patient would enable early onset warnings of an asthma 
attack, and predictive care and treatment can be then applied to minimize the prob-
ability of fatalities.

9.4  Summary

In conclusion, we have demonstrated a novel bionic graphene sensing platform 
demonstrating the following key capabilities: (1) ability to be biointerfaced onto a 
variety of different platforms, (2) ultra-high sensitivities, down to femtogram per 
milliliter levels for cytokine detection, (3) wireless power and remote readout ca-
pabilities, (4) ease of multiplexing using standard microfabrication techniques, and 
(5) decoration of these devices with biorecognition molecules that provide selectiv-
ity to the arrays. Given these unique advantages, we envision that these platforms 
can potentially enable noninvasive, on-body, real-time detection and diagnosis of 
diseases. Future studies will thus involve transitioning this paradigm-shifting new 
platform to clinical settings.
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Chapter 10
Functionalized Carbon Nanodots for Biomedical 
Applications

Yun Kyung Jung, Yuri Choi and Byeong-Su Kim

10.1  Introduction

The use of biological labels has greatly assisted the study of complex biochemical 
interactions and the monitoring of their localization during disease diagnosis and 
therapy. Fluorescent labeling using organic fluorophores, genetically encoded fluo-
rescent proteins, and semiconducting quantum dots (QDs) has been demonstrated 
as an indispensable tool for both in vivo and in vitro cellular imaging [1–5]. In con-
trast to the conventional organic dyes and the fluorescent proteins showing several 
deficiencies like broad-spectrum profiles, very short excited-state lifetimes, and 
their sensitivity to photobleaching, QDs have been intensively studied as a promis-
ing luminescent probe due to high resistance to photobleaching, large stokes shift, 
narrow size-dependent emission spectra, broad excitation spectra, and long fluo-
rescence lifetime [1–5]. In addition, they have been engineered to carry therapeutic 
agents for simultaneous diagnosis and therapy (theranostics). Despite these notable 
advantages, the implementation of QDs to a broader clinical setting is still limited 
because of their intrinsic toxicity and the potential environmental concerns associ-
ated with the heavy metals present in the QDs.

In an attempt to develop benign alternatives, new kinds of nanoparticles with 
combined properties of carbon-based materials and QDs, such as graphene QDs 
(GQDs)[6–12] and carbon nanodots (also known as C-dots, carbon dots (CDs)) 
[12–25], have emerged. The GQDs, which are small graphene fragments with diam-
eters below 30 nm, are fabricated by fragmentation or cutting from graphene oxide, 
and they have been used to deliver drugs to cells. However, because their fluores-
cence intensity is weak, and their emission wavelength often overlaps with cellular 
autofluorescence [8], the GQDs have limited application for biolabels.

Another carbon nanoparticle, the CD has emerged as a promising class of bio-
labels by virtue of their biocompatibility, low toxicity, tunable photoluminescence, 
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high chemical/photostability, and mass production by a simple preparation method, 
while retaining the advantageous photophysical features of QDs (Fig. 10.1) [12–
16]. The fluorescence emission spectra of CDs exhibited an excitation-dependent 
feature, which is quite different from that of QDs and organic dyes, enabling mul-
ticolor fluorescence detection for in vitro optical imaging [17–19]. Furthermore, 
the CDs are generally composed of a mixed phase of sp2- and sp3-hybridized car-
bon nanostructures in the form of conjugated carbon clusters functionalized with 
oxygen-bearing functional groups [17]. Aside the strong fluorescence of CDs, their 
unique chemical structure allows the integration of active therapeutic molecules 
into the sp2 carbon frame via strong π–π interactions, and their surface functional 
groups enable further conjugation with other molecules such as biological affinity 
ligands. These unique characteristics make CDs ideal drug carriers, which lead to 
advances in personalized medicine [20–25]. Therefore, in this chapter, the applica-
tion of the CDs for photodynamic therapy (PDT) and chemotherapy is discussed, 
and enhanced therapeutic efficacy of drugs by CD-aided delivery is evaluated in 
vitro and in vivo.

10.2  CD-Based Photodynamic Therapy for Cancer In 
Vitro and In Vivo

Due to high fluorescence and photostability, CDs have gained attention as biola-
beling materials [16]. Also, with sp2 carbon structure and the abundant functional 
groups, CDs can be easily functionalized with biological affinity ligands and act as 
drug carriers in aqueous solution [17].

Recently, as photosensitizer (PS) carrier for PDT, highly biocompatible and fluo-
rescent CDs were developed (Fig. 10.2) [21]. With oxygen functional groups, the 

Fig. 10.1  Advantages of carbon dots (CDs) for optical imaging and drug delivery
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surface of the CD was subsequently passivated with poly(ethylene glycol) diamine 
(PEG) and folic acid (FA) to enhance its fluorescence as well as increase the affinity 
for cancerous cells [21, 26]. As a second-generation PS, zinc phthalocyanine (ZnPc) 
possesses good cytotoxic efficiency. This carbon nanomaterial (CD–PEG–FA) has 
dual ability, which is simultaneous biological imaging and targeted PDT in vitro 
and in vivo.

In fluorescence spectrum, the fluorescence emission maxima of CD–PEG–FA 
were located at 450 nm and excited at 360 nm (Fig. 10.3a). Also, 10.9 % of quantum 
yield and 5.52 ns of the exciton lifetime were calculated. The broad UV/vis absorp-
tion represented the successful functionalization of FA onto the CD surface from 
the peak at 283 nm, and CD–PEG–FA displayed bright blue emission under UV 
irradiation (Fig. 10.3b). Furthermore, Fourier-transform infrared (FT-IR) spectros-
copy revealed changes in the chemical functional groups on the CDs upon surface 
passivation. After passivation with PEG and FA, CD–PEG–FA exhibited character-
istic peaks at the peak 1102 cm− 1 from C–O groups of PEG and 1481, 1605, and 
1697 cm− 1 which corresponded to FA (Fig. 10.3c) [27]. The transmission electron 
microscopy (TEM) images showed a spherical morphology of the CDs with an av-
erage diameter of 4.5 ± 0.2 nm for CD–PEG–FA (Fig. 10.3d). The interlayer spacing 
of 0.34 nm, observed using high-resolution TEM, corresponded to that of graphitic 
carbon, representing the graphitic nature of the CDs. For photodynamic therapy, 
CD–PEG–FA/ZnPc composite was synthesized via π-π stacking interaction, which 
had 60 μg of ZnPc per milligram of CD–PEG–FA (Fig. 10.3e).

To confirm the efficacy of CD–PEG–FA and CD–PEG–FA/ZnPc in targeted bio-
imaging, the targeting of CDs was evaluated after incubation with the HeLa cells 
for 12 h, by monitoring the blue and red fluorescence of CD (λex/λem = 358/461 nm) 
and ZnPc (λex/λem = 647/665 nm), respectively (Fig. 10.4). As a result, the cells in-
cubated with CD–PEG–FA displayed intense CD fluorescence in the cytoplasm, 
and CD–PEG–FA/ZnPc showed prominent fluorescence signals of both the blue 
(CD) and red (ZnPc) channels, indicating the successful intracellular delivery of 
ZnPc by the CD carrier. To clarify the targeting role of FA, a competition assay was 
performed with free FA, which resulted to no cellular internalization. This result 
indicated that CD–PEG–FA successfully targeted to cancer cell.

Fig. 10.2  Schematic illustration of targeted PDT with folic-acid-functionalized carbon nanodots 
loaded with zinc phthalocyanine (CD–PEG–FA/ZnPc)
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PDT was performed on the HeLa cells with the CD derivatives. CD–PEG–FA/
ZnPc exhibited excellent PDT efficiency with significant cell death, whereas other 
samples treated with CD–PEG, CD–PEG–FA and FA-pretreated CD–PEG–FA/
ZnPc did not exhibit measurable photodynamic activity (Fig. 10.5a–d).

In addition, the generation of the active singlet oxygen species via photoinduced 
energy transfer from ZnPc was quantified by using the singlet oxygen sensor green 
(SOSG) reagent, which reacts with singlet oxygen generated from the PS [28, 
29]. Figure 10.6a showed the fluorescence intensity as a function of irradiation 
time; the intensity gradually increased upon irradiation with a light-emitting diode 
(LED; 30 mW/cm2). While the control ZnPc without SOSG did not exhibit any 
fluorescence changes, ZnPc and CD–PEG–FA/ZnPc mixed with SOSG showed an 
increase in the fluorescence intensity upon irradiation. Because of intermolecular 
energy transfer between ZnPc and CD, the CD–PEG–FA/ZnPc did not effectively 
generate singlet oxygen relative to free ZnPc with SOSG. However, singlet oxygen 
generation was considerably accelerated upon the addition of cell lysate (Fig. 10.6a, 
t = 25 min), indicating the release of ZnPc from CD via the competitive displace-
ment of ZnPc by interaction with the biomolecules in cell lysate, thus enhancing the 
therapeutic efficiency of PDT (Fig. 10.6b).

Encouraged by the high PDT efficacy in vitro, the PDT efficacy of the CD-medi-
ated PS delivery system in animal models was investigated. As shown in Fig. 10.7a, 
b, the mice treated with CD–PEG–FA/ZnPc showed strong fluorescence signals 

Fig. 10.4  (a–d) Bright-field and fluorescence images of HeLa cells treated with CD derivatives 
(50 μg/ml) for 12 h. a CD–PEG, b CD–PEG–FA, c CD–PEG–FA/ZnPc, and d CD–PEG–FA/
ZnPc pretreated with FA. Fluorescence signals of (blue) CDs and (red) ZnPc were observed at 461 
(λex = 358 nm) and 665 nm (λex = 647 nm), respectively. Scale bar is 20 µm
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Fig. 10.5  (a–d; top panel) Bright-field and fluorescence images of HeLa cells treated with CD 
derivatives (50 µg/ml) for 12 h, followed by irradiation for 10 min with a 660-nm laser (30 mW/
cm2), and ( bottom panels) live and dead cells colored green and red, respectively, by live/dead 
assay. a CD–PEG, b CD–PEG–FA, c CD–PEG–FA/ZnPc, and d CD–PEG–FA/ZnPc with pretreat-
ment of excess free FA. Scale bar is 100 µm

 

Fig. 10.6  Quantitative evaluation of photodynamic effect. a Singlet oxygen detection test using 
an SOSG reagent. Time-dependent fluorescent intensity (λex/λem = 504/530 nm) with irradiation by 
using a 660-nm laser (30 mW/cm2). b Cell viability assay depending on the concentration of ZnPc-
loaded CD–PEG–FA and ZnPc with and without irradiation for 10 min
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corresponding to ZnPc in tumors, with gradual increase in the fluorescence inten-
sity over time, in contrast to the mice treated with CD–PEG/ZnPc or CD–PEG–FA. 
Fluorescence images of the major organs in Fig. 10.7c showed that the fluorescence 
corresponding ZnPc were intense in liver and spleen rather than tumor in case of 
the mouse injected with CD–PEG/ZnPc, suggesting that most of the CDs omit-
ting targeting ligand FA leaked out by circulation and prominently accumulated in 
reticuloendothelial system of the liver and spleen [30, 31]. These results showed 
that conjugation of FA to CD played an important role in greatly improving the 
active tumor-targeting capability of the ZnPc delivery vehicle to folate receptor-
overexpressing tumors.

Finally, to investigate the therapeutic efficacy in vivo, changes in tumor volumes 
were monitored for 10 days after CD–PEG–FA, CD–PEG/ZnPc, and CD–PEG–FA/
ZnPc (0.5 mg of ZnPc/kg of mouse) were intravenously injected to mice whose 
tumor volumes were ~70 mm3 (Fig. 10.8). After irradiation with a 660-nm laser 
(0.3 W/cm2, 20 min), the mice treated with CD–PEG–FA/ZnPc showed remarkable 
suppression of tumor growth as compared to the control mice for 8 days. However, 
the mice treated with CD–PEG/ZnPc and CD–PEG–FA, with or without laser ir-
radiation, showed no notable difference in tumor size compared to the controls. 
Collectively, the in vivo study suggested that the present tumor-targeted CD-based 
PDT therapeutic agent delivery system can effectively induce the accumulation of 
the PS-loaded CDs in tumors, thus leading to enhanced therapeutic efficacy with a 
relatively small quantity of ZnPc.

In conclusion, CD–PEG–FA successfully demonstrated the targeted delivery 
of a PS via FA-mediated endocytosis of biocompatible CD–PEG–FA/ZnPc and 

Fig. 10.7  a Fluorescence of ZnPc (excited at 660 nm) in tumor was imaged after a 12-h injec-
tion of CD–PEG–FA/ZnPc, CD–PEG/ZnPc, and CD–PEG–FA (0.5 mg of ZnPc/kg mouse). b 
CD–PEG–FA/ZnPc suspensions were injected into tail veins of tumor-bearing mice, and the fluo-
rescent signals were obtained at various time points (1, 2, 6, 12, 24, and 48 h). c Ex vivo fluores-
cence images of major organs of mice. The fluorescent signals corresponding to ZnPc (excited at 
660 nm) from major organs, tumor, and skin were obtained after 12 h of IV injection of CD–PEG–
FA/ZnPc and CD–PEG/ZnPc into tumor-bearing mice. FA-conjugated CD delivered and released 
ZnPc to tumor effectively, in contrast with the CD lacking FA
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therapeutic photodynamic efficacy by singlet oxygen generation from the internal-
ized ZnPc upon light irradiation in vitro and in vivo. We anticipate that the present 
CD-based targeted delivery of the PS would offer a convenient and effective plat-
form for enhanced PDT to treat cancers in the near future because of its excellent 
biocompatibility, bioimaging and targeting capability, and therapeutic efficacy.

10.3  Zwitterionic CD-Based Drug Delivery for 
Chemotherapy In Vitro and In Vivo

Nuclear-targeting drug-delivery systems (DDSs) have attracted significant atten-
tion in the biomedical applications, because they substantially increase the healing 
efficiency especially for tumor therapy [32–34]. Since many anticancer drugs are 
required to enter the cell nucleus where the drugs damage the genes to stop prolif-
eration of the cancer cell, the construction of the nuclear-targeting DDSs is crucial 
to treat the tumors. Typically, for nuclear targeting, carriers need to be functional-
ized with the proper ligands such as nuclear localization signaling (NLS) peptides 
(nuclear membrane-penetrating peptides) on the surface [32–34]. Moreover, since 
the carriers cannot be acted as a fluorescent imaging probe, it should be conjugated 
with an organic fluorescent dye for tracking the individual drug-delivery event.

The highly luminescent CDs have emerged as a prospective class of biolabels 
by virtue of their tunable photoluminescence, biocompatibility, low toxicity, and 
mass production by a simple preparation method [12–25]. Furthermore, the CDs 
contain an sp2- and sp3-hybridized carbon structure that can load aromatic drugs via 
strong π–π interactions, making them a promising drug carrier for disease treatment. 
However, most CDs reported to date are localized to the cell cytoplasm, including 
the lysosomes, mitochondria, Golgi apparatus, and endoplasmic reticulum [12–25]. 
Therefore, it is evident that the next step in the evolution of CD is enabling it to 
reach the cell nucleus without being trapped in the cell cytoplasm.

Fig. 10.8  Relative tumor 
volumes measured over time 
after the tumor-bearing mice 
were treated with various CD 
derivatives
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Cytoplasmic and nuclear uptake of nanoparticle cargo in live cells can be deter-
mined by the size [35] and surface charge [36–39]. In addition, positively charged 
nanoparticles are preferentially internalized by cells and negatively charged ones 
interact with nuclei whose pH is consistently 0.3–0.5 units above that of the cyto-
sol [36–39]. Based on this observation, it is expected that the preparation of zwit-
terionic CDs, with both positively and negatively charged functional groups, can 
facilitate cytoplasmic uptake and subsequent nuclear translocation of theranostic 
drug–vehicle conjugates [40–45].

Multifunctional zwitterionic CDs have been fabricated via a simple one-pot 
synthesis using citric acid (CA) as a carbon source and an amino acid derivative, 
β-alanine (β-Ala), as a zwitterionic passivating agent, thus avoiding complexity and 
safety concerns. In vitro study has shown that the synthesized CDs were delivered 
into cell nuclei by their multicolor fluorescence. Furthermore, the CD-based DDS 
constructed by the non-covalent grafting of anticancer drug doxorubicin (Dox) not 
only efficiently accelerated nuclear and tumor accumulation of Dox but also mark-
edly enhanced the cytotoxicity in cancer both in vitro and in vivo, which is superior 
to many other nanoparticle-based Dox delivery systems (Fig. 10.9).

Zwitterionic CDs with 21.9 % of quantum yield showed two characteristic 
absorption peaks at 248 and 335 nm, which is suggestive of an sp2 carbon net-
work[19, 21] and the n–π* transition of the carbonyl group [19, 24], respectively 
(Fig. 10.10a). A bright blue fluorescence under UV light with a maximum emission 
wavelength at 418 nm was observed upon excitation at 335 nm. Bulk production by 
a simple manufacturing process is another advantage of CDs over other QDs and 
GQDs, yielding over a gram-scale powder in a highly efficient manner (average 
isolated yield over 30 %, inset in Fig. 10.10a). The CDs exhibited superior stability 
in aqueous solution, with a nearly neutral ς-potential (− 5.09 ± 6.47 mV) at pH 7, 
due to the presence of the zwitterionic β-Ala, which has both negatively charged 
carboxylic acid and positively charged amine moieties. The surface charge of the 
CDs gradually increased from − 44.1 ± 1.63 to 7.73 ± 1.43 mV with a decrease in pH 
from 11 to 3 (Fig. 10.10b).

FT-IR spectroscopy exhibited that the as-prepared CDs showed peaks at 1174 
(C–O stretching), 1772 (C = O stretching), 2947 (C–H stretching), 1708, and 

 

Fig. 10.9  Schematic illustration of the fabrication of doxorubicin-loaded carbon dot ( Dox/CD), 
and simultaneous cell imaging and efficient Dox delivery to the nucleus by the zwitterionic CD 
vehicle
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1616 (the asymmetric and symmetric stretching vibrations of the carboxylate 
groups (COO−)), and a broad peak around 3317 cm− 1 (O–H and N–H stretching; 
Fig. 10.11a). The successful passivation of β-Ala was confirmed by the presence 
of amide bond bands at 3095 (N–H stretching) and 1409 cm− 1 (C–N stretching). 
High-resolution X-ray photoelectron spectroscopy (XPS) spectra of the CDs further 
confirmed the successful surface passivation which indicates C–C (285.0 eV), C–N 
(285.7 eV), C–O (286.6 eV), C = O (287.2 eV), and O–C = O (289.0 eV) groups 
within CDs (Fig. 10.11b).

Figure 10.12a shows a high-resolution TEM (HRTEM) image of the CDs, reveal-
ing that the CDs had spherical shape with an average diameter of 3.09 ± 0.51 nm. 
In addition, aberration-corrected HRTEM allows to observe the hexagonal unit 
cells and a crystalline structure with an interlayer spacing of 0.24 nm (Fig. 10.12b), 
which corresponds to (111) lattice spacing of the graphite hexagons as confirmed 
by the fast Fourier transform (FFT) profile of a single CD (inset of Fig. 10.12b) [6, 
10, 11].

Fig. 10.10  a UV–vis absorbance, fluorescence excitation (λem = 435 nm) and emission 
(λex = 340 nm) spectra of the CDs. Inset shows photographs of the CD powder ( left), suspension 
under white light ( middle), and suspension under UV light at 365 nm ( right). b ς-potential of CDs 
with respect to pH

 

Fig. 10.11  a FT-IR spectrum and b deconvoluted high-resolution XPS C1s spectra of CD
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The fluorescence emission spectra of CDs exhibited an excitation-dependent 
feature, which is quite different from that of QDs and organic dyes, enabling multi-
color fluorescence detection. To evaluate the intracellular uptake and nuclear trans-
port of the CD vehicles, the time-dependent localization of the CDs was studied 
after incubation with the human cervical cancer cell line, HeLa, for varying lengths 
of time by monitoring the blue, green, and red multicolor fluorescence signals of 
CD itself as well as by quantitatively measuring the fluorescence intensity within 
the cells (Fig. 10.13). The fluorescence of CDs began to appear in the cytoplasm 
after a 2-h treatment, suggesting that the CDs permeated the cell membrane. After 
a 6-h incubation, the CDs proceeded to move into the nucleus, a partially delocal-
ized fluorescent signal was observed at the perinuclear region, and similar levels of 
fluorescence were monitored on both sides. Noticeably, significantly strong fluo-
rescence of the cells after longer incubation periods (24 and 48 h) originates mainly 
from the nuclei.

The Bio-TEM images further demonstrated the clear nuclear localization of the 
CDs, in agreement with the strong fluorescence signals appeared in the nucleus 
after a 24-h incubation (Fig. 10.14). It should be noted that, although the CDs were 
not modified with any nuclear-targeted signals or chemicals, the CDs were suc-
cessfully internalized into the cells as well as the nucleus which is attributed to the 
zwitterionic surface state and small size of CDs.

To use the CDs as a potential drug-delivery vehicle, the cytotoxicity of the CDs 
was evaluated in normal human WI-38 cells and cancer HeLa cells by 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The CDs were 
incubated for 24 h in a dose-dependent manner (10–1000 μg/mL) in triplicate. The 
CDs displayed remarkably low cytotoxicity (Fig. 10.15), with greater than 95 % cell 
viability at concentrations up to 500 μg/mL in both cell lines. These results indicate 
that the CDs are safe as a potential carrier for drug delivery.

Fig. 10.12  a. TEM image of CDs with a corresponding size distribution histogram. b High-res-
olution TEM image showing the arrangement of carbon atoms in CDs with a lattice spacing of 
0.24 nm. Inset is the corresponding FFT profile of a CD
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Fig. 10.13  Confocal fluorescence microscopy images showing the cytoplasmic and nuclear trans-
port of CDs in HeLa cells. After treatment with 500 μg/mL CDs for varying amount of time, the 
blue, green, and red fluorescence signals of the CDs were observed under ultraviolet (405 nm), 
blue (473 nm), and green (559 nm) laser excitations, respectively. The fluorescence intensity in 
the nucleus and cytoplasm is measured separately and plotted in a time-dependent manner for each 
channel
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The well-known anticancer chemotherapeutic drug Doxorubicin (Dox) has been 
widely used to treat a range of cancers, including cervical, gastric, and lung cancer, 
because it can directly intercalate with DNA to kill cancer cells [46]. However, 
when Dox is administered directly without a carrier, it displays low antitumor activ-
ity, due to lack of efficiency in reaching the nucleus. The CD-based drug-delivery 
vehicle was constructed by the non-covalent grafting of the anticancer drug Dox 
via strong π–π staking interactions between the sp2-carbon network of CDs and the 
aromatic structure of Dox [12, 22–24]. The successful loading of Dox onto the CD 
was evident from the peaks at 339 and 474 nm, arising from respective CD and Dox, 
resulting in a loading of 14 wt % Dox in the CDs (Fig. 10.16a). Importantly, the 
ς-potential of the Dox/CD complex remained around zero (− 5.92 ± 1.20 mV) at pH 
7.0, indicating that the zwitterionic properties were preserved. The anticancer effi-
cacy of Dox was evaluated by treating the HeLa cells with varying Dox or Dox/CD 
concentrations for 24 h. The HeLa cell viability clearly demonstrated that Dox/CD 

Fig. 10.14  Bio-TEM image 
of HeLa cells shows nuclear 
localization of CD. Inset is a 
zoom-in image of the red box 
in the main image

 

Fig. 10.15  Cell viability of 
WI-38 and HeLa cells treated 
with various CD concentra-
tions for 24 h
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considerably improved the therapeutic efficacy through CD-aided delivery, as com-
pared to free Dox (Fig. 10.16b).

Enhanced Dox uptake by the CD carrier was confirmed by monitoring promi-
nent red Dox fluorescence in the nucleus (λex/em = 480/520–640 nm) under a fluores-
cence microscope (Fig. 10.17). However, the cells treated with Dox alone showed 
weak fluorescence in the red channel. Therefore, the Dox/CD complex delivered 
Dox to the nucleus more efficiently than Dox alone, thereby suppressing cancer cell 
proliferation and acting as a fluorescent label for intracellular monitoring.

The nanoparticles with zwitterionic surfaces have shown higher colloidal stabil-
ity over a wide pH range and reduced nonspecific interactions with serum com-
ponents, thereby prolonging blood circulation for enhanced tumor accumulation 

Fig. 10.16  a UV–vis absorbance spectra of CDs, Dox, and Dox-loaded CDs (Dox/CD). b Cell 
viability of the HeLa cancer cells exposed to different concentrations of Dox alone and Dox/CD 
(µg/mL) for 24 h

 

Fig. 10.17  Bright-field and confocal fluorescence images of HeLa cells treated with Dox and 
Dox/CD (2 μg/mL) for 24 h. Dox/CD delivers Dox to the nucleus more efficiently than Dox alone
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through the enhanced permeability and retention (EPR) effect [40–45]. We evalu-
ated the accumulation of Dox/CD complexes in tumor tissue after intravenous ad-
ministration into nude mice bearing 4T1-luc2 breast cancer xenografts (Fig. 10.18). 
4T1-luc2 cells injected into nude mice were used for tumor induction, as well as 
monitoring of tumor growth by luminescence of cell itself [47]. To monitor the 
inhibition of tumor growth by Dox and Dox/CD, each suspension was injected into 
the tail vein five times at designated time points, and luminescence images of the 
whole body were collected. Figure 10.18a showed that the mouse with no treatment 
had fast-growing luminescence signals corresponding to rapid increase in tumor 
size over time. In contrast, the mice treated with Dox or Dox/CD exhibited moder-
ate or slow increases in luminescence signals. This discrepancy was confirmed by 
changes in tumor volume (Fig. 10.18b). The tumor inhibition effect of Dox/CD and 
free Dox treatment was quantitatively analyzed by comparing with tumor volume 
of no treatment (control) object, displaying 48 and 35 % inhibition of tumor growth, 
respectively, after 22 days. Based on the results of the in vivo test, inhibition of 
cancer cell growth was improved with the Dox/CD complex compared to free Dox.

In a separate study, tumor-bearing mice without D-luciferin treatment were intra-
venously injected with Dox or Dox/CD suspensions after 22 days of post-xenograft 
implantation (Fig. 10.19). Dox-treated mouse did not show any signal; however, 
Dox/CD-injected mouse displayed its luminescent signal on the tumor. These re-

Fig. 10.18  Tumor growth inhibition by Dox/CD in nude mice bearing 4T1-luc2 murine breast 
cancer xenografts after tail-vein injection of Dox and Dox/CD ( n = 5, dose: 0.05 mg Dox/kg mouse 
body weight). a Luminescence of 4T1-luc2 cells in tumors was imaged after a 20-min incubation 
with D-luciferin. Dox and Dox/CD suspensions were injected into the tail veins of tumor-bearing 
mice after 8, 11, 13, 15, and 18 days of post-xenograft implantation. b Volume inhibition (mm2) of 
cancer cell following no treatment (control), free Dox, and Dox/CD treatments
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sults indicate that our CDs can emit their photoluminescent signals even in vivo. 
Thus, the Dox-loaded CD delivery vehicle can effectively enhance the accumula-
tion of Dox in tumors via its zwitterionic properties, consequently leading to an 
enhanced anticancer effect.

In conclusion, zwitterionic CDs function as an optical probe as well as drug 
carrier to the cell nucleus and tumors. Therefore, the zwitterionic CDs with good 
biocompatibility, low cytotoxicity, excellent solubility, and stable photolumines-
cence are a promising multifunctional platform capable of expediting and sensing 
the delivery of drugs in a simple and efficient manner.

10.4  Conclusion

CDs have emerged as a new class of promising luminescent nanomaterials as well 
as attractive vehicles for drug delivery. Their tunable photoluminescence, simple 
and scalable synthesis, surface engineering, low cost, biocompatibility/nontoxicity, 
and nonblinking properties make the CDs be used in optical imaging. Furthermore, 
the ability to easily introduce versatile functionality at the CD surface by rational 
conjugation chemistry or non-covalent grafting enables them to be a drug/gene-
delivery carrier for specific targeting in biomedical applications. Once the CDs with 
various colors, sizes, and shapes are synthesized and their fundamental properties 
are understood, the extensive research continues to develop advanced CD-based 
systems for cancer and PDT.
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11.1  Introduction

Nanodiamond (ND) particles were first produced 50 years ago in the USSR by 
detonation of explosives [1]. Although diamond microcrystals have been used ex-
tensively in industry during the past half century, diamond nanoparticles have been 
largely overlooked. Interest in using NDs for biological and medicinal applications 
began only about one decade ago. Since then, we have witnessed a boom in ND 
basic research and development of ND-based applications in various fields.

The properties and applications [2\7], preparation [8], chemistry [9, 10], and 
photophysics of NDs [11–13] and their use in bioimaging [14–18], drug delivery 
[19], and nanoscale medicine [20–22] have been recently reviewed. Here, we pres-
ent a comprehensive survey of current research related to the biological properties 
of NDs, and we critically assess the differences between individual types of NDs. In 
addition to this main focus, we also introduce the basics of ND structure, physico-
chemical properties, and available synthetic schemes for the attachment of various 
molecules to ND surfaces. Finally, we describe the emerging medical applications 
and bioapplications of these low-toxic, biocompatible carbon nanoparticles.

11.1.1  Nanodiamond Basics: Classification, Structure,  
and Preparation

Elemental carbon occurs in various forms with different crystal lattice arrange-
ments. The most well-known carbon allotropes are graphite, which is planar, and 
diamond, which has cubic geometry. Other forms of carbon include hexagonal lon-
sdaleite [23] and a broad family of nanocarbons including fullerenes, tubes, on-
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ions, rods, platelets, and graphene [24, 25]. Graphite consists of planar sheets of 
sp2-hybridized carbon atoms, which are weakly connected by delocalized electrons 
in pz orbitals. Diamonds have tetrahedral symmetry and contain interconnected sp3-
hybridized carbon atoms. Thanks to the absence of free electron pairs and relatively 
high strength bonds, the diamond structure is considered extremely inert. However, 
the reactivity of NDs is affected by their large surface to volume ratio [10, 26].

Under ambient conditions, graphite is the most thermodynamically favorable 
carbon allotrope [2]. Although the diamond structure is thermodynamically favor-
able only at high temperature and pressure, in the case of NDs, the phase balance 
also depends on particle size. This effect is caused by surface energy, a part of Gibbs 
free energy that is inversely proportional to particle volume [27, 28]. For single-dig-
it NDs (particles smaller than 10 nm), the preference for sp3 or sp2 carbon structure 
formation also depends on particle shape and functional group termination [29, 30].

NDs can be classified by size as nanocrystalline (< 100 nm) or ultrananocrystal-
line (< 10 nm) [31]. They can also be classified into three basic types based on their 
synthesis: detonation NDs (DNDs), high-pressure high-temperature (HPHT) NDs 
(see Fig. 11.1), and chemical vapor deposition (CVD) NDs. In addition, NDs can be 
synthesized by less common methods such as laser ablation [32], ion irradiation of 
graphite [33], or electron irradiation of carbon onions [34].

DNDs are synthesized by controlled detonation of explosives with negative oxy-
gen balance, which prevents complete conversion of carbon to gaseous products 
[35]. The resulting detonation soot contains primary particles of 4–5 nm diameter 
in the form of clusters with a diameter range of 100–200 nm [36]. In addition to 

I. Řehoř et al.

Fig. 11.1  Transmission 
electron microscopy (TEM) 
images of a DNDs adapted 
from [45] and b HPHT NDs
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DNDs, detonation soot contains graphitic and incombustible impurities [37, 38]. 
Detonation soot can be purified by treatment with mixtures of oxidants such as 
HNO3, H2SO4, HClO4, H2O2, Na2O2, KNO3, and CrO3 [38–40]. Graphitic carbon 
can be alternatively oxidized by air or ozone at elevated temperatures [37, 41, 42]. 
DNDs are tightly connected together by van der Waals [43] or electrostatic [44, 45] 
interactions (it is not known which contribution is dominant) as well as covalent 
linkages of sp2-hybridized carbons [36]. Conventional techniques of disintegration, 
such as milling, emulsification, and low-power sonication, have been ineffective 
in breaking down the tightly bound core aggregates of DNDs to less than 10 nm. 
Successful de-aggregation has been achieved by milling DND suspensions with 
ceramic microbeads and microbead-assisted ultrasonic disintegration [36, 46–48]. 
An alternative method, which does not result in insoluble by-products, involves dry 
milling of aggregated DNDs with sodium chloride and sucrose [49].

HPHT NDs are prepared from larger, micron-sized crystals grown from graphite 
at 5 GPa at > 1400 °C. The processing of micron-sized particles to smaller frac-
tions includes grinding, purification, and grating of the powder. Monocrystalline 
nanoparticles with primary particle sizes in the range of several tens of nanometers 
can be isolated this way. Synthetic HPHT type Ib monocrystalline NDs (typically 
with 100–300 ppm nitrogen atoms) are used for production of fluorescent NDs 
(FNDs) containing nitrogen vacancy (NV) color centers (see below) [6, 50].

Nanocrystalline and ultrananocrystalline films prepared by CVD are used to cre-
ate biocompatible coatings with superior mechanical and wear-resistant properties. 
Depending on the deposition parameters, grain size can vary from 5 nm to several 
micrometers with various morphologies and crystallinity. Ultrananocrystalline films 
are generally grown in argon-rich, hydrogen-poor CVD environments, while nano-
crystalline films are grown in hydrogen-rich, carbon-lean environments [51–53].

11.1.2  Colloidal Properties of Nanodiamonds

For NDs to be useful in bioapplications, they usually must be in the form of a stable 
colloidal dispersion. Agglomerates of NDs are useless for drug delivery, as fluores-
cent probes and in other applications. Colloidal properties are determined by ND 
size, origin, surface charge, and the chemical groups present on the nanoparticle 
surface.

Zeta potential, which is closely related to surface charge, provides information 
about the stability of a colloid (generally, a colloid is considered stable when the 
zeta potential is lower than − 30 mV or higher than 30 mV). The zeta potential of 
DNDs is dependent on the preceding ND treatment. After bead-assisted milling or 
sonication, primary DND particles have highly positive zeta potential (~ + 40 mV), 
presumably due to dense hydroxylation of the surface [36, 46]. DND aggregates are 
usually treated with oxidizing agents, which are responsible for partial removal of 
sp2 carbons and stabilization of colloids by creating various oxidic groups on the 
surface [6]. The zeta potentials of treated DNDs differ significantly according to 
the type of oxidative treatment. For example, DNDs treated with a H2SO4–CrO3 
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mixture have a zeta potential of approximately +40 mV, while DNDs treated with 
H2SO4–KMnO4 can exhibit − 40 mV [54]. The phenomenon of positively charged 
oxidized diamond surfaces has been widely studied, and the creation of basic groups 
on sp2 carbons has been accepted as a possible explanation [55–57] (Fig. 11.2).

Diamonds obtained by the HPHT process and subsequent milling form stable 
colloids when their surfaces are oxidized with a mixture of oxidizing mineral acids. 
The surface of an acid-treated HPHT diamond is highly acidic.

ND stability has been tested in aqueous and nonaqueous solvents. Generally, 
thermodynamically strong solvents like dimethyl sulfoxide (DMSO) [58] are good 
solvents for oxidized diamonds. Deagglomerated DNDs can also be well dispersed 
in alcohols or ethylene glycol [59]. Solubilization of NDs in nonpolar solvents re-
quires chemical modification of the surface with aliphatic chains [60–63].

Stable ND–water colloids are a good starting material for general handling and 
processing of NDs. However, for bioapplications, NDs must be stable in solutions 
of electrolytes. The presence of an electrolyte contracts the stabilizing electric dou-
ble layer, which leads to aggregation of ND colloids [64, 65]. For preparation of 
NDs that are stable in biological buffers, the particles must be further modified with 
charged groups that strengthen their electrostatic stabilization [66] or, preferably, 
with high-molecular-weight molecules that introduce steric stabilization of particles 
(e.g., polymers [67] or proteins [64]). These can be either covalently bound [65] or 
adsorbed [62, 68] on the ND surface.

11.1.3  Possibilities for Chemical and Macromolecular 
Modification: Creating Surfaces with Defined Reactivities

Chemical treatment of ND surfaces and subsequent introduction of various func-
tionalities have a critical impact on the features and behavior of the resulting NDs. 
Chemical modification offers the possibility to effectively improve ND properties 
and has, therefore, been the subject of intensive research in recent years [2, 9].

Fig. 11.2  Proposed acidic and basic oxygen functionalities on sp2 carbon surface. (Figure adapted 
from [57])
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The properties and reactivity of NDs vary significantly based on the method 
of their synthesis (DND, HPHT, or CVD NDs) due in part to the different sizes, 
shapes, and chemical compositions of the particles [9, 17]. Most of the work report-
ed to date focuses on surface modification of DNDs, the member of the ND family 
studied for the longest time. The toolbox of diverse and useful reactions developed 
for DNDs is, however, not always directly applicable to HPHT and CVD NDs. 
DNDs are generally considered to be the most reactive type of NDs. However, the 
differences in reactivity of the different types of NDs have not yet been evaluated 
in a comprehensive study.

The predominant functional groups present at the ND surface are carboxylic 
acids, ketones, hydroxyl groups, hydrogen atoms, and groups containing double 
bonds, varying from an isolated double bond to highly conjugated systems [69–71]. 
NDs with surfaces containing various groups are not suitable for selective or pre-
cise tailoring of subsequent functionality. Therefore, an initial chemical pretreat-
ment step is performed to achieve homogenous surfaces containing one functional 
group. Carboxylic groups, hydroxyl groups, hydrogen atoms, halogen atoms, and 
sp2 carbon atoms are common functionalities that can be enriched on ND surfaces 
(Fig. 11.3).

Various mixtures of mineral acids [37, 38, 71–73], hydrogen peroxide with sul-
furic acid [74], hydrogen peroxide [73], and air oxidation [37, 75] are used to yield 
NDs with carboxylated surfaces. Subsequent treatment of carboxylated NDs with 
reagents such as borane [76, 77], LiAlH4 [78, 79], or Fenton reagent [80, 81] lead 

Fig. 11.3  Overview of frequently used chemical modifications of ND surfaces. Notably, the ND 
always bears a mixture of various moieties because the reactions never reach 100 % completion
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to the formation of hydroxylated NDs. Hydrogenated NDs can be produced by re-
action with hydrogen at elevated temperatures [82, 83] or in a microwave plasma 
reactor [84]. The formation of NDs covered with sp2 carbons is achieved by thermal 
processing [85–87]. Fluorinated [88, 89] or chlorinated [80, 90] NDs are obtained 
by reaction with elemental gas or halogenating reagents.

Known organic reactions are used for secondary surface modification of NDs 
with homogenous surfaces. One popular method for subsequent modification is nu-
cleophilic substitution of halogenated NDs with amine and organometallic reagents 
[88, 90]. Although the mechanism remains elusive, the reaction works on chlori-
nated and even fluorinated NDs [91]. Carboxylated NDs can be easily converted 
to corresponding esters and amides through acyl chloride intermediates [63, 92] 
or directly with the use of a peptide-coupling reagent [93]. The modification of 
hydroxylated NDs is mainly based on the formation of ethers [78], esters [94], and 
silyl ethers [48, 76] through reaction with alkylchloride/NaH, acyl chloride, and tri-
methoxysilanes, respectively. Reaction of hydrogenated NDs can proceed on pho-
tochemically activated terminal alkenes [95, 96] and aromatic diazonium salts [84, 
95], affording alkylated and arylated NDs, respectively. Similarly, NDs with carbon 
sp2 surfaces undergo reaction with aromatic diazonium salts [87], dienes [97], and 
azomethine ylides [98] in a Prato reaction. Last but not least, click chemistry has 
been demonstrated to be a valuable tool for orthogonal molecule grafting to surface-
modified NDs bearing alkyne or azide groups [93, 99, 100].

Grafting polymers to ND surfaces is another method used to improve and ho-
mogenize ND properties. Both “grafting-to” and “grafting-from” approaches have 
shown to be reliable methods for producing NDs with surface polymers. Several 
“grafting-to” approaches have been reported. For example, opening of the epoxy 
ring present in copolymers [72] or resins [101] allowed coupling with NDs with 
terminal carboxyl and amino groups, respectively. NDs with grafted poly(ethylene 
glycol or PEG were obtained through reaction of amine-terminated NDs with PEG-
containing active ester [102] and esterification of PEG–alcohol with acyl chloride–
ND derived from carboxylated ND [103]. The grafting of copolymers containing 
ferrocene moieties to NDs with sp2 carbon surfaces was performed by ligand-ex-
change reactions [104]. However, more popular principle for covering ND surfaces 
with polymers remains the “grafting-from” approach. Atom transfer radical polym-
erization (ATRP) has been shown to be an efficient method for growing polymer 
brushes on ND surfaces terminated with an initiator [64, 103, 105]. The grafting 
can also be carried out with self-initiated photografting and photopolymerization 
under UV conditions [106, 107]. Additional protocols include free radical addition 
reaction [85], polyimide condensation [108], and ring-opening polymerization of 
glycidol [67]. Polymers can also be non-covalently grafted to ND surfaces. This ap-
proach is typical for grafting of biomolecules (as discussed later) [109, 110].

Recently, novel NDs with porous silica coatings were introduced. This modifica-
tion opens new horizons for subsequent chemical treatment based on silica chem-
istry [111–113].
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11.1.4  Conjugation of Biomolecules to Nanodiamond Surfaces

Connecting molecules to ND surfaces is desirable for a number of applications, 
including cellular targeting, internalization, and drug or gene delivery.

Different types of molecules have been conjugated to NDs. Various types of 
proteins (antibodies [114–116], toxins [117–119], enzymes [68, 120–125], and se-
rum proteins such as transferrin [126–128] and bovine serum albumin (BSA) [64, 
129–132]), vitamins [79, 133–135], enzyme cofactors [81], peptides [76, 136, 137], 
drugs (such as doxorubicin) [138], and nucleic acid fragments are among the most 
common biomolecules conjugated to NDs [139, 140].

Both non-covalent and covalent linkages are suitable for biomolecule attachment 
to ND surfaces. Covalent immobilization was shown to be twice as effective as non-
covalent adsorption for attachment of cytochrome [141]. Non-covalent connections 
are mediated by adsorption that involves charge compensation of carboxylic groups 
at the ND surface, water displacement, screening of hydrophobic patches, and other 
mechanisms that lower the free energy of particle to the thermal energy of its envi-
ronment [142]. Non-covalent connections can be easily created by incubating NDs 
in a solution containing the biomolecule. For example, lysozyme [68, 122–125], 
BSA [129, 131, 132], cytochrome [141], toxins [118, 119], and DNA [143] have 
been connected to ND surfaces by adsorption. DNA can also be bound on pretreated 
particles such as poly-L-lysine- [144] or thionine-coated [81] NDs. The major dis-
advantage of adsorption is the nonspecificity of the interaction, that is, NDs can 
bind almost every protein in solution. This quality can, however, be exploited for 
high-affinity nonspecific capture of proteins from solution [145]. Covalent grafting, 
on the other hand, creates a much more specific and strong connection between a 
molecule and the ND surface. However, the grafting procedure is exacting and time 
consuming [141]. Amide bonds are used most frequently to connect biomolecules 
to ND surfaces; either biomolecule amines are bound to carboxyls on the ND sur-
face [64, 65, 115, 117, 121, 126–128, 130, 135, 144, 146] or vice versa [79]. Silane 
linkers are also often used to mediate connection of biomolecules and ND surfaces 
by forming a covalent amide bond [76, 133] or by reaction of isocyanate with an 
amino group to yield urea [81].

A few studies have compared the effectiveness of biomolecule binding to DND 
and HPHT ND surfaces [122, 141]. DNDs can adsorb biomolecules more effec-
tively than HPHT NDs due to their higher surface to volume ratio and larger spe-
cific surface available for immobilizing biomolecules. Twofold and fourfold higher 
amounts of cytochrome [141] and lysozyme [122], respectively, were adsorbed on 
DNDs compared to HPHT NDs. Despite this nonuniformity, both types of NDs are 
stable and can be modified in similar ways. In this section, the type of NDs is not 
distinguished.

Maintaining the bioactivity of the conjugated molecules is crucial [14]. Various 
spacers may be inserted between a biomolecule and ND to reduce steric constraints 
and retain the function of the biomolecule. This is a particularly important consid-
eration for enzymes with active sites that may be sterically hindered by attachment 
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to ND surfaces [147]. Spacers are also used for suppressing nonspecific interac-
tions [148] and protein conformational changes caused by strong biomolecule–par-
ticle interactions [68, 149]. In addition, enzymatic activity sometimes decreases as 
surface coverage is lowered. To solve this issue, the surface can be blocked with 
supplementary proteins to create a more “crowded” environment. This strategy in-
creased the activity of ND-bound lysozyme from 60 to 70 % [68].

11.1.5  Behavior and Impact of Nanodiamonds on Biological 
Systems

11.1.5.1  Biocompatibility of NDs

Biocompatibility is a frequently used measure of nanoparticle performance in a bio-
logical system. According to William’s general definition, biocompatibility refers to 
the “ability of a material to perform with an appropriate host response in a specific 
situation” [150]. Biocompatibility is, however, contextual; it is related to a specific 
interaction and use of a biomaterial. The results and conclusions of many studies 
concerning the biocompatibility of NDs are not directly comparable, because they 
use different evaluation methods and criteria to judge the material’s biocompatibil-
ity. Furthermore, the results depend primarily on the type of particle studied (i.e., 
DNDs or HPHT NDs), their concentrations, and surface modifications. Biocompat-
ibility also depends on the types of cells used.

A parallel to another carbon nanomaterial, carbon nanotubes, should be men-
tioned here. A number of conflicting reports have been published: Some investiga-
tors have reported toxic effects following exposure of several cell types to nano-
tubes, while others demonstrate very low or insignificant cellular responses [151]. 
Currently, it is apparent that surface charge, shape, length, diameter, agglomeration, 
and purity, which are hard to keep consistent due to different nanotube preparation 
and purification procedures, influence their toxicity.

This section describes the importance of similar factors on the behavior of NDs 
in biological systems. We also focus on distinguishing the origin of NDs and sepa-
rating the effects of individual ND types. Overall, after purification and post-syn-
thetic modifications, NDs are often considered to be a most biocompatible carbon 
nanostructure and a low-toxicity material [138, 152–154].

In Vitro Biocompatibility of DNDs

Schrand et al. reported that DNDs are biocompatible in vitro in a variety of cell 
types [152]. Different measurements, such as 3-[4,5-dimethylthiazol-2-yl]− 2,5-di-
phenyltetrazolium bromide (MTT) assay, showed biocompatibility and low cyto-
toxicity of both modified (DND–COOH, DND–COONa, DND–SO3Na) and non-
modified (nonoxidized “raw” DNDs) DNDs. Eventual reduction of MTT corre-
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sponds to lower cellular viability based on mitochondrial function. No disruption 
of mitochondrial membrane permeability, morphological alterations, or viability 
changes (using luminescence measurement of adenosine triphosphate; ATP produc-
tion) were observed with 5–100 µg/ml DNDs. Furthermore, DNDs did not induce 
generation of reactive oxygen species (ROS) and did not cause oxidative stress 
leading to membrane dysfunction, protein degradation, and DNA damage [152]. In 
a subsequent study, the same biocompatibility measurements were performed with 
other carbon nanomaterials, including single- and multiwalled carbon nanotubes 
(SWNTs or MWNTs) [153]. The DNDs showed higher biocompatibility than car-
bon black, MWNTs, or SWNTs [153]. Huang et al. reported no change in expres-
sion of genes serving as indicators of inflammation and protection against apoptosis 
after incubation of macrophages or colorectal cancer cells with DNDs [138].

In general, nanoparticles are considered potentially toxic because of their small 
size and ability to enter cells and localize in critical organelles [6]. Recent studies 
have indicated that DNDs can be toxic under certain conditions [81, 129, 155–166]. 
The observed toxicities were concentration dependent, time dependent or both; no-
tably, however, DNDs were described to have much lower toxicity than other car-
bon materials, such as MWNTs [153, 165–167].

Harmful effects of DNDs were first reported in 2004. Destruction of human red 
and white blood cells after incubation with raw DNDs was observed [160]. Influ-
ence of DNDs on gene expression in human neoplastic cells was also shown [155]. 
Karpukhin et al. observed concentration-dependent toxicities in neutrophils, such 
as ROS formation and phagocytosis of oxidized DNDs [157]. Data suggest that the 
DND surface charge is a crucial determinant of toxicity due to the affinity of cation-
ic particles for the negatively charged cell membrane. The cytotoxicity of modified 
DNDs (at concentrations higher than 50 µg/ml) toward human embryonic kidney 
cells can be ranked as follows: –NH2>> –OH > –COOH (Fig. 11.4) [158]. The influ-
ence of surface charge, or more precisely zeta potential, and DND concentration on 
cell viability and growth was also reported by Horie et al. [156]. Toxicity studies on 
modified DNDs have been performed with polyaniline-modified DNDs in human 
embryonic kidney cells (where toxicity was observed in a concentration-dependent 
manner) [168]. In various studies, Fenton-treated DNDs showed different levels of 
toxicity, ranging from biocompatibility in HeLa cells [159] to stimulation of ROS 
production and other effects in human umbilical vein endothelial cell human um-
bilical vein endothelial cells (HUVEC) [161, 164].

Serum proteins can also influence the biological response to raw DNDs. Serum 
proteins adsorb on the surface of NDs and reduce their toxicity. One study showed 
that the toxicity of DNDs toward a variety of cell types depends on the presence of 
serum in the medium [129]. In contrast, other studies showed that DNDs are non-
toxic in serum-free media [152, 153].

A DND genotoxicity study was performed on mouse embryonic stem cells, 
which are highly sensitive to DNA damage [165]. DNA damage caused by both 
unmodified and oxidized DNDs was assessed by observing the activation of DNA 
repair proteins such as p53. Oxidized DNDs caused more DNA damage and cell dif-
ferentiation than raw DNDs. This effect is likely due to the formation of aggregates 



328 I. Řehoř et al.

that inhibit the entry of DNDs into cells. Raw DNDs are more likely to aggregate, 
while oxidized DNDs create better colloids. However, both types of DNDs caused 
much less DNA damage than MWNTs [165].

 In Vitro Biocompatibility of HPHT NDs

Biocompatibility of oxidized HPHT NDs was first examined in 2005 in human 
kidney cells by Chang et al. [169] and assessed in subsequent studies by the same 
lab and others [137, 144, 170–175]. Most studies assessed biocompatibility by MTT 
assay or measuring levels of enzymatic activity. These studies showed that surface 
modification, for example, with peptides [137], proteins, or polymers [172], does not 
alter the biocompatibility of HPHT NDs. Using HeLa cells, Faklaris et al. observed 
that biocompatibility of HPHT NDs is dose dependent; cell viability decreases at 
ND concentrations equal to or greater than 50 µg/ml [171]. Liu et al. [175] showed 
that HPHT NDs are noncytotoxic during cell division and differentiation of lung 
cancer cells and embryonic fibroblasts. NDs do not interfere with expression of 
genes or proteins that regulate cell-cycle progression, spindle formation, and chro-
mosome segregation. NDs also do not alter long-term (10 days) cell growth [175]. 
Fang et al. also did not observe significant alteration in growth or proliferation of a 
variety of cell types incubated with NDs for 8 days [174]. On the other hand, Weng 
et al. observed an approximately twofold reduction in the proliferation rate of HeLa 
cells treated with 10 µg/ml NDs modified with amino groups or transferrin [128]. 
This demonstration of toxicity is rather exceptional, and it is analogous to the ob-
servation of Marcon et al. [158] with DNDs. This HPHT ND-mediated toxicity was, 
however, observed to be much lower than that of other carbon nanomaterials, such 
as MWNTs (Fig. 11.5) [167].

Fig. 11.4  Effect of DNDs with various surface functionalities on human embryonic kidney cell 
(HEK293) survival (based on trypan blue dye exclusion assays). Cells were treated with different 
concentrations (10–200 µg/ml) of functionalized NDs for 24 h. (Figure adapted from [158])
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 Comparative In Vitro ND Biocompatibility Studies

The comparative toxicities of different ND types have also been studied [167, 176–
179]. Smaller DNDs show higher toxicity than larger HPHT NDs, as evidenced 
by effects on cell viability, proliferation, apoptosis, and metabolic activity [167, 
176–179]. This phenomenon can be explained not only by the different sizes (and 
surface area) of the particles but also by the presence of reactive disordered carbon 
structures on the surface of DNDs, which contrasts with the highly ordered (and 
oxidized) sp3 carbons on HPHT ND surfaces [176, 177]. Similarly, DNDs were 
found to be more toxic than HPHT NDs toward microorganisms, presumably for 
the same reasons [177].

Origin-dependent toxicity was also evidenced by comparison of DNDs with 
CVD NDs. Compared to DNDs, large CVD ND particles showed lower cytotoxic-
ity toward HUVEC cells, lower biological activity, and a lower level of apoptotic 
cells [162, 163]. These findings support the notion that origin and size could be the 
main determinants of ND cytotoxicity.

11.1.5.2  Cellular Internalization and Exocytosis of Nanodiamonds

Both DNDs [129, 152, 167, 176, 178] and HPHT NDs [134, 144, 167, 171, 176, 
178] can spontaneously enter cultured cells. The half-life of the uptake depends on 
the surface charge and modifications [128, 158] and particle size [128, 170, 172, 
180]. Uptake of DNDs was observed to be more efficient than for carbon materials 
such as MWNTs and graphene oxide [166].

Fig. 11.5  Cytotoxic effects of HPHT NDs and multiwalled carbon nanotubes (MWNTs) on human 
lung fibroblast cells (HFL-1). Cells incubated alone or with 100-nm HPHT NDs a or 100–200 nm 
MWNTs b in concentrations ranging from 0.1 to 100 μg/ml for 48 h. Cell viability was measured 
by MTT assay. Figure adapted from [167])
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The clathrin-mediated pathway, in which ligand first binds to a cell surface re-
ceptor and is then internalized, is the most frequent process for internalization of 
different NDs. Receptor-mediated endocytosis is facilitated by serum proteins ad-
sorbed onto the ND surface [181]. The mechanism of internalization has been stud-
ied primarily with HPHT NDs. To examine the cellular uptake of NDs, cells were 
incubated at low temperature in the presence of sodium azide or 2-deoxyglucose. 
The decrease in ND uptake under these conditions indicated that internalization de-
pends on temperature and the energetic status of a cell (sodium azide and 2-deoxy-
glucose create an ATP-depleted environment) and implies active transport by endo-
cytosis (Fig. 11.6) [170, 181]. Reduced uptake in the presence of sucrose or phenyl 
arsine oxide, which are known to disrupt the formation of clathrin-coated vesicles, 
implies that a clathrin-mediated pathway is employed [154, 170, 181]. The endocy-
tosis mechanism has been confirmed by several groups [137, 169, 174]. Clathrin-
mediated endocytosis of NDs modified with cationic polymers [180], poly-L-lysine 
[170], or transferrin [128] has been observed. Actin filaments and microtubules are 
also involved in this process [170].

Another common process of receptor-mediated endocytosis is the caveolae path-
way. This pathway is not thought to be used for ND internalization, as the presence 
of the blocking compound filipin does not reduce ND uptake (Fig. 11.6) [170, 181]. 
However, a different uptake mechanism, macropinocytosis, has been observed. 
Macropinocytosis likely also plays an important role in the uptake of NDs, particu-
larly if they are aggregated [128, 175, 180].

The short-term exocytosis of NDs from cells was low. The long-term exocytosis 
(after 6 days) in three different cell types was observed to be between 15 and 30 % 
[174].

11.1.5.3  Cellular Localization

Both DNDs and HPHT NDs localize inside the cell [134, 137, 138, 144, 167, 175, 
178]. Some studies imply that a fraction of NDs is entrapped and localized in endo-

Fig. 11.6  HPHT NDs (20 µg/ml) were incubated with HeLa cells for 2 h and internalized by endo-
cytosis. The mean photoluminescence intensity of NDs per cell is normalized to that of control 
cells: a at 37 °C (control), b at 4 °C, or at 37 °C after pretreatment with either c NaN3 (10 mM), d 
sucrose (0.45 M), or e filipin (5 µg/ml). (Figure adapted from [181])
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somes; vesicles involved in the transport of extracellular materials [154, 156, 180, 
181]. During endocytosis, the extracellular material containing ND is engulfed by 
the cell membrane and trapped in a newly created endosome. Inside the cell, en-
dosomes containing NDs can be transformed into lysosomes [154, 177, 180, 181]. 
NDs have not been observed in the nucleus [154, 169, 175, 180, 181], except in one 
study concerning DNDs modified with thionine [81].

The smallest particles can be observed in the cytoplasm [154, 171, 181]. It is 
not clear if these small NDs (approximately 5 nm) are directly internalized via pas-
sive transport across the cellular membrane or if they are released from endosomes 
[171]. The fact that NDs might not remain inside the endosomes offers promise for 
applications such as drug delivery.

11.1.5.4  In Vivo Toxicity and Biocompatibility Studies

 Biodistribution and Clearance of DNDs

Biodistribution and clearance of DNDs have been studied using mouse and rat mod-
els. In mice, DNDs accumulate mostly in the lungs, spleen, kidneys, and liver. In 
some studies, the highest retention of DNDs was observed in the lungs following 
injection [182] or intratracheal instillation [183]. Other studies show that the mouse 
liver contains the highest concentration of DND particles following injection [184, 
185]. High concentrations of DNDs in mouse blood and heart have been reported, 
and DNDs have not been found in the brain [183]. Redistribution of DNDs is pos-
sible; DNDs can easily pass through the alveolar wall of the capillary barrier, enter 
the bloodstream, and travel to other tissues [183, 185]. Smaller DNDs, which are 
not trapped in organs, are excreted through the urinary tract [182]. DNDs can be 
slowly eliminated from tissues over time [183, 185]. Whole-body clearance was 
observed in mice within 10 days [184].

The importance of the colloidal properties of NDs was established by filtration 
experiments. Removing larger DNDs caused a change in the particles’ regular dis-
tribution: The small, filtered particles localized to the bladder and were excreted 
[182]. Co-injection of DNDs with increasing doses of MWNTs decreased the he-
patic and splenic accumulation of DNDs and gradually increased lung retention 
[185]. The addition of surfactant agents did not lead to significant changes in dis-
tribution [182].

 Biodistribution and Clearance of HPHT NDs

Similar to DNDs, HPHT NDs modified with BSA accumulated mostly in the mouse 
liver, lungs, and spleen; however, no time-dependent elimination of NDs from tis-
sues was observed [186]. NDs were entrapped at a constant level over 28 days. 
After intratracheal instillation, HPHT NDs in addition to DNDs were present only 
in mouse lungs, not in the liver or spleen [187].
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 Comparative In Vivo Biocompatibility of Different ND Types

After DND injection, mice did not undergo a change in blood parameters such as 
interleukin-6, indicating a lack of systemic inflammation, or alanine transferase, 
indicating that DNDs did not influence liver function [184]. There were no indica-
tions of inflammatory processes 3 months after injection, suggesting the long-term 
biocompatibility of DNDs [188]. On the other hand, DNDs modified with carboxyl 
groups showed potential concentration-dependent embryotoxicity and teratogenic-
ity. These DNDs particles caused malformations in Xenopus laevis embryos. Strik-
ingly, the higher in vivo toxicity of ND–COOH over ND–NH2 and ND–OH is the 
opposite of the in vitro toxicity of these types of surface modifications [158].

The lungs, liver, kidneys, and hematological system of mice were adversely 
influenced after intratracheal instillation of DNDs [183]. No difference in body 
weight and no abnormal pathology changes were observed. The lungs suffered the 
most severe toxicological effects, such as inflammation and tissue damage, due to 
the high uptake and long retention time of DNDs in lung tissue [183]. However, in 
contrast to these results, Yuan et al. did not observe pulmonary toxicity in mice after 
intratracheal instillation of both DNDs and HPHT NDs. However, Yuan et al. used 
an approximately 20-fold lower dose of NDs [187].

No in vivo toxicity and no apparent side effects, such as a stress response, were 
observed after HPHT NDs were microinjected into Caenorhabditis elegans. More-
over, development of HPHT ND-containing C. elegans embryos appeared to be 
normal [130]. HPHT NDs were also stable in rats over a 5-month period, with no 
significant differences observed between control and HPHT ND-treated organisms 
[189].

11.2  Nanodiamonds as Probes and Contrast Agents

11.2.1  Color Centers in Nanodiamonds

The unique optical and magnetic properties of NDs underlie their success in ap-
plications ranging from quantum computing to bioimaging [12, 16, 167, 190] and 
single-spin magnetometry [191–194]. NDs host more than 500 color centers [195], 
some of which have been identified as bright single-photon sources. NV centers 
have been particularly well studied because they function as a source of single pho-
tons. In addition, their spin can be manipulated at room temperature by a magnetic 
field, electric field, or a combination of both. The NV center is considered a basic 
unit of quantum computing and has many novel applications in spintronics and 
cryptography. Other important single-photon sources showing nonclassical emis-
sion include Si–V [196, 197] (738 nm), Ni–N complexes called NE8 centers [198, 
199] (793–802 nm), chromium-based emitters [200, 201] (750–770 nm), and car-
bon-related TR12 centers [202] (470 nm).
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NV centers consist of a nearest-neighbor pair of a nitrogen atom, which is natu-
rally present as a lattice defect, and a lattice vacancy (Fig. 11.7a). NV centers are 
typically created by irradiation of purified HPHT NDs with ionizing radiation fol-
lowed by annealing in vacuo or under an inert atmosphere at 600–900 °C [74, 190, 
203, 204]. Irradiation of NDs creates vacancies [205], which migrate during anneal-
ing and get trapped by nitrogen atoms. To improve fluorescence intensity and col-
loidal stability, FNDs are then air oxidized at 500 °C or treated with molten KNO3 
followed by HNO3/H2SO4 wet oxidation [203].

Two charge states—negative NV− and neutral NV0—have been identified; each 
has different photoluminescence and spin properties. One NV center can exist in 
both states, depending on its surroundings [11, 206]. These centers are thermally 
stable up to 1000 °C and resistant to photobleaching and photoblinking [207, 208]. 
The neutral NV0 is nonparamagnetic and has a zero-phonon line (ZPL) emission 
wavelength at 575 nm. NV− is paramagnetic and has a ZPL at 637 nm, which is suit-
able for optical bioimaging (the cell autofluorescence signal is low in this region). 
Both ZPLs are followed by broad phonon side bands [209, 210] (Fig. 11.11).

NV centers are the predominant end product of irradiation followed by anneal-
ing [211]. NV contains a three-level emission system. This means that, in addition 
to the desired optical transition, the centers have a parallel decay channel through a 
metastable state. The metastable state has a long emission time, which reduces sin-
gle-photon emission. The energy levels of an NV− center labeled according to C3v 
symmetry group is shown in Fig. 11.7b. Two of the six electrons of the center are 
unpaired, meaning that both the ground and the first excited state are triplets. The 
uniaxial crystal field and mutual magnetic interaction between electrons splits the 
electronic spin states to 3A2 ( ms = 0) and doubly degenerate 3A2 ( ms = ± 1) sublevels. 
The energy gap between these two sublevels is 2.87 GHz. Optical excitation from 
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Fig. 11.7  a Schematic picture of an NV center. N is a substitutional nitrogen; V is a vacancy of a 
carbon atom. (Figure adapted from [213]). b Electronic level structure of NV depicting radiative 
and non-radiative transitions. Excitation from 3A2 ( ms = 0) is followed by radiative decay back 
to ground state. Excitation from 3A2 ( ms = ± 1) is followed not only by radiative decay but also 
by non-radiative decay through a singlet state, decreasing the overall fluorescence intensity. The 
decay processes can be modulated by ESR: the frequency 2.869 GHz is needed for excitation from 
3A2 ( ms = 0) to 3A2 ( ms = ± 1). (Figure adapted from [214])
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3A2 ( ms = 0) to 3E ( ms = 0) is followed by a radiative decay. In contrast, excitation 
from spin sublevels having ms = ±1 results either in radiative decay to the ground 
state 3A2 ( ms = ± 1) or in intersystem crossing through the intermediate singlet state 
1A1 preferentially to the ground state 3A2 ( ms = 0), which quenches the fluorescence. 
Upon optical cycling, the spin ends up in the ms = 0 sublevel, which has brighter 
fluorescence than ms = ± 1 sublevels [212]. This optically pumped spin polarization 
can be destroyed by a resonant microwave field (at 2.87 GHz), which induces tran-
sition between ms = 0 and ms = ± 1 spin sublevels. In this way, fluorescence intensity 
can be modulated or switched off, as transitions from ms = ± 1 sublevels fluoresce 
less. This approach also enables optical detection of a single electron spin resonance 
(ESR) spectrum [213, 214].

In the presence of an external magnetic field, the ms = ± 1 sublevels are no longer 
degenerate due to Zeeman splitting. This is evidenced by the appearance of two 
lines in the ESR spectrum (there is one line at zero magnetic field). Measuring the 
line positions in the ESR spectrum allows for calculation of the magnitude of the 
external field with high accuracy and sensitivity. This system can, therefore, be used 
as an atom-sized scanning probe vector magnetometer [194, 213, 215], detecting 
magnetic or electric fields produced by a single electron located tens of nanometers 
away from an NV− center.

Intensity and positions of lines can be further modulated by an electric field or 
a combination of magnetic and electric fields. In addition to static perturbation, 
dynamic effects like spin echo or Rabi oscillations can be exploited.

Low brightness is a major drawback of NV centers that limits their wider appli-
cations. One approach to boost fluorescence is to couple the NV center to surface 
plasmons of a metallic nanostructure [216, 217]. The excitation of plasmon reso-
nances leads to highly localized photon fields, and therefore to enhanced excitation 
of nearby emitters, resulting in higher fluorescence.

Another approach to boost ND fluorescence is to increase the number of NV 
centers during synthesis. Optimal thermal and kinetic conditions for NV production 
and oxidation have been described [203]. Particles prepared by this approach are 
about one order of magnitude brighter than particles prepared by commonly used 
procedures.

In addition to the red fluorescence of the NV center, NDs can also emit green 
fluorescence [218, 219]. This fluorescence arises from the excitation of N−V−N 
color centers, called H3 centers, which have ZPL at 503 nm. Similar to the NV 
center, H3 centers are thermally stable and do not photobleach or photoblink. For 
example, diamonds containing H3 color centers are used as a lasing medium for 
room-temperature color-center lasers.

11.2.2  Nanodiamonds as Optical Nanosensors

While in most cases NDs containing NV centers serve as fluorescent or magnetic 
labels, recent research has opened the possibility of using FNDs as optical sens-
ing devices. The switch between the neutral (NV0, ZPL emission wavelength at 
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575 nm) and negatively charged (NV−, ZPL at 637 nm) states of the NV center can 
be used for ratiometric, double-color reading of electronic changes in the vicinity of 
the NV center. These surface-induced charge state conversions in NV0/NV− popula-
tions, which are sensitive to the chemical nature of various diamond surfaces, have 
been described for bulk diamond [192, 220–227, 228] as well as NDs [74, 75, 206, 
220, 221, 229, 230] (for a recent review, see [11]).

The original NV center charge state is influenced by distance from the diamond 
surface (particle size), surface termination, and electron donor (i.e., nitrogen) con-
tent [220]. In bulk high-purity nitrogen-implanted diamond crystals, NV− centers 
prevail. However, close to the diamond surface, these centers become unstable and 
switch to NV0 [222]. This also occurs in diamond nanoparticles [74]. The charge 
state of NV centers near the surface can be converted from NV0 to NV− by various 
types of oxidation, which cause removal of sp2-hybridized carbon surface layers or 
removal of CH bonds [74, 203, 220, 222, 223] (see Fig. 11.8). The most significant 
differences in fluorescence spectra have been observed not for bulk crystals but for 
HPHT NDs, because of their high surface-to-volume ratio [220].

The influence of various diamond surface terminations on NV luminescence has 
been explained using the band gap model [220, 221] and quantum chemical calcula-
tions [206, 226, 227, 230]. A similar procedure leads to boosting and prolongation 
of fluorescence (different from NV centers) of DNDs [75]. Certain changes in the 
fluorescence spectra dependent on the excitation wavelength have also been ob-
served on carboxylated NDs after protein adsorption [231].

Ratiometric reading of NV0/NV− fluorescence is becoming a promising tool for 
optical monitoring of the chemical environment and biochemical interactions close 
to the ND surface [220].

Fig. 11.8  Changes in fluo-
rescence spectra of hydroge-
nated FNDs (40 nm) upon air 
annealing at different temper-
atures. Before measurement, 
samples were heated to the 
target temperature, kept at the 
set temperature for 30 min, 
and then cooled to room tem-
perature. Upon consecutive 
oxidation caused by heating 
the hydrogenated surface in 
air, the fluorescence of NV− 
(ZPL at 638 nm) gradually 
increases. (Figure adapted 
from [220])
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11.2.3  Bioimaging Using Fluorescent Nanodiamonds

Visualization and tracking of subcellular structures, biomolecules, and their inter-
actions in cells is a key biological technique. Nonfluorescent biomolecules can be 
modified with a fluorescent label to enable real-time imaging in living cells. The 
ideal fluorescent label should meet a certain set of requirements, including chemical 
stability and solubility, convenient size, minimal interference, low toxicity, and high 
brightness. Among the most frequently used labels are fluorescent proteins, organic 
dyes, and semiconductor nanocrystals (quantum dots) [232, 233]. Fluorescent NDs 
are an exciting alternative to these probes, because they provide unique properties. 
Notably, they do not contain toxic elements and are considered to be the most bio-
compatible of carbon nanoparticles. Fluorescent NDs containing NV centers have 
unlimited resistance to photobleaching, the time profile of their emission is very 
stable, and particles > 5 nm do not photoblink [234]. These properties make them 
well suited for cell imaging applications.

Imaging using fluorescence probes? in living organisms is a challenging task. 
The surrounding tissue can shield a probe’s emission and is also a source of autoflu-
orescence, which originates from photoexcitation of endogenous fluorophores such 
as collagens, retinols, retinoic acids, porphyrins, flavins, and nicotinamide adenine 
dinucleotides (NADHs). One major advantage of FND probes is their emission 
wavelength in the near-infrared region, where both autofluorescence and tissue ab-
sorption (Fig. 11.9) are low (so-called tissue imaging window) [235]. On the other 
hand, the fluorescence intensity of FNDs is much lower compared to the same mass 
concentration of molecular dyes. Very bright FNDs are essential for in vivo fluores-
cence imaging; therefore, exclusively HPHT NDs at sizes around 100–150 nm are 
used [130, 189, 214, 236, 237].

The following paragraphs briefly describe achievements in cellular and in vivo 
imaging of FNDs, primarily fluorescent HPHT NDs containing NV centers. The 
use of other types of ND fluorescence or DNDs in a few exceptional cases is high-
lighted.

Fig. 11.9  Comparison of the 
fluorescence spectrum of NV 
centers in FNDs in the near-
infrared imaging window of 
biological tissues. The black, 
dark-gray, and light-gray 
curves represent the absorp-
tion spectra of H2O, oxygen-
bound hemoglobin (HbO2), 
and hemoglobin (Hb), 
respectively. NIR near-infra 
red. (The absorption spectra 
were adapted from [235])
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11.2.3.1  Nanodiamonds as Fluorescent Probes for Intracellular Tracking

NDs were first described as suitable in vitro fluorescent labels by Chang et. al [169]. 
Confocal fluorescence images were used to show the cellular uptake of NDs. NDs 
emit in the deep red region (around 700 nm), which falls into the tissue imaging 
window. ND fluorescence is well separated from the spectral region where cellular 
endogenous fluorescence occurs [126, 127, 135, 144, 169, 190]. NDs can also be 
distinguished from background cellular autofluorescence by time-gated imaging, 
thanks to their long fluorescence lifetime (>10 ns for NV color centers) [127, 171]. 
Nowadays, fluorescent NDs are widely used as labels for in vitro tracking detected 
by confocal microscopy or flow cytometry [112, 115, 117, 118, 126–128, 134, 135, 
144, 167, 169, 171, 174, 178, 181, 190, 219, 238–240].

Due to their stable fluorescence and resistance to photobleaching and photob-
linking, NDs can be used for long-term tracking to follow fast and slow events in 
cells [115, 135, 144, 171, 174, 181, 190, 238]. Fang et al. used NDs detected by 
confocal microscopy for long-term labeling and tracking of stem cell division, pro-
liferation, and differentiation [174]. Flow cytometry was used to study exocytosis 
of NDs from cancer and stem cells [174]. Due to its excellent photostability and 
high brightness, a single 35-nm ND was tracked inside a HeLa cell over a time span 
of more than 200 s, using a mean square displacement analysis of the three-dimen-
sional (3D) trajectory (Fig. 11.10). The diffusion coefficient for internalized ND 
within an endosome was determined from this measurement [190]. Other groups 
have also determined the trajectory and diffusion motion of NDs in HeLa cells [134, 
135, 144]. Long-term tracking offers promise for revealing details of intracellular 
activities such as drug delivery and viral infections.

Although observations have been made using fluorescent NDs and NDs have 
been shown to perform similarly as quantum dots and dyes [144, 238], some have 
pointed out the current limitations of FNDs. The largest concern is brightness (re-
lated to the weight of the material), which is relatively low compared to that of other 
fluorescent probes [203]. Smaller NDs (< 50 nm) can be detected only by fluores-
cence that has a sufficiently high signal-to-background ratio and not by backscat-

Fig. 11.10  Three-dimensional tracking of a single 35-nm HPHT ND in a live HeLa cell. a Bright-
field and epifluorescence (red pseudo-color) images of the cell after ND uptake. b Three-dimen-
sional reconstruction (left panel), showing the boundaries of the nucleus and the cytoplasm of 
the cell. Three-dimensional trajectory (shown in pseudo-color, right panel) and displacements of 
a single FND (labeled with a yellow box in (a) inside the cell over a time span of 200 s). (Figure 
adapted from [190])
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tered light from the excitation laser [181]. On the other hand, Neugart et al. were 
able to observe single diffusing NDs in living HeLa cells, although most particles 
only contained two defects [134]. The intrinsic fluorescence of non-treated NDs 
has been proposed to be strong enough for imaging both HPHT NDs and DNDs 
by confocal microscopy or flow cytometry. NDs are typically excited at 488 nm, 
and fluorescence is collected in the range from 510 to 530 nm [115, 118, 167, 178, 
219, 239]. Natural defects and impurities and the large surface-to-volume ratio of 
nanoparticles are likely responsible for this green-light emission [167]. Similar to 
red fluorescent NDs, the concentration- and incubation-time-dependent uptake of 
70-nm green fluorescent NDs in HeLa cells has been observed by both confocal 
microscopy and flow cytometry [240].

11.2.3.2  Cellular Targeting by Surface-Modified Nanodiamonds

The fluorescent properties of NDs are not altered by surface functionalization 
with certain biomolecules, which allows imaging of ND–biomolecule conjugates 
in cells. Biomolecules that bind to specific cell surface receptors have been used 
for cellular targeting of NDs (mostly to cancer cells). Conjugates with transfer-
rin (ND-Tf) are a typical example [126–128]. In media supplemented with serum, 
negligible cellular internalization of carboxylated NDs and high uptake of ND-Tf 
conjugates were observed by flow cytometry and confocal microscopy. Transferrin 
receptors are overexpressed on the surfaces of HeLa cells, and ND-Tf is, there-
fore, highly effective at targeting cancer cells [128]. The assumption that ND-Tf 
conjugates specifically target transferrin receptors on cancer cells was confirmed 
by preincubation with free transferrin. An increase in free transferrin concentra-
tion causes a decrease of ND-Tf cellular uptake, as measured by flow cytometry 
[126]. The receptor-mediated uptake of ND-Tf was further confirmed using confo-
cal fluorescence spectroscopy [128]. Fluorescence spectra and lifetimes of pristine 
and surface-modified NDs were very similar, confirming the negligible effects of 
chemical surface modifications [128].

NDs have also been conjugated with folic acid (ND–FA). Folic acid receptors 
are overexpressed on cancer cells, and the uptake of ND–FA is enhanced compared 
to pristine ND particles. The amount of ND–folic acid internalized was drastically 
reduced when the HeLa cells were pretreated with free FA (Fig. 11.11). These par-
ticles can be used for single-particle tracking in three dimensions and over a time 
span of more than 5 min during endocytosis. The uptake of ND–FA particles is con-
centration and incubation time dependent, as measured by flow cytometry [135].

ND and chlorotoxin conjugates (ND–Tx) specifically bind to glioma cell surfac-
es, as Fu et al. revealed. After NDs and ND–Tx were incubated with glioma cells in 
medium supplemented with serum, confocal microscopy showed that intracellular 
localization of ND–Tx was much higher than that of unmodified NDs [117]. DNDs 
with various bound antibodies were able to selectively target intracellular structures 
such as actin filaments, mitochondria, and membranes [115, 219].
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11.2.3.3  Fluorescence Imaging In Vivo

The first in vivo ND imaging was performed in 1 mm long transparent worms, C. el-
egans. The worms were fed with FNDs, which were subsequently visualized using 
a fluorescence microscope [130]. One worm contained an estimated 2 ng of 120-nm 
FNDs, corresponding to approximately 106 particles, which allowed easy imag-
ing. Stable dispersions of dextran or serum albumin-coated FNDs were absorbed 
into intestinal cells after peroral administration, with very few remaining in the gut 
lumen [130]. Penetration of FNDs through the tissue of one C. elegans was docu-
mented by fluorescence microscopy. FNDs microinjected into the distal gonads of 
gravid hermaphrodites were incorporated into oocytes. Their fluorescence signals 
persisted throughout embryogenesis, suggesting that fluorescence ND labels can 
be used for long-term tracking in vivo [130]. Notably, no harmful effects were ob-
served throughout the study.

Although the results from C. elegans were encouraging, observing FND fluores-
cence in mammals is much more challenging due to the large absorption and scat-
tering of light in their bulky bodies and strong tissue autofluorescence. Recently, 
FNDs were visualized in mouse and rat with a fluorescence camera [189]. Autofluo-
rescence excited at short wavelength (430 nm) was subtracted from the obtained 
data. FNDs administered to rats by subcutaneous (s.c.) and intraperitoneal (i.p.) 
injection were observed. For s.c. injection, FNDs could be visualized more than 
1 month after administration, confirming their promise as long-term fluorescent 

Fig. 11.11  Images of ND–FA internalized by HeLa cells with or without free FA in the media. 
a ND–FA, b ND–FA pretreated with free FA. The images displayed are differential interference 
contrast (left), epifluorescence (middle), and confocal fluorescence (right) images of the same 
cells with their membranes and endoplasmic reticulums stained in green with wheat germ agglu-
tinin Alexa Fluor 488 conjugates and nuclei stained in blue with Hoechst 33258. All cells were 
incubated with NDs for 3 h at a particle concentration of 10 µg/ml. (Figure adapted from [135])
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labels. Notably, imaging in rats is considerably more challenging than imaging in 
mice due to rats’ greater skin thickness (ca. fivefold) and resulting higher absorption 
of light [189]. No optical degradation of FNDs or toxic effects on the animals were 
observed, even at huge doses of FNDs (5 mg/kg, repetitively, administered i.p.).

FNDs were successfully used for in vivo fluorescence imaging of a mouse lymph 
node [189]. Serum albumin-coated FNDs (100 nm) injected intradermally into the 
foot migrated into the axillary lymph node (Fig. 11.12). This observation was per-
formed over several days, showing a gradual increase in fluorescence intensity in 
the node. Notably, a dose of only 40 µg of FNDs was administered, showing the 
high sensitivity of this experimental setup. This method represents a breakthrough 
in FND in vivo imaging because it can be used not only to visualize particles in the 
place of administration but also to track them throughout the body. These results 
can be applied to sentinel lymph node mapping, a technique widely used in cancer 
diagnosis and treatment [241]. The remarkable in vivo imaging results achieved by 
Chang et. al were mainly due to their ability to prepare extraordinarily bright FNDs 
[190] and to their carefully designed imaging protocols that included background 
autofluorescence subtraction during fluorescence scanning [189].

Two remarkable optical properties of NV centers have been applied to suppress 
background signals from surrounding tissue during in vivo fluorescence imaging—
long fluorescence lifetimes and the unique electronic structure of NV centers. One 
approach [236] exploits the radiative lifetime of an excited NV center (> 10 ns), 
which is quite long compared to that of sources of autofluorescence (1–4 ns). Fluo-
rescence lifetime imaging microscopy (FLIM) measures fluorescence lifetimes and 
therefore allows filtering of short radiating signals that do not originate from NV 
centers. Standard fluorescence acquisition suffered from a strong background signal 
in C. elegans fed with 100 nm FNDs, while FLIM could distinguish between these 
two types of signals.

A second approach for background fluorescence suppression takes advantage 
of the fact that an NV center has a ground triplet state of 3A2, which is due to 

Fig. 11.12  In vivo imag-
ing of FNDs, intradermally 
injected into mouse foot 
(marked with a white circle) 
and their accumulation in 
lymph node (black arrow) 8 
days after injection. (Figure 
adapted from [189])
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the crystal field and onsite magnetic interactions separated into two energy levels 
( ms = ± 1) [194, 237] (see Fig. 11.7). Fluorescence intensity is significantly stronger 
when excitation starts from 3A2 ( ms = 0) than from 3A2 ( ms = ± 1). In the absence of 
an external magnetic field, these two energy levels are separated with an energy 
corresponding to 2.87 GHz resonant frequency. Irradiation of FNDs with this reso-
nant frequency leads to a decrease in their fluorescence intensity, while all other 
fluorescence sources remain unchanged (for more details and other applications 
of this phenomenon, see [194, 213, 237, 242, 243]). This unique FND behavior 
allowed background-free imaging of FNDs in C. elegans (peroral administration) 
and mice (i.p. injection of 10 µg NDs) by fluorescence scanning with a 2.87 GHz 
field repetitively turned on and off [237]. If an external magnetic field is applied, 
the degenerate 3A2 ( ms = ± 1) states split, and the rising energy barrier between them 
rises linearly with the applied magnetic field [214]. This phenomenon was used 
by Hegyi and Yablonovitch, who, by application of gradient magnetic fields (in a 
somewhat similar manner as in MRI), achieved 3D imaging of FNDs in a chicken 
breast phantom [214]. Although this is not in vivo imaging, the elaborate technol-
ogy and promising results are noteworthy.

In summary, in vivo imaging of FNDs still remains a challenging task, but the 
achievements made in recent years, such as FND tracking in mice, represent huge 
progress in the field.

11.3  Other Bioapplications of Nanodiamonds

11.3.1  Drug Delivery

Important parameters in the design of suitable drug carriers for intracellular deliv-
ery are sufficient loading capacity in proportion to the weight of the carrier, strong 
binding of active molecules to the carrier surface, and a mechanism of targeted 
release. Thanks to their enormous surface area, good biocompatibility, and easy 
functionalization with biomolecules, NDs comply with all these requirements. Cur-
rent ND drug delivery research mainly focuses on design of carriers for delivery 
of small biomolecules, with an emphasis on chemotherapeutic agents. With a few 
exceptions, active substances are attached to the particle surface via non-covalent 
bond interactions, which allows easier carrier formation.

11.3.1.1  Small Molecules

The Ho laboratory made a pioneering step in the investigation of NDs as possible 
drug carriers by establishing non-covalent bonding of doxorubicin (DOX) hydro-
chloride to oxidized DND surfaces [138]. Negatively charged groups at the sur-
face of DNDs form ionic interactions with the positively charged amino group of 
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DOX. The resulting particles are in the form of clusters. The amount of bound 
DOX increases with the ionic strength and basicity of the environment [244, 245]. 
This effect allows in vivo release of DOX upon a change in environmental condi-
tions and enables highly efficient tumor treatment in an animal model (Fig. 11.13) 
[184]. Similar particles including cisplatin and 10-hydroxycamptothecin (HCPT) 
have been developed [129, 246]. Intracellular delivery of DND-DOX particles can 
be enhanced by conjugation with the cell-penetrating protein TAT (trans-activator 
of transcription protein) [247]. Non-covalently bound DND-DOX particles, which 
allow long-term fluorescence localization of particles within the cell, have also been 
developed [248].

NDs can also be used to increase the solubility of hydrophobic drugs, such as 
purvalanol A and 4-hydroxytamoxifen [249]. Paclitaxel, a chemotherapy drug, has 
been covalently linked to the surface of NDs [239]. Hybrid carriers with both co-
valent and non-covalent bonds have also been developed. These particles are com-
posed of NDs with non-covalently bound epirubicin, coated with a lipid double 
layer with a small amount of biotinylated lipids. These are connected to biotinylated 
targeting antibodies via a streptavidin anchor [250].

11.3.1.2  Biomolecules

The potential use of NDs as biomolecule carriers was illustrated by pH-controlled 
release of bovine insulin bound on ND surfaces [136]. Use of NDs for gene deliv-

Fig. 11.13  ND delivery of 
doxorubicin (DOX) inhibits 
tumor growth in a murine 
mammary carcinoma model 
(4T1 cells). Survival plot for 
tumor-bearing mice treated 
with phosphate buffer saline 
(PBS) ( n = 7), DOX (100 mg) 
( n = 10), DND–DOX con-
jugate (NDX; 100 mg DOX 
equivalent; n = 10), DOX 
(200 mg; n = 5), or NDX 
(200 mg DOX equivalent; 
n = 5) by tail-vein injection 
every 6 days. *P < 0.003. 
NDX nanodiamond–doxo-
rubicin complex (Figure 
adapted from [184])
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ery is hindered by the negative charge and high molecular weight of bound nucleic 
acids.

One possible way to overcome these obstacles is modifying the particle archi-
tecture by covering NDs with positively charged polyethyleneimine-800 (PEI-800). 
PEI-800 forms electrostatic interactions with negatively charged plasmid DNA 
[140]. Use of PEI-800-coated NDs led to substantial improvement in the efficiency 
of transfection without an increase in cytotoxicity. Other work has shown the pos-
sibility of using DNDs or HPHT FNDs coated with non-covalently bound cationic 
polymers for intracellular transport of small interfering RNA (siRNA) [139, 180, 
251]. For DNDs, different surface architectures that enable intracellular plasmid 
transfer include covalently bound triethylamine [81] and lysine [252] functional 
groups or the use of a cationic 2-(dimethylamino)ethyl methacrylate NDs-polymer 
brush [253].

11.3.2  Nanodiamonds as a Tool for Mass Spectrometry

In recent years, NDs have been recognized as a valuable tool for mass spectrom-
etry (MS) of various biomolecules [254], due to their large surface area and high 
affinity to macromolecules. The use of NDs in MS studies is based on solid-phase 
extraction (SPE) of biopolymers (peptide, protein, or DNA) on the ND surface 
with subsequent separation of NDs by centrifugation [255] or filtration [256]. After 
washing, NDs with adsorbed analyte are suitable for immediate MS analysis. The 
preferred ionization methods are matrix-assisted laser desorption/ionization (MAL-
DI) and electrospray ionization (ESI), which provide sufficiently soft conditions for 
biomolecular analysis.

Chemical modification of ND surfaces allows adjustment of ND affinity to dif-
ferent types of biomolecules. Carboxylated NDs have a remarkably high affinity to 
peptides [255, 257] and proteins [141, 145, 258]. The high affinity of peptides [68] 
and proteins [145] to negatively charged carboxylated NDs might be due to a com-
bination of their ionic interactions, hydrogen bonding, hydrophobic, and van der 
Waals interactions. Covalent or non-covalent coating of NDs with basic polylysine 
[141, 256, 259] or polyarginine [260] leads to the formation of positively charged 
films on the surfaces of carboxylated NDs. Polylysine- and polyarginine-coated 
NDs show a strong affinity for negatively charged species such as DNA [261] and 
phosphoproteins [260]. Similarly, NDs functionalized with boronic acid exhibit af-
finity for glycopeptides [262]. Last but not least, a major advantage of NDs as 
selective extractors of biomolecules from solution is their inertness, which allows 
modifications of the adsorbed analytes in subsequent MS studies [255, 259].

11.3.3  Other Applications

In this section, we briefly discuss some interesting bio-related applications of NDs.
One of these bioapplications is enzyme immobilization. Several disadvantages 

of enzymes, such as short-term stability and difficulties in recovery and recycling, 
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can be eliminated and improved by non-covalent [68] or covalent [121] immobili-
zation of enzymes on HPHT ND or DND surfaces. This immobilization increases 
stability, enables repeated use and easy separation from the reaction mixture, and 
can improve the catalytic properties of an enzyme [263]. One advantage of using 
NDs rather than other nanoparticles for this purpose is their biocompatibility. For 
example, the catalytic activity of immobilized trypsin on DND surfaces was not 
altered significantly [121]. Both the Michaelis constant and maximum effective ve-
locity of ND-bound trypsin were within the same order of magnitude as for free 
trypsin. In fact, immobilized trypsin catalyzed protein cleavage with even higher 
efficiency than free trypsin. Unlike free trypsin, the immobilized enzyme did not 
undergo autolysis. The catalytic reaction with immobilized enzyme can, therefore, 
be performed more quickly and with higher enzyme concentrations than the reac-
tion with free trypsin. Five minutes of BSA and myoglobin cleavage by immobi-
lized trypsin was comparable to 12 h of cleavage by free trypsin, according to mass 
spectrometry [121].

HPHT NDs have been used as an adjuvant—an agent used to enhance immune 
responses [264]. Common adjuvants shield epitopes critical for evoking an immune 
response. Mussel adhesive protein bound to a conventional adjuvant evokes a weak 
immune response, while exposure to antigen immobilized on cellobiose-modified 
NDs evokes a strong response. Using this ND adjuvant, antibodies against mussel 
adhesive protein were prepared in rabbits [264].

NDs modified with lysozyme were able to bind Escherichia coli from solution. 
The ND–lysozyme complex interacted with E. coli, while non-modified NDs had 
no affinity for the bacteria. Lysozyme is an enzyme that lyses the bacterial cell wall. 
The ND–lysozyme complex showed high antibacterial activity in a bacteria survival 
test [124, 178]. NDs non-covalently modified with specific antibodies were able 
to interact with Salmonella typhimurium and Staphylococcus aureus. ND-antibody 
conjugates can serve as effective probes for the detection of bacteria or other patho-
gens in solution [114].

NDs can also be used for construction of powder electrodes either in the form 
of powder [265] or immobilized on metal electrode [266] to improve their electro-
chemical properties [267]. A wide potential window (~ 3,5 V), low capacitance, 
high electrochemical stability, and corrosion resistance are typical features of dia-
mond electrodes. To induce conductivity, diamond electrodes are commonly boron 
doped [268]. In the case of NDs with a high surface to volume ratio (usually DNDs 
several nanometer in diameter), surface defects, and surface modifications can in-
duce conductive behavior [265]. Zang et al. showed that the redox behavior of a 
DND powder electrode is similar to that of a diamond film [269]. Zhao et al. pre-
pared an electrode for glucose biosensing based on carboxy-terminated NDs coated 
on a gold disc electrode. Glucose oxidase molecules were covalently bound to the 
carboxy groups. Anodic oxidation pretreatment led to increased oxygen reduction 
[266]. Highly sensitive electrochemical detection of the immunosuppressive drug 
azathioprine was achieved by glassy carbon electrodes modified with a film of ND–
graphite/chitosan [270]. ND-based sponges with entrapped horseradish peroxidase 
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showed excellent biocatalytic properties toward reduction of hydrogen peroxide 
[271].

In addition to these examples, there are many other medical applications and 
bioapplications of NDs. For example, because of their high surface area, biocom-
patibility, and nontoxicity, DNDs can be used as novel carbon-based enterosorbents 
for a group of mycotoxins called aflatoxins [272].

An interesting potential application of NDs involves photothermal cancer ther-
apy. Growth hormone-modified DNDs were adsorbed onto the surface of cancer 
cells. Laser irradiation at 532 nm was absorbed by DND nitroso groups (two-
photon absorption), which causes local membrane damage followed by cell death 
[273]. This photothermal effect was also demonstrated with transferrin-modified 
HPHT FNDs internalized into HeLa cells. The mechanism of action is hyperther-
mia following laser irradiation, caused by intensive absorption of isolated nitro-
gen atoms in the FND lattice [128]. Hybrid FND particles connected to urchin-like 
gold nanoparticles were also developed. These nanoparticles allow a combination 
of fluorescence imaging using excitation at 488 nm and photothermal ablation at 
800 nm [274].

DNDs containing composites are promising materials for bone tissue engineer-
ing. Octadecylamine–DNDs were dispersed in the biodegradable polymer poly(L-
lactic acid) to form fluorescent composite bone scaffold material. DNDs signifi-
cantly improved the mechanical properties of the poly(L-lactic) acid matrix [275]. 
Addition of DNDs to a simulated body fluid resulted in more effective hydroxy-
apatite growth, which was attributed to the character of –OH groups on the DND 
surface [276]. Designs of ND-based biochips have also been suggested [277, 278]. 
Mannose-modified NDs showed highly specific anti-adhesive behavior toward bi-
otic and abiotic surfaces [279]. According to patent literature, DNDs are a promis-
ing ingredient in cosmetic and health-care products [280, 281]. Today, diamond 
powder is included in more than 70 cosmetic products such as nail polishes, sham-
poos, and sunscreens (www.cosmeticdatabase.com).

11.4  Conclusions and Outlook

Compared with other carbon nanomaterials, NDs became in a short time period 
an important and promising material for a wide range of potential applications. 
Their intriguing diversity in structure, size, surface chemistry, and photophysical 
properties has resulted in use of NDs in diverse fields, including in vivo imaging, 
super-resolution microscopy, drug delivery, mass spectrometry, and photothermal 
cancer therapy. Indeed, their use as selective cellular and intracellular probes cur-
rently remains under development (as for all nanoparticle probes), because they 
cannot be genetically encoded like fluorescent proteins. However, further studies on 
their structure, surface chemistry, and coatings; improved control of their colloidal 
properties; and development of functionalization and targeting methods promise 
to move this issue forward. In the near future, the unprecedented photophysical 

http://www.cosmeticdatabase.com
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and spin properties of NV centers embedded in properly modified ND crystals are 
expected to fulfill the demands required for construction of extremely stable and 
highly biocompatible optical and magnetic bionanosensors.
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Chapter 12
Bio-Inspired Engineering of 3D Carbon 
Nanostructures

Rajesh Kumar, Hyun-Jun Kim and Il-Kwon Oh

12.1  Introduction

Carbon is a unique and versatile element which is capable of forming different ar-
chitectures at the nanoscale level. Control of carbon nanostructure on the nanometer 
scale relies on intermolecular interactions whose specificity and geometry can be 
treated on a predictive basis. The study of the synthesis, characterization, and mech-
anism of formation of carbon nanostructure materials has a long history and studies 
in particular on fullerene, carbon fibers (CNFs), and carbon nanotubes (CNTs) dates 
back over many decades [1]. In 2004, the new form of carbon known as graphene, 
a one-atom-thick planar sheet of sp2-bonded carbon atoms densely packed in a hon-
eycomb crystal lattice, has grabbed extraordinary appreciable attention to be used 
as a next-generation electronic material, due to its exceptional properties includ-
ing high current density, ballistic transport, chemical inertness, high thermal con-
ductivity, optical transmittance, and super hydrophobicity at nanometer scale [2]. 
Recent progress has shown that the graphene-based materials can have a profound 
impact on electronic and optoelectronic devices, chemical sensors, nanocompos-
ites, and energy storage. The Nobel Prize in Physics 2010 was awarded to Andre 
Geim and Konstantin Novoselov “for ground breaking experiments regarding the 
two-dimensional material graphene,” a layer of graphite in the pencil. Graphene, 
one of the allotropes (CNT, fullerene, diamond) of elemental carbon, is a planar 
monolayer of carbon atoms arranged into a 2D honeycomb lattice with a carbon–
carbon bond length of 0.142 nm. It has a large theoretical specific surface area of 
2.6 × 103 m2 g−1 [3] and high thermal conductivity (3 × 103 W m−1 K−1) and Young’s 
modulus (1.06 × 103 GPa) [5]. The electrical transfer rate show 1.5 × 104 cm2 V−1 s−1 
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at room temperature [6]. With respect to its unique physical, chemical, and mechan-
ical properties, graphene has gained an explosion of interest and opened up a new 
research area for material science and nanotechnology. The first graphene was ex-
tracted from graphite using a technique called micromechanical cleavage [6]. This 
approach allowed easy and simple production of high-quality graphene nanosheets 
(GNSs) and further led to enormous experimental activities [7]. These well-studies 
properties have generated tremendous interest among material researchers and en-
gineers. The recent applications in various fields such as in large-scale assembly, 
field effect devices, sensors, transparent electrodes, photo detectors, solar cells, en-
ergy storage devices, polymer composites, and nanocomposites are reviewed with 
a brief update on toxicology. The conclusion and outlook summarizes the research 
activities and presents the possible future research directions.

In current time, there are several synthesis methods and application of three-
dimensional (3D) graphene–carbon nanostructures. These type of hybrid graphene–
carbon nanostructure has opened up new challenges in energy application and stor-
age field.

12.1.1  History of New Carbon Nanostructures

12.1.1.1  Carbon Nanotubes

In the early 1952, Radushkevich and Lukyanovich published a report on hollow 
CNFs. In 1953, Davis et al. [8] found a deposition of an unusual form of carbon 
from carbon monoxide at an optimized temperature of 450 °C on an iron oxide 
substrate. However, their transmission electron microscopic (TEM) work could not 
reveal the architectures of such an unusual form of carbon. In 1960, Bacon [8] 
found the growth of graphite whiskers in direct current (DC) arc under a pressure 
of 92 atm of argon at 3900 K. Formation of these graphite whiskers was believed to 
be through a scroll mechanism. After few years, carbon filaments with hollow tubes 
of diameter were reported to be in the range of 2–50 nm. In the early 1970s, no-
table work on the formation of filamentous carbon was carried out by Terry Baker’s 
group [10–13]. Carbon filaments formation both from the disproportionation of car-
bon monoxide and from the decomposition of hydrocarbons was investigated. In the 
1976, Oberlin [14] carried out a typical experiment, in which high-purity hydrogen 
would be passed through benzene, and the resulting mixture would then flow across 
a catalytically treated substrate held in a furnace at an initial temperature of approxi-
mately 1000 °C. This initially produced hollow nanofibres approximately 10 nm in 
diameter which is now called a single- or double-walled CNT. In 1984, Tibbetts 
[15] reported tubular carbon filaments or carbon whiskers which were formed from 
the decomposition of hydrocarbon at 900 °C with submicron catalytic particles.

In 1991, a breakthrough in the research on one-dimensional (1D) carbon nano-
structures came when S. Iijima [16] reported the arc discharge synthesis and high-
resolution electron microscopic characterization of such “helical microtubules.” 
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These microtubules, later known as CNTs, are molecular-scale fibers with struc-
tures related to fullerenes. S. Iijima was looking for new carbon structures in the 
deposit formed on graphite cathode surfaces during the electric arc evaporation 
that is commonly employed to produce fullerene soot. CNTs also known as tubular 
fullerenes are cylindrical graphene sheets of sp2-bonded carbon atoms. These nano-
tubes are concentric graphitic cylinders closed at either end due to the presence of 
five-membered rings.

12.1.1.2  Graphene

Graphene is the name given to a 2D one-atom-thick planar sheet of sp2-bonded car-
bon atoms, which is considered as the fundamental foundation for all carbon nano-
structure, for example, fullerenes, CNTs, and graphite, as shown in Fig. 12.1. Gra-
phene can be stacked to form 3D graphite, rolled to form 1D CNTs, and wrapped to 
form zero-dimensional (0D) fullerenes.

Fig. 12.1  Graphene, the building block of all graphitic forms, can be wrapped to form the 0D 
buckyballs, rolled to form the 1D nanotubes, and stacked to form the 3D graphite [17]
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Discovery of Graphene Graphene is the basic fundamental structural unit of some 
carbon allotropes, including graphite, CNTs, and fullerenes. The rolling up of 
graphene along a given direction can produce a CNT. A 0D fullerene can also be 
obtained by wrapping up graphene. In 1947, Wallace et al. [18] established theoreti-
cally that graphene is the building block of graphite. While studies of graphite have 
included those utilizing fewer and fewer layers for some time [19], the field was 
delivered a jolt in 2004, when Geim and coworkers at Manchester University first 
isolated single-layer samples from graphite in a simple tabletop experiment. The 
Nobel Prize in Physics 2010 was awarded jointly to Andre Geim and Konstantin 
Novoselov “for groundbreaking experiments regarding the two-dimensional mate-
rial graphene.” The graphene is a 2D crystal which was previously considered to be 
thermodynamically unstable and could not exist under ambient conditions.

Synthesis of Graphene Despite intense interest and continuing experimental suc-
cess by device physicists, widespread implementation of graphene has yet to occur. 
This is primarily due to the difficulty of reliably producing high-quality samples, 
especially in any scalable fashion [20]. The challenge is really twofold because 
performance depends on both the number of layers present and the overall quality 
of the crystal lattice [21–23]. So far, the original top-down approach of mechanical 
exfoliation has produced the highest-quality samples, but the method is neither high 
throughput nor high yield. In order to exfoliate a single sheet, van der Waals (VDW) 
attraction between exactly the first and second layers must be overcome without 
disturbing any subsequent sheets. Therefore, a number of alternative approaches to 
obtaining single layers have been explored, a few of which have led to promising 
proof-of-concept devices.

Alternatives to mechanical exfoliation include primarily three general approach-
es: chemical efforts to exfoliate and stabilize individual sheets in solution [24–27], 
bottom-up methods to grow graphene directly from organic precursors [28], and 
attempts to catalyze growth in situ on a substrate [29–31]. Each of these approaches 
has its drawbacks. For chemically derived graphene, complete exfoliation in solu-
tion so far requires extensive modification of the 2D crystal lattice, which degrades 
device performance [32]. Alternatively, bottom-up techniques has yet to produce 
large and uniform single layers. Total organic syntheses are size limited because 
macromolecules become insoluble and the occurrence of side reactions increases 
with molecular weight [28]. Substrate-based growth of single layers by chemical 
vapor deposition (CVD) or the reduction of silicon carbide relies on the ability to 
walk a narrow thermodynamic tightrope [33]. After nucleating a sheet, conditions 
must be carefully controlled to promote crystal growth without seeding additional 
second layers or forming grain boundaries.

12.1.2  Recent Progress on Graphene-Based 3D Nanostructures

The study of 3D graphene-based materials in recent years has been popular and 
extensive, particularly with respect to electrochemical applications. Underpinning 



36912 Bio-Inspired Engineering of 3D Carbon Nanostructures

the significance of 3D graphene-based materials in electrochemistry are the very 
specific properties that although relevant to graphene are not typical of pristine gra-
phene. These include its facile synthesis, high dispersibility in a range of solvents, 
capability of coupling electroactive species onto the surface, and unique optical 
properties. In addition, the use of 3D graphene-based materials also provides con-
trol over the local microenvironment. This is because in most cases 3D graphene-
based materials can be deposited, with extremely well-defined surfaces, through 
solution processing. This can be highly advantageous when incorporating sensitive 
or electroactive species into an electrochemical system. Another important issue 
is consideration of the costs when manufacturing an electrode for use in any real 
system. In terms of the manufacture of 3D graphene-based materials devices, costs 
can be reduced compared with the costs for conventional electrodes. The excellent 
electrical, thermal, and mechanical properties, as well as the immunity to electro 
migration make graphene an ideal material candidate for high-performance inter-
connects. Monolayer graphene nanoribbon (GNR) is expected to outperform Cu 
at ultra-scaled width dimensions. Although the maximum current-carrying density 
up to 108 Acm−2 (~ 100 times of Cu) was reported, current density of monolay-
er graphene is limited by its 2D atomically thin geometry, sensitivity to ambient, 
poor noise tolerance, and conductance degradation due to edge-related effects. 3D 
nanocarbon, or vertically stacked multilayer graphene (s-MLG), can potentially be 
employed to address this challenge, yielding an ultra-conductive material system. 
Graphene multilayer has received significant amount of theoretical and experimen-
tal attentions in recent years. However, in the case of Bernal stacking (in which gra-
phene layers have an ABAB-ordered lattice arrangement), the composing graphene 
monolayers are electronically coupled and form graphite which lacks the appealing 
electronic properties of individual 2D graphene sheets. It is therefore ideal to have 
electronically decoupled layers in 3D stacked multilayer system.

12.2  Synthesis of Graphene-Based 3D Nanostructures

Existing methods for producing the 3D graphene nanostructures include directed 
CVD [34–37], template-directing method [38–41], cross-linking method [42–46], 
and in situ reduction-assembly method [47–51]. The directed CVD method, 3D 
nickel foams are generally used as substrates, onto which graphene is deposited un-
der high-temperature conditions. The template-directing method uses ice crystals, 
water droplets, or colloidal particles as the templates for the pore formation, and 
generally requires precise control over the amount of graphene used and subse-
quent template removal. The cross-linking method employs cross-linkers, such as 
sol–gel polymerization precursors, polymers, and ion linkages, whose presence has 
unfortunately been found to lead to a decrease or a complete loss of the electrically 
conducting properties of the thus-prepared 3D macrostructures.

The various structural interconnections of 3D carbon-based hybrid nanostruc-
tures possess a higher electrical conductivity as well as better structural mechani-
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cal stability. The fabrication and optimization of 3D carbon-based nanostructures 
are definitely important technique since each of the respective building block’s 
properties can be dramatically enhanced. In this chapter, a brief summary of recent 
research progress on 3D carbon-based electrode materials is presented, mainly in-
cluding CNTs-based networks, graphene-based nanostructures, graphene-based ar-
chitectures, hierarchical porous carbon-based nanostructures, and even more com-
plex carbon-based 3D configurations [52], as shown in Fig. 12.2.

12.2.1  Synthesis of Graphene–Graphene, Graphene–Fullerene, 
and Graphene–CNT Hybrids

Wang et al. [53] has demonstrated a novel 3D hierarchical few-layer graphene/
multiwalled carbon nanotubes (MWNT) hybrid foam nanostructure by ambient 
pressure CVD method using a mixture of acetylene and hydrogen on 1.0 mm thick 
nickel foam, which is typically used as current collector in the battery industry. 
The growth of graphene/MWNT foam nanostructure is proposed and the scheme 
is illustrated in Fig. 12.3. The few-layer graphene/MWNT foam electrode shows a 
performance with a high-energy density of 39.72 Wh kg−1 at 3.74 kW kg−1 which 
gradually reduces to 25.78 Wh kg−1 at 154.67 kW kg−1. This type of new nano-
carbon architecture offers a facile, scalable, and low-cost approach for superca-
pacitor and battery applications. The low density (normally <  500 g m−2), excellent 
ductility, high electrochemical stability (99.34 % capacitance retention over 85,000 

Fig. 12.2  3D carbon-based nanostructures [52]. CNT carbon nanotubes
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cycles), and excellent capacitive performance (specific capacitance, 286 F g−1; en-
ergy density, 39.72 Wh kg−1; and power density, 154.67 kW kg−1) indicate that this 
unique 3D structure is promising for future energy storage applications.

12.2.2  Synthesis of Graphene Aerogel

Aerogels are ultralight and highly porous nanomaterials with large pore volumes, 
high surface areas, and tunable porosity. These properties are derived from their 
microstructures, which are typically composed of 3D networks of interconnected 
nanoparticles (NPs). Graphene aerogels (GAs) have been focused recently due to 
novel properties of graphene (extremely low electrical and thermal resistivity, large 
carrier mobility, high surface area, and mechanical elasticity) and the low cost and 
easy preparation of graphene from graphite. Cong et al. reported graphene-based 
hydrogels and aerogels by metal ion-induced self-assembly process [50]. This 
shows a facile one-step approach for the synthesis of macroscopic 3D-graphene/
iron oxide hydrogels interconnected networks under the synergistic effects of the 
self-assembly of graphene oxide (GO) sheets. Figure 12.4 shows the scanning 
electron microscopy (SEM) images with different magnifications of the graphene/
FeOOH aerogels. In a typical synthesis, a certain amount of FeSO4 was quickly 
added into 10 mL of a 2 mg mL−1 GO aqueous suspension stored in a 25-mL cylin-
drical sampler vial. The pH value of the GO suspension was adjusted with ammonia 

Fig. 12.3  Growth of graphene/MWNT hybrid foam nanostructure. a Schematic illustration of the 
synthesis process of the graphene/MWNT nanostructure foam. b Optical micrograph of inch-scale 
pristine nickel foam, graphene foam, graphene/MWNT foam. c SEM image of the pristine nickel 
foam structure. Inset shows the high magnification morphology of the nickel foam [53]. MWNTs 
multiwalled carbon nanotubes
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from 3 to 11 to investigate the influences of the pH value on the synthesis of gra-
phene/FeOOH and graphene/Fe3O4. Then, the reaction vessel was placed in an oil 
bath for 6 h at 90 °C without stirring. The multifunctional graphene-based hydrogels 
and aerogels are ideal candidates as adsorbents with high adsorption capacity for 
removal of heavy ions and oils in industrial water purification. The versatile syn-
thesis method shows the extent to induce the assembly of graphene sheets and other 
functional metal oxides via one step into different macroscopic monoliths with mul-
tifunctionalities for different applications.

Chen et al. reported the preparation of magnetic NPs into 3D graphene networks 
under the assistance of reducing agent (NaHSO3, Na2S, vitamin C, HI, and hydro-
quinone) [48, 54] (Fig. 12.5). Magnetic 3D graphene/Fe3O4 architectures are pre-
pared via an in situ self-assembly of graphene obtained by a mild chemical reduc-
tion of GO in water under atmospheric pressure in the presence of Fe3O4 NPs. It was 
found that the shape of the as-prepared graphene hydrogel is reactor dependent. The 
various shapes of graphene hydrogels such as taper like, cylindrical, pear shaped, 
and spherical can be prepared when the relative shape of reactor was utilized. This 
indicates that the shrinkage of the as-formed hydrogel during the self-assembly is 
isotropic, and it provides a chance to prepare shape-controlled graphene hydrogels 
as desired.

Zhang et al. [49] reported an easy synthesis approach for GAs from aqueous gel 
precursors processed by supercritical CO2 drying or by freeze drying as shown in 
Fig. 12.6. The resulting aerogels with densities in the range 12– 96 mg cm−3 show 

Fig. 12.4  SEM images with different magnifications of the graphene/FeOOH aerogels dried from 
the hydrogels prepared with 10 mL of a GO (2 mg mL−1) suspension at pH 3, using different 
amounts of FeSO4 [50]
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large Brunauer–Emmett–Teller (BET) surface areas (512 m2 g−1) and pore volumes 
(2.48 cm3 g−1) with wide pore size distribution revealed by SEM and nitrogen ad-
sorption investigation.

Nguyen et al. [55] synthesized aerogel using hydrothermal method. They have 
synthesized graphene aerosol with different GO concentrations and different hy-

Fig. 12.5  A photograph of a GA (a), and its cross-section SEM image (b) [48]

 

Fig. 12.6  SEM images of supercritical CO2 dried (a) and freeze dried (b) GAs, and typical nitro-
gen sorption isotherms (c), BJH desorption pore size distribution (d) of these GAs [49]
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drothermal treatment times as shown in Fig. 12.7. The hydrothermal treatment time 
has greater impact on the BET areas of graphene aerosol than GO concentration. 
Longer hydrothermal treatment time reduced their BET surface area, pore volume 
and increased the bulk density. This behavior confirms that the formation of hy-
drophobic sites and π–π interactions between graphene sheets under hydrothermal 
condition is the main factor deciding the porous structure of the graphene aerosol.

12.2.3  Metal Foam-Based 3D Graphene Nanostructures

Maiyalagan et al. [56] have shown platinum NPs deposited on 3D graphene and 
CNFs scaffold by the pulse electrodeposition method exhibit different catalytic 
activity toward methanol oxidation. The 3D graphene foams were synthesized 
by chemical vapor deposition using nickel foam as the template and ethanol as 
precursors as shown in Fig. 12.8. Typically, nickel foams (0.5 mm in thickness, 
320 g m−2 in areal density) were cut into 2 × 2 cm2 and placed in a quartz tube fur-
nace with temperature gradually increased to 1000 °C under H2 (25 sccm) and Ar 
(50 sccm) environment. After annealing for 10 min to clean the nickel surface, the 
ethanol vapor was introduced into the tube by H2/Ar mixture gas at ambient pres-
sure. After 20 min, the samples were rapidly cooled to room temperature at a rate of 
100 °C min−1. After the growth process, the nickel substrates were etched away with 
HCl (3 M) solution at 80 °C to obtain free-standing 3D graphene foams.

This difference in catalytic activity can be attributed to the geometry difference 
of these carbonaceous supports. The enhancement in the Pt/3D-graphene catalyst 
is attributed to the superior electrical conductivity, large surface area and efficient 
mass transport, and dense coating of small platinum NPs. Detailed electrochemical 
characterization shows the 3D graphene structure as a new kind of supporting mate-
rial with higher catalytic activity and stability for methanol oxidation. The present 
approach can be readily extended by decorating free-standing 3D graphene with 
NPs of other noble.

Fig. 12.7  FESEM images of GAs with a 2 and b 5 mg GO mL−1 [55]
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Chen et al. [34] have developed the template-directed CVD technique for the 
fabrication of macroscopic 3D graphene foam structures using nickel foams as tem-
plates. The graphene sheets in the graphene foam are seamlessly interconnected into 
a graphene foam flexible network. The high quality of the graphene sheets and their 
perfect connection in three dimensions give the material an outstanding electrical 
conductivity that is superior to that of macroscopic graphene structures from chemi-
cally derived graphene sheets as shown in Fig. 12.9. The unique network structure, 
high specific surface area, and outstanding electrical and mechanical properties of 
graphene foam and their composites should enable many applications including 
high-performance electrically conductive polymer composites, elastic and flexible 
conductors, electrode materials for lithium ion batteries and supercapacitors, ther-
mal management, catalyst and biomedical supports, and so on.

Worsley et al. [42] have synthesized ultralow-density 3D graphene sheets that 
exhibit high electrical conductivities and large internal surface areas which is shown 
in Fig. 12.10. These GAs show ~ 1 × 102 S m−1 high electrical conductivity. The GAs 

Fig. 12.8  SEM images of the a 3D graphene support, b carbon fiber support, c Pt/3 D-GN cata-
lyst, and d Pt/CF catalyst. Insets in a and d are the enlarged pictures [56]
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Fig. 12.9  Electrical resistance change of GF/PDMS composites under mechanical deformation 
[34]

 

Fig. 12.10  FESEM of the GA at low (a) and high (b) magnification. TEM of the GA at low (c) and 
high (d) magnification. Black arrow denotes holey carbon on TEM grid [42]
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also possess large surface areas (584 m2 g–1) and pore volumes (2.96 cm3 g−1). Due 
to the high surface area, mesoporosity, and conductivity of these 3D graphene as-
semblies, they have potential in a number of technologies for use as supercapaci-
tors, batteries, catalysis, and sensors.

Recently, Zhang et al. [57] reported the GA by a novel chemical reduction-in-
duced self-assembly method. In this work, the 3D assemblies of graphene were 
prepared by the in situ reduction-assembly method using a combination of oxalic 
acid and NaI as the reducing agents. Figure 12.11 represents the graphene hydro-
gels prepared from the GO suspension. The unique advantage of the current prepa-
ration method is that the volume of the thus-prepared GAs can be readily varied 
by varying the volume of the starting GO suspension with its concentration being 
constant. The as-obtained monolithic GA exhibits a good mechanical property. Due 
to their highly macroporous structures, the GAs exhibited very low densities. For 
instance, the GA prepared from a starting GO concentration of 4.5 mg mL−1 had 
a density of 14.2 mg cm−3. As the GO starting concentrations decreased, the den-
sity of the resulted GAs decreased accordingly. Incidentally, the aerogels prepared 
from the starting GO concentrations ≤ 1.0 mg mL−1 showed deteriorated mechanical 

Fig. 12.11  Photograph showing the graphene hydrogels prepared from the GO suspension with 
concentrations [57]
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strength, but as the GO concentration increased beyond 1.0 mg mL−1 (especially 2.5 
and 4.5 mg mL−1), stable GAs with high mechanical strength were obtained.

12.2.4  Synthesis of 3D Graphene–Polymer Nanocomposite

Both CNTs and G/GO are widely used to develop polymer composites with im-
proved mechanical, thermal, and electrical performances. It is expected that the 
concurrent use of CNTs and G/GO would have synergistic effect. This has been 
demonstrated experimentally [58–60] and theoretically [61].

Wang et al. [60] have shown fibrous nanocomposites of CNTs and GO with 
synergetic mechanical and actuative performance. Mixing single-walled CNT (SW-
CNTs) and GO improves dispersion of both in the polymer matrix and leads to the 
synergetic enhancement of the strength of the fibers as shown in Fig. 12.12. The 
conductivity of the fibers was also increased by mixing SWCNTs and GO together 
at the ratio of 2:1. Adding concentrated HCl into the coagulation bath enhances the 
conductivity of the fibers significantly. SWCNT–GO (2:1) fibers coagulated from 
acid polyvinyl alcohol (PVA) solutions have both high strength and conductivity, 
and show excellent actuation performance. Contrary to GO fibers, graphene fibers 
exhibit high toughness upon the removal of carboxyl and hydroxyl groups. Fibers 
with tunable toughness were designed by mixing SWCNTs with graphene in differ-
ent ratios. These tunable fibers have potential in a wide range of applications.

Wu et al. [62] presented a simple and effective route to fabricate the polymer 
composites with 3D interconnected graphene networks by using a self-assembly 
and hot press process. Figure 12.13 shows the SEM micrographs of 3D porous 
graphene network obtained by annealing the composite film shows better electrical 
conductivity as compared with the composite, possibly having potential applica-
tions including electrode materials for lithium ion batteries and supercapacitors. 
The self-assembly and hot press technique is a general strategy for fabrication of 
graphene-based composites with different polymer matrixes, including polystyrene 
matrixes. The as-prepared polystyrene composite with 4.8 vol% graphene shows 
a high electrical conductivity, which is superior to that of the graphene composite 
prepared by a solvent mixing method. This electrical property is closely related to 
the compact contact between graphene sheets in the 3D structures and the high re-
duction level of graphene sheets. The method to fabricate 3D graphene structures in 
polymer matrix is facile, green, low cost, and scalable, providing a universal route 
for the rational design and engineering of highly conductive polymer composites.

12.2.5  Growth of 3D Carbon Nanostructures by Thermal CVD

The thermal CVD method involves pyrolysis of gaseous, liquid, or solid hydrocar-
bons (acetylene, ethylene, propylene, methane, benzene, toluene, camphor, etc.) or 
other carbon feedstock source (polymers, carbon monoxide) diluted in the stream 
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of inert gas in the furnace system over the surface of metal catalysts. The catalyst 
material can be solid, liquid, or gas and can be placed inside the furnace or fed in 
continuously from outside. Decomposition of hydrocarbon species dissolves in the 

Fig. 12.12  SEM images of the cross-section of a GO fibers; b SWCNT fibers; c SWCNT–GO 
(2:1) composite fibers; d optical microscope image of the SWCNT–GO (2:1) composite fiber; e 
AFM image of GO sheets; f AFM image of graphene sheets which were reduced for 2 h [60]. AFM 
atomic force microscopy
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metal NPs but, due to a finite solubility of carbon in the metallic particles, super sat-
uration will be reached followed by carbon precipitation out in the form of carbon 
nanostructure. The more important aspect in CVD synthesis of graphene–inorganic 
composites is the vertical growth of CNTs on GNSs [63, 64].

Zhao et al. [63] prepared the GO/reduced GO (rGO) sheets pillared with CNTs 
using CVD method with acetonitrile as the carbon source and Ni NPs as the cata-
lyst. The Ni NPs were deposited on GO/rGO platelets, and CNTs were then grown 
on them through a tip growth model with Ni catalysts residing at the top of them. 
Both the amount and length of CNTs could be adjusted by the amount of Ni catalyst 
and CVD times, respectively (Fig. 12.14).

With the same growth mechanism, Fan et al. [64] prepared an rGO–CNT com-
posite with Co as a catalyst and CO as the carbon source (Fig. 12.15). They also em-
ployed Co NPs as a catalyst to deposit carbon nanofibers on the rGO sheets stem-
ming from the pyrolysis of GO during the CVD process [65]. 3D CNT/graphene 
sandwich structures with CNT pillars grown in between the graphene layers are pre-
pared by CVD. The unique structure endows the high-rate transportation of electro-
lyte ions and electrons throughout the electrode matrix and comprehensive utiliza-
tion of pseudo and double-layer capacitance, resulting in excellent electrochemical 

Fig. 12.13  a Electrical conductivity comparison of the graphene and carbon nanotube–polysty-
rene composites fabricated by the solution mixing and electrostatic self-assembly methods. b Top 
view and c–e cross-sectional SEM images of the remained graphene skeleton after annealing the 
testing samples at high temperature under nitrogen atmosphere [62]
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performances. The supercapacitor based on CGS exhibits a specific capacitance 
of 385 F g−1 at 10 mV s−1 in 6 M KOH solution. After 2000 cycles, a capacitance 
increase of ca. 20 % of the initial capacitance is observed, indicating excellent elec-
trochemical stability of the electrode. This new carbon material is also expected to 
be useful as electrode material in Li-ion secondary batteries, as media for hydrogen 
storage, as catalysts for fuel cells, and as component for other clean energy devices.

Jousseaume et al. [66] investigated the growth of the composite material com-
posed of vertically aligned CNTs capped by few graphene layers. Figure 12.16 
shows that the CNTs grow epitaxially under the few layers of graphene. At the 
initial stage of CNT formation, graphene layers grow at the catalyst tip and catalyst 
atoms rapidly move toward the few layers of graphene-free region. This causes an 
elongation of the catalyst until the energy gained when binding graphene to the Ni 
surface no longer compensate the increase in the Ni surface energy.

Dong et al. [36] have synthesized cobalt oxide nanowires on 3D graphene foam 
grown by CVD as shown in Fig. 12.17. They have shown that Co3O4 nanowires 
with uniform diameter and high crystallinity form a dense nanomesh covering the 
3D graphene skeleton. The superior mechanical strength of graphene, the 3D gra-
phene/Co3O4 composite can work as a freestanding electrode despite its lightness. 
The monolithic 3D electrode demonstrates remarkable performance as a super-
capacitor and for enzyme-free ultrasensitive detection of glucose. This is due to 
the synergistic integration of the two novel nanomaterials. The 3D nanostructure 

Fig. 12.14  a Scheme illustrating the experimental steps of pillaring GO/rGO platelets with CNTs 
b FESEM, and c TEM images of the CNT-pillared GO nanosheets [63]. CNT carbon nanotube, GO 
graphene oxide, rGO reduced graphene oxide
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and highly conductive pathways provided by the defect-free graphene foam ensure 
rapid charge transfer and conduction. The Co3O4 nanowires exhibit exceptional 
electrochemical and electrocatalytic properties. This 3D graphene/Co3O4 electrode 
provides an enormous accessible active area. The bare graphene foam has a high 
specific surface area of ∼ 850 m2 g−1 and this is further increased greatly by the 
Co3O4 nanomesh surrounding the graphene scaffold. Open pore system of the com-
posite is beneficial to ion diffusion and transport kinetics.

Fig. 12.15  a Illustration of the formation of hybrid materials with CNTs grown in between gra-
phene nanosheets, b, c SEM images of the hybrid material with CNTs covering on the surfaces of 
graphene [64]

 

Fig. 12.16  a, b SEM images of 3D graphene–CNTs structure [66]
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Zhou et al. [67] proposed a novel architecture of 3D graphene as shown in 
Fig. 12.18. The graphene films were first grown directly on anodic aluminum oxide 
(AAO) templates and porous Al2O3 ceramics by using a versatile ambient pres-
sure CVD method. A versatile catalyst-free approach is proposed to directly grow 
large-area 3D graphene on AAO, micro-pore Al2O3 ceramic, and large-pore Al2O3 
ceramic (PAO) by atmospheric pressure CVD method. The synthesis mechanism 
of graphene is based on the carbothermic reduction. This reduction at the Al2O3 
surface and initiate the nucleation and growth of graphene. The graphene-coated 
AAO (G-AAO) containing 1D isolated graphene tubes is conductive along the 
tubes axis, which can act as a medium for directional thermal heat transport. The 
porous graphene/Al2O3 composite (G–Al2O3) indicates an interconnected macro-
porous framework of graphene sheets with an extremely low sheet electrical re-
sistance down to 0.11 Ω sq−1 and thermal conductivity with 8.28 W m−1 K−1. The 
G–Al2O3 provides enormous conductive pathways for electronic and thermal trans-
port, suitable for heat sinks. Such a porous composite of G–Al2O3 is also attractive 
as a highly thermally conductive reservoir to hold phase change materials (stearic 
acid) for thermal energy storage, and the phase change material was assembled by 
stearic acid-filled PAO. These graphene-coated porous Al2O3 composites may play 
important role in thermal management applications. The formation of graphene is 
attributed to the carbothermic reduction occurring at the Al2O3 surface to initialize 
the nucleation and growth of graphene. The graphene films are coated on insulating 

Fig. 12.17  SEM images of a 3D graphene foam, b 3D graphene/Co3O4 nanowire composite. c, 
d Low- and high-magnification SEM images of graphene/Co3O4 nanowire composite. Inset panel 
(d) shows an enlarged view. e, f Low- and high-resolution TEM images of Co3O4 nanowire grown 
on the surface of 3D graphene foam [36]
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AAO templates and porous Al2O3 ceramic substrates. The graphene-coated AAO 
possesses 1D isolated graphene tubes, which can act as the media for directional 
thermal transport.

Chen et al. [68] synthesized Fe2O3–CNT–graphene hybrid materials with an 
open 3D nanostructure for a high-capacity lithium storage using CVD method. 
The as-prepared materials consist of Fe2O3 nanorings, bamboo-like CNTs and gra-
phene nanosheets (GNS), which form an open 3D architecture. For the first time, 
we observed the growth of bamboo-like CNTs with open tips, which were catalyzed 
by iron nanorings. The synthesis process of Fe2O3–CNT–GNS hybrid materials is 
shown in Fig. 12.19.

The low- and high-magnification field-emission SEM (FESEM) images of 
Fe2O3–CNT–GNS-1 and Fe2O3–CNT–GNS-2 samples are shown in Fig. 12.20. The 
magnified views marked by white squares in (a) and (c) are shown in Fig. 12.20b 
and 12.20d, respectively. As shown in Fig. 12.20 (b) and (d), CNTs grew on both 
sides of GNS. The amount of CNTs in the Fe2O3–GNS-2 is almost double that of 
the Fe2O3–CNT–GNS-1 sample. The individual GNS shows a wavy and crumpled 
feature with an area of about 36 mm2. In summary, Fe2O3–CNT–GNS hybrid mate-
rials consisting of bamboo-like CNTs and Fe2O3 nanorings were successfully pre-
pared by a CVD synthesis method. Fe2O3 nanorings play critical roles informing 
bamboo-like CNTs. A modified “tip-growth” mechanism of CNTs and a unique 
lithiation process were proposed. When applied as anode materials in lithium ion 
batteries, the Fe2O3–CNT–GNS-2 hybrid materials exhibited a high specific capac-
ity of 984 mAh g−1 with a superior cycling stability and high rate capacity. This 

Fig. 12.18  a Photograph of anodic aluminum oxide (AAO). b SEM, c TEM, and d HRTEM images 
of graphene-coated AAO ( G-AAO) grown at 1200 °C for 30 min. e TEM image and f Raman spec-
trum of graphene tubes after etching of AAO template. The inset shows that the 2D peak can be 
deconvoluted into four components: 2D1B, 2D1A, 2D2A, and 2D2B from the left to the right [67]

 



38512 Bio-Inspired Engineering of 3D Carbon Nanostructures

could be credited to the facile Li +  ions diffusion through the open tips of CNTs 
and cracks on the outside walls of CNTs, and extra lithium storage sites provided 
by arc-like graphene layers inside CNTs. Flexible and highly conductive GNS and 
open 3D architecture also contribute to the superior electrochemical performance. 

Fig. 12.19  A schematic diagram for the preparation of Fe2O3–CNT–GNS hybrid materials [68]

 

Fig. 12.20  Low and high magnification SEM images showing morphologies of Fe2O3–CNT–
GNS-1 (a and b) and Fe2O3–CNT–GNS-2 (c and d). (b) and (d) are the magnified views, marked 
by a white square in (a) and (c), respectively [68]
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The carbon-based hybrid materials with 3D structure could also be applied for lith-
ium-air batteries, supercapacitors, and fuel cells. When applied as anode materials 
in lithium ion batteries, the Fe2O3–CNT–GNS hybrid materials exhibited a high 
specific capacity of 984 mAh g−1 with a superior cycling stability and high rate 
capability. This could be ascribed to short Li + diffusion path of bamboo-like CNTs, 
more active reactions sites provided by graphene layers inside CNTs, flexible and 
highly conductive GNSs, and an open 3D structure.

Cheng et al. [69] synthesized 3D chitosan (CS)–graphene mesostructures. They 
have shown a hydrophilic and biocompatible 3D CS–graphene mesostructures with 
large specific surface area. They have also developed a novel and simple thermal 
method to prepare 3D CS–graphene nanocomposites with large specific surface 
area (603.2 m2 g−1) and unique mesoporosity were prepared by simple thermal treat-
ment of GO nanosheets and CS.

Figure 12.21 shows the 3D-chitosan-graphene mesostructures(CSGR) sample 
possessing mesoporous structures resulted from thermal exfoliation of materi-
als. The magnified SEM image shown in Fig. 12.21b reveals that the 3D-CSGR 
composites have delaminated structures, in these layers of such delaminated 3D 
composites, one could even observe easily the paper-like wrinkled structures of 

Fig. 12.21  SEM images (a and b), TEM image (c), the inset shows the SAED pattern of the 
3D-CSGR mesostructures, and AFM image (d), of the 3D-CSGR mesostructures [69]. AFM 
atomic force microscopy, SAED selected area (electron) diffraction
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graphene, indicates that the 3D-CSGR product is made up of GNSs. Moreover, 
Fig. 12.21b demonstrates that the typical pore sizes are about 100 and 500 nm.

The use of 1D CNTs as spacers to separate 2D graphene-based sheets to preserve 
graphene’s high surface area and exploit the high conductivity for CNTs to increase 
the conductivity of these carbon-based hybrids. However, since both the as-pro-
duced graphene and CNTs are generally in an agglomerated powder form, a suitable 
technique is needed to mix or disperse these two kinds of carbon-based nanomateri-
als in order to realize the chemical and physical synergies of their hybrids. Li et al. 
[70] developed a green and facile method to prepare water-soluble CS-grafted rGO 
(CS-rGO) sheets by functionalizing them with CS, which had a superior capability 
in dispersing and stabilizing MWNTs in acidic aqueous solutions via noncovalent 
interactions (Figs. 12.22 and 12.23). With incorporation of 1 wt% CS-GNS-MW-
CNTs, the tensile modulus, strength, and toughness of the nanocomposites could 
be increased by 49, 114, and 193 %, respectively. The load transfer was attributed 
to three kinds of interfacial interactions: interaction between graphene sheets and 
nanotubes, covalent bond between graphene sheets and grafted CS, and hydrogen 
bonds between grafted CS and the CS matrices.

Fig. 12.22  a, b TEM images of CS-rGO/MWCNTs under different magnifications; c AFM image 
with corresponding surface profile of CS-rGO/MWCNTs [70]. AFM atomic force microscopy
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Fig. 12.23  FESEM images of cross-sectional facture surfaces of a 1 wt% MWCNT/CS, b CS-
MWCNT/CS, c CS-rGO/CS, and d CS-rGO-MWCNT/CS nanocomposites [70]
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Chen et al. [71] prepared stable small-walled nanotubes (SWNT) aqueous dis-
persion by using GO sheets as surfactant, and the SWNTs were completely wrapped 
by GO sheets to form a core-shell structure, as viewed in Fig. 12.24. To investigate 
the morphology and structure of SWCNT/GO hybrid, SEM and TEM characteriza-
tions were carried out. Heavily entangled SWCNT bundles with diameter about 
20–30 nm are observed with SEM (Fig. 12.24a ). Figure 12.24b is a SEM image of 
SWCNT/GO hybrids, which, as compared to SWCNTs, are disentangled and have a 
larger diameter (~ 50–80 nm). It is possible that GO nanosheets have wrapped onto 
the SWCNT bundle to form a core–shell structure through π–π stacking. To verify 
this, SWCNT/GO hybrids were observed under TEM. As seen from Fig. 12.24c, in 
addition to some flat GO nanosheets, the core–shell structures are evident. Further-
more, under high-resolution TEM (Fig. 12.24d ), the lattice fringes of the graphitic 
structure of SWCNT bundle can be clearly resolved in the core of the hybrid.

Scrolled GOs (SGOs) with MWNT templates were prepared by Min et al. [72], 
and the synthesis strategies are shown in Fig. 12.25. GO sheets were successfully 
made to adopt a scroll conformation around the surface of aminated MWNT in 
solution by covalent bond formation, which would allow large-scale production of 

Fig. 12.24  a SEM image of SWNTs; b SEM image of SWNT/GO; c TEM image of SWNT/GO; 
d high-resolution TEM image of SWNT/GO [71]
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SGO/MWNT hybrid materials as a good addition to existing MWNT- or GO-based 
hybrid materials. Besides the hybridization of GO and pristine CNTs, the reduc-
tion of GO to GNS would be of great importance and also extensively studied. The 
formation of 3D GNS–CNT hybrids by the immobilization of metal catalysts onto 
single-layered GNS followed by in situ CVD growth of CNTs has been reported. 
Zhao et al. [63] demonstrated the preparation of 3D CNT-pillared GO and GNS 
nanostructures with tunable length of the CNTs. Such nanostructures exhibited an 
excellent visible light photocatalytic performance in water.

Liu et al. [59] prepared 3D GNS–MWNT hybrids by direct reduction of GO 
sheets in the presence of acid-treated MWNTs (A-MWNTs) shown in Fig. 12.26. It 
is a simple and efficient method to fabricate novel water-dispersible GNS–MWNT 
hybrids due to π–π stacking interactions between GNS and A-MWNTs.

Direct evidence for the hybridization of the GNS with A-MWNTs can be ob-
tained by TEM observation (Fig. 12.27). One can clearly see the rolled edge of the 
GNS which gives a folded appearance, and in some regions, the well-separated A-
MWNTs were adsorbed on the GNS surface. Both the t-CNTs and rGO sheets dis-
persed uniformly at the nanoscale and no obvious aggregates were observed. From 
Fig. 12.27b, we can clearly see the rolled edge of the rGO sheets which gives a 
folded appearance, and in some regions the well-separated CNTs were adsorbed on 
the rGO surface. The high-performance PVA/(gelatin-multiwalled carbon nanotube, 
GCNT) ternary nanocomposites have been successfully prepared by a simple water 
casting method. Accompanied by t-CNTs assisted dispersion of rGO, the incorpora-
tion of rGO which acts as a CNT “carrier” plays an important role in immobilizing 
the t-CNTs on the rGO sheets, and thus uniform co-dispersion for both CNTs and 

Fig. 12.25  FESEM (a–c), HRTEM (d–f) images of SGO with different magnifications show that 
tubular SGO structures formed on MWCNT surface. Interlayer space was observed with 1.0 nm 
distance between SGO and MWCNT template (f) [72]

 



39112 Bio-Inspired Engineering of 3D Carbon Nanostructures

rGO in the PVA matrix is attained simultaneously. With the incorporation of only 
0.6 wt% GCNT hybrids, the tensile strength and Young’s modulus of the PVA are 
significantly improved by about 77 and 65 %, respectively; thus, a novel synergistic 
reinforcing effect between 2D rGO sheets and 1D t-CNTs in PVA nanocomposites 
has been observed. Besides, the addition of G-CNT hybrids into the PVA matrix 
slightly increases its thermal degradation temperature while significantly increasing 
the char residues formed during the pyrolysis of PVA, indicating a potential flame-
retardant effect of the G-CNT hybrid composites.

In another work, Dai et al. [73] utilized an electrostatic self-assembly method to 
fabricate the graphene–CNT hybrid films. Stable aqueous dispersions of polymer-
modified graphene sheets were first prepared via in situ reduction of GO nanosheets 
in the presence of cationic poly(ethyleneimine) (PEI), and then the resultant wa-
ter-soluble PEI-modified graphene sheets were used for sequential self-assembly 
with acid-oxidized MWNTs to form hybrid carbon films (Fig. 12.28). These hybrid 
films possessed an interconnected network of carbon structures with well-defined 

Fig. 12.26  Schematic illustration for the co-dispersion mechanism of rGO sheets with the aid of 
acid-treated multi-walled carbon nanotubes(t-CNTs) [59]

 

Fig. 12.27  TEM images of GNS/A-MWNT (1:1) hybrids at a low and b high magnifications [59]
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nanopores for fast ion diffusion, which makes these hybrid films highly promising 
for supercapacitor electrodes. The shape of the cyclic voltammogram of this gra-
phene–CNT hybrid electrode was quite rectangular, indicating potential for super-
capacitor applications. Moreover, even at an exceedingly high scan rate of 1 V s−1, 
an average specific capacitance of 120 F g−1 was still obtained for this graphene–
CNT hybrid films.

Haddon et al. [58] reported that a synergistic effect in the thermal conductiv-
ity enhancement of epoxy composites was achieved by combining 1D SWNT and 
2D GNP fillers. They considered that the synergism originates from the bridging 
of planar nanoplatelets by the flexible SWNTs which lead to a decreased thermal 
interface resistance along the (2D–1D) hybrid filler network due to the extended 
area of the SWNT–GNP junctions. The SEM and TEM images of epoxy composite 
with a hybrid filler loading of GNP: SWNT of 3:1 (7.5 wt% of GNPs and 2.5 wt% 
of SWNTs) are shown in Fig. 12.29. In comparison with individual SWNT or GNP 
fillers the 0D point contact geometry along the filler network is substituted by a 
1D linear contact with significantly increased area of interface junctions within the 
hybrid filler network. This leads to a decreased thermal interface resistance and may 
be considered as the major reason for the observed synergistic effect of the 1D and 
2D hybrid fillers. The images show a complex nanostructure with multiple SWNTs 

Fig. 12.28  a Illustration of 
positively charged PEI-GN 
and negatively charged 
MWNT film deposition 
process on an appropriate 
substrate (e.g., silicon wafer, 
ITO glass). SEM images of 
b the first layer PEI-GN and 
c the first bilayer (PEI-GN/
MWNT-COOH) film depos-
ited on a silicon substrate. 
d, e SEM images of the 
(PEI-GN/MWNT-COOH) 
film after the ninth deposition 
cycle under different magnifi-
cations [73]
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bridging adjacent GNPs. The hybrid filler thus provides the highest efficiency in the 
thermal conductivity enhancement of composites and can be utilized at low filler 
loading which is important for decreasing the viscosity and improving the process 
ability of thermal interface materials.

One of the pioneering work Li et al. [74] explored GO as a dispersant to suspend 
the un-functionalized CNTs in aqueous solution and to develop a new solution pro-
cessing strategy for making graphene–CNT hybrids for the supercapacitor applica-
tions (Fig. 12.30). The oxygen-containing groups rendered GO sheets hydrophilic 
and highly dispersible in water, whereas the aromatic regions offered active sites to 
make it possible to interact with the aromatic molecules of CNTs through π–π supra-
molecular interactions. Electrophoresis experiments were carried out to confirm that 
the CNTs were indeed strongly attached to the negatively charged GO nanosheets. 
Although the GO nanosheets are insulators, the electrical conductivity of the hybrid 
films can be increased after the electrochemical treatment. While the measured spe-
cific capacitance for the graphene-only electrode was about 140 F/g at a current den-
sity of 0.1 Ag−1; it dropped to 30 F g−1 at a current density of 30 A g−1. Significantly, 
supercapacitors based on the electrochemically rGO and CNTs (ER-GO/CNT) (1:1) 
exhibited a specific capacitance of over 90 F g−1 at a high current density of 100 A g−1 

Fig. 12.29  a SEM and b TEM images of the cross-section of GNP–SWNT hybrid filler/epoxy 
composite. Note that SWNTs are bridging adjacent graphite nanoplatelets and SWNTs ends are 
extended along the nanoplatelet surfaces. c Schematic representation of GNP–SWNT network in 
polymer matrix [58]. GNP graphene nanoparticle, SWNTs single-walled nanotubes
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due to the effective synergies of the graphene-based materials and CNTs. The in-
teraction between CNTs and GO makes the resulting hybrid paper very robust. The 
free-standing hybrid paper is shown in Fig. 12.30. Fig. 12.30a was found to have a 
Young’s modulus of approximately 8.1 GPa. It is worth noting that in the prepara-
tion of CNT only bucky paper requires chemical functionalization of CNTs and the 
use of a significant amount of surfactants.

One of the pioneer works on CNTs–G hybrids was reported by Cai et al. [75]. 
They have shown the conducting nature of CNT/GO hybrid films. The as-prepared 
GO nanosheets by using the Hummers method. Both GO nanosheets and com-
mercial MWCNTs with OH groups were dispersed in DMF by using ultrasonic 
treatment. The two dispersed solutions were mixed to form the precursor solutions. 
MWCNTs–GO thin films were prepared by casting the solutions on glass cover 
slips. The ratio of MWCNTs to GO was controlled by the ratio of their precursor 
solutions. The thickness of the final films was simply adjusted by the volumes of 
the solutions used for depositions. Representative SEM images of cross-section and 
natural surfaces of the MWCNTs–GO films are shown in Fig. 12.31. The films had 
multilayered microstructures and relatively homogeneous surface profiles. It was 

Fig. 12.30  Graphene–CNT hybrids for supercapacitor applications. a, b SEM images of the 
resulting GO/CNT hybrid film. The inset in (a) shows a bent strip of the resulting film. c, d XRD 
patterns and Raman spectra of the GO/CNT films with various weight ratios of GO and CNTs [74]. 
GO graphene oxide, CNT carbon nanotube
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found that electrical conductivity of the films was increased with increasing content 
of CNTs because of the high conductivity of CNTs. Electrical conductivity was 
also increased with increasing thickness. However, the thin films were not optically 
transparent.

The α-Fe2O3 NPs anchored on graphene with 3D quasi-laminated architecture 
as reported by Chen et al. [76]. The fabrication process of the α-Fe2O3/graphene 
composite is schematically illustrated in Fig. 12.32. The α-Fe2O3 NPs anchored 
on graphene with a 3D quasi-laminated architecture have been synthesized by in 
situ wet chemistry method. The excellent electrochemical performance of α-Fe2O3/
graphene composites can be attributed to the combined effects of the 3D quasi-
laminated flexible architecture and high conductivity and structure stability of elec-
trode by graphene. They have demonstrated a simple strategy to achieve optimum 

Fig. 12.31  Morphology of the GONP and GONP/MWCNT-OH films. a Optical microscopy 
image of the GONP film. b Optical microscopy image of the G(1)/M(0.5) film. c Digital camera 
picture of the hybrid films coated on the glass substrates (thickness: ca. 2 mm). d Cross-sectional 
SEM image of the GONP film. e, f Cross-sectional SEM images of the G(1)/M(0.5) film (thick-
ness: ca. 2 mm). g, h Cross-sectional SEM images of the G(1)/M(0.5) film (thickness: ca. 3.5 mm). 
i Cross-sectional SEM images of the G(1)/M(0.5) film (thickness: ca. 8 mm) [75]
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electrochemical properties by constructing a 3D quasi-laminated architecture from 
self-assembly of α-Fe2O3 and GNSs by the aid of surfactant under atmospheric 
pressure. The facile in situ wet chemistry approach is suitable for practical large-
scale production of graphene-based metal oxide composites as advanced electrode 
materials for rechargeable lithium-ion batteries (LIBs).

The SEM images of the α-Fe2O3/graphene composite are shown in Fig. 12.33. 
The graphene-based 2D templates have provided a well-defined functionalized sur-
face for good distribution of NPs, the graphene-based composites are randomly 
stacked to make electrodes, inevitably leading to the particle–particle aggregation. 
Because of the natural 2D sheet morphology, graphene decorated with NPs is prone 
to stack each other to construct 3D layer-by-layer architecture under control of a 
surfactant. As shown in Fig. 12.33a, it can be clearly observed that GNSs are hy-
bridized with α-Fe2O3 particles to preserve a 3D quasi-laminated structure, and the 
nanosized α-Fe2O3 particles anchored on graphene uniformly (Fig. 12.33b ).

Fig. 12.32  Scheme of preparation of α-Fe2O3/graphene composite [76]

 

Fig. 12.33  FESEM images of α-Fe2O3/graphene composite with different magnifications.  
a Graphene nanosheets—α-Fe2O3 particles hybrids. b Graphene nanosheets—α-Fe2O3 particles 
anchoring [76]
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Wang et al. [77] reported graphene-encapsulated Fe3O4 NPs with 3D-laminated 
structure. Fe3O4–graphene composites with 3D-laminated structures are synthe-
sized by a simple in situ hydrothermal method. The Fe3O4 NPs, around 3–15 nm in 
size, are highly encapsulated in a GNS matrix. The as-synthesized Fe3O4–graphene 
nanocomposite electrodes show a significantly improved cycle life than that of the 
bare Fe3O4 electrode. The improvements can be attributed to the GNSs matrix in the 
composite, which serves several functions as enabling the GNSs in the composite 
materials to act as lithium storage active materials, maintaining the structural integ-
rity of the composite electrodes by preventing large volume changes and particle 
agglomeration and increasing the electronic conductivity of the electrodes by form-
ing an efficient electrically conductive network. The SEM morphology of the prod-
ucts, were collected for GNS, bare Fe3O4 and Fe3O4–GNS composite (38.0 wt%). 
Visualization of pristine GNS by FESEM (Fig. 12.34) shows well-packed layers of 
platelets composed of curved nanosheets. The image of the reference bare Fe3O4 
NPs, developed by the same procedure as the one followed for the preparation of 
Fe3O4–GNS composite, but in the absence of GO and pyrenebutyric acid, reveals 
that the morphology of the Fe3O4 NPs is spherical, with diameters in the range of 
40–60 nm (Fig. 12.34a). It can be clearly observed that the thin graphene layers are 
hybridized with nanosized Fe3O4 particles to preserve the 3D-laminated structure. 
The size of Fe3O4 particles in the composite is much smaller than that in the pure 
sample. Results of the SEM examination combined with energy-dispersive X-ray 

Fig. 12.34  FESEM images of a bare Fe3O4, b GNS, c Fe3O4–GNS composite and (38.0 wt%), and 
d SEM image obtained from Fe3O4–GNS composite (38.0 wt%) [77]
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spectrometry (EDS) mapping for the elements Fe and C are shown in Fig. 12.34d. 
The bright regions correspond to the presence of the elements Fe and C, respective-
ly, and indicate that Fe and C are distributed uniformly throughout the whole area.

12.3  Applications of Graphene-Based 3D Nanostructures

Hybrid carbon nanostructures such as graphene–metal oxide attract a deluge of in-
terest of scholars nowadays due to their promising application several application 
and electronic devices. Nanomaterials prepared using carbon offer many advantag-
es in energy conversion and storage applications. The carbon nanostructured mate-
rials are advantageous in offering huge surface to volume ratios, favorable transport 
properties, altered physical properties, and confinement effects resulting from the 
nanoscale dimensions, and have been extensively studied for energy-related ap-
plications such as solar cells, catalysts, thermoelectrics, lithium ion batteries, su-
percapacitors, and hydrogen storage systems [78, 79]. The enhancement in specific 
surface area and associated surface energy also renders some very important ap-
plications Thus, these 3D graphene-based architectures containing significant en-
hancement in the efficacy as compared to their 2D analogues or even opened the 
path to novel applications. The smaller dimensions of nanomaterials may also offer 
more favorable mass, heat, and charge transfer, as well as accommodate dimen-
sional changes associated with some chemical reactions and phase transitions

12.3.1  Supercapacitors

Energy conversion and storage involve physical interaction and/or chemical reac-
tion at the surface or interface, so the specific surface area, surface energy, and 
surface chemistry play a very important role. Supercapacitors are one of the cru-
cial devices for energy storage applications as they can provide a higher power 
density than batteries and a higher energy density than conventional dielectric 
capacitors. Supercapacitors have attracted attention due to their great potential to 
meet the demand of both high energy density and power density in many advanced 
technologies. Various carbon-based nanocomposites are currently pursued as the 
supercapacitor electrodes because of the synergistic effect between carbon (high 
power density) and pseudo-capacitive nanomaterials (high energy density). This 
chapter aims to review most recent progress on 3D carbon-based nanostructures 
for advanced supercapacitor applications in view of their structural intertwinement 
which not only create the desired hierarchical porous channels but also possess 
higher electrical conductivity and better structural mechanical stability. The carbon 
nanostructures composed of CNTs-based networks, graphene-based architectures, 
hierarchical porous carbon-based nanostructures, and other even more complex 
carbon-based 3D configurations. Currently, 3D carbon-based nanostructures are a 
new hot topic for high-performance supercapacitors [34, 80–84]. Due to the struc-
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tural interconnectivities, 3D carbon-based nanostructures not only create hierarchi-
cal porous channels but also possess a higher electrical conductivity and maintain 
better structural mechanical stability. Ruoff et al. [82] reported graphene-based ul-
tracapacitors for high-performance, electrical energy storage devices. Ajayan et al. 
[83] demonstrated a simple approach for the fabrication of ultrathin planar gra-
phene supercapacitors. Chen et al. [84] have shown the application of graphene-
based materials in supercapacitors. There are also some others reports that depict 
the potential use of graphene for the application of supercapacitors. A wide range of 
metal compound are investigated for graphene-inorganic nanocomposite for super-
capacitor electrode materials, Fe3O4 [85, 86], Co3O4 [87, 88], Co(OH)2 [89], NiO 
[90, 91], Ni(OH)2 [92, 93], NiCo2O4 [94], ZnO [95, 96], CeO2 [97], Cu2O [98], 
MnO2 [99–104], Mn3O4 [105], Bi2O3 [106], SnO2 [95, 107], and RuO2 [108]. In all 
of these cases, the nanocomposites exhibited enhanced capacitive behaviors with 
better reversible charging/discharging ability and higher capacitance values, when 
compared with pure graphene and the bare compounds.

12.3.2  Batteries

The energy density and performance of LIBs largely depend on the physical and 
chemical properties of the cathode and anode materials. LIBs are a lithium ion-
induced device for electricity supply, which is composed of an anode, electrolyte, 
and cathode. Graphite with a theoretical lithium storage capacity of 372 mAh g−1 
is currently used as the anode material in commercial LIBs. Owing to its large 
surface-to-volume ratio and highly conductive nature, GN has a higher lithium stor-
age capacity (theoretical lithium storage capacity of 744 mAh g−1 for single layer 
GN) [109]. However, GN nanosheets always naturally stack into multilayers and 
therefore lose their high surface area and intrinsic chemical and physical properties. 
A considerable enhancement can be expected from the incorporation of inorganic 
nanomaterials with high specific capacity into GN, which could not only limit the 
aggregation of GN but also boost the lithium storage capacity [110]. Honma et al. 
[111] demonstrated enhanced cyclic performance and lithium storage capacity of 
GN–SnO2 nanoporous electrodes prepared with reassembly of GN in the presence 
of SnO2 sol (Fig. 12.35a). It was demonstrated that the obtained GN–SnO2 electrode 
exhibited an enhanced reversible capacity (810 mAh g−1) as well as superior cycling 
performance (70 % retention after 30 cycles) in comparison with that of the bare 
SnO2 electrode (Fig. 12.35b, c). It is believed that the dimensional confinement of 
SnO2 NPs by the surrounding GN limits the volume expansion upon lithium inser-
tion, and the developed nanopores between SnO2 and GN could be used as buff-
ered spaces during charge–discharge, resulting in the superior cyclic performances 
(Fig. 12.35a).

On the basis of this concept, a wide range of nanomaterials of oxides and hy-
droxides, such as Fe3O4 [77, 86, 112–115], Fe2O3 [106–118], Co3O4 [119–122], 
CoO [118, 123] Co(OH)2, [124], NiO [125], Ni(OH)2 [126], SnO2 [127–133], TiO2 
[134–138], Mn3O4 [139], CuO [140, 141], CeO2 [142], MoS2 [143, 144], and Li-
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4Ti5O12 [145, 146] have been anchored on GNSs for application as anode materials 
for LIBs. Graphene-supported Si [147–149], Sn-based NPs [150, 151], graphene–
Sn multilayered nanostructure [152], and graphene-incorporated ceramic composite 
[153] have also been developed as anode materials for LIBs. All these composites 
showed large reversible capacities, excellent cycling performances, and high cou-
lombic efficiencies. Fan et al. also reported an rGO–carbon nanofiber composite for 
high-performance anode materials for LIBs [154]. Honma and coworkers reported 
that the incorporation of CNT and C60 could further increase the specific capacity 
of graphene as anode materials [155]. The enhanced performance of the composites 
was attributed to the improvement of lithium accommodation in the increased lay-
ered spaces between graphene through intercalating CNT or C60.

12.3.3  Hydrogen Storage

Hydrogen is a potential successor to gasoline due to its many advantages, includ-
ing clean combustion and the highest energy content per weight unit of any known 
fuel. However, hydrogen is a gas with a very low density under ambient conditions. 

Fig. 12.35  a Schematic illustration for the synthesis and structure change of GN–SnO2 nano-
composite during Li +  insertion and extraction. b Charge–discharge profile for GN–SnO2 nano-
composite. c Cyclic performances for (a) bare SnO2 NPs, (b) graphite, (c) GN, and (d) GN–SnO2 
nanocomposite [111]
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Understanding the mechanisms of hydrogen adsorption on graphene under various 
environments would benefit various fields, including motor vehicles, fusion reactor 
design, and hydrogen storage [156]. Molecular dynamics (MD) simulations of the 
graphene hydrogen interface can be used to explore the nature of surface adsorp-
tion. Atomistic simulation avoids experimental noise and turbulence problems. It 
can be used to analyze molecular trajectories and thermodynamic properties. Many 
nano systems have been analyzed using MD, such as studies on nano wetting prop-
erties [157], nano imprinting [158], nano forming [159], and dip-pen nanolithogra-
phy [160]. Herrero and Ramirez [161] studied the diffusion of hydrogen in graphite 
and found that hydrogen atoms jump from a C atom to a neighboring one with 
an activation energy of about 0.4 eV. Compared to atomic hydrogen, molecular 
hydrogen has a much smaller activation energy and faster diffusion speed. Lamari 
and Levesque [162] studied hydrogen adsorption on graphene and found that at a 
temperature of 77 K and a pressure of 1 MPa, the excess hydrogen physisorption 
is estimated to be equal to 7 wt%, and it decreases with increasing temperature. 
Du et al. [163] studied the separation of hydrogen and nitrogen gases by porous 
graphene membranes. They found that the separation mechanism is related to the 
VDW interactions of the gases with the graphene membrane. Recently, Zhang and 
coworkers synthesized graphene-supported RhNi catalyst by a facile co-reduction 
route, wherein the graphene plays a smart role as a dispersion agent and distinct 
support for the RhNi NPs [164].

12.3.4  Fuel Cell

Fuel cells are electrochemical energy devices containing electrocatalytic fuel oxida-
tion at the anode and oxygen reduction at the cathode to produce electricity power. 
Before the discovery of graphene, CNTs have been investigated as catalyst-sup-
porting materials in fuel cell applications, which have shown enhanced catalytic 
activities [149, 165]. However, many researchers have started to shift their research 
target toward graphene in the past few years after the existence of 2D honey comb 
structure of graphene was reported [167, 168]. Compared with CNTs, graphene 
have much higher surface area and conductivity for electrochemical applications. 
Graphene can be produced at a much lower cost as comparison to CNTs. Due to 
its outstanding properties as mentioned by the researchers, graphene has many 
potential applications. Graphene with inorganic nanocomposites exhibit excellent 
electrocatalytic performance, which show promising application in next-generation 
fuel cells, such as graphene–Pt nanocomposite in direct methanol fuel cells [169, 
170], and proton-exchange membrane fuel cells (PEMFCs) [171, 172] as well as 
graphene–Pd nanocomposites in direct formic acid fuel cells [173, 174]. As an ex-
ample, a PEMFC with rGO–Pt nanocomposites as the cathode and carbon black–Pt 
composites as the anode delivered a maximum power of 161 mW cm−2, which is 
much higher than 96 mW cm−2 of the fuel cell with unsupported Pt as cathode 
[172]. Fuel cells undergo an ecofriendly process to produce electricity, water, and 
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heat only with no pollutant or toxic by-product, many researches are now focus-
ing on cost-down and efficiency-up fuel cells. Fuel cells consist of three key parts: 
cathode, anode, and separation membrane. Among them, cathode materials are piv-
otal elements for the commercialization. Currently, expensive noble metals such as 
platinum (Pt), gold (Au), ruthenium (Ru), and their alloys are best known cathode 
materials for oxygen reduction reaction (ORR) [171, 175–177]. Among them, Pt is 
the most widely studied noble metal as electro catalyst. However, it is too expensive 
and limited reserve in earth. Thus, there must be at least one of three ways to solve 
the issues. One is to minimize the use of expensive catalysts by increasing surface 
area via NP approach [178, 179]. Another is to find alternative cheap but efficient 
metal catalysts to replace expensive noble metals [180, 181]. The last is to develop 
efficient metal-free catalysts. Although Pt-based catalysts have been widely studied 
and commercialized due to their high current density and low overpotential [182–
184], there are still intensive efforts required for further maximizing the activity of 
Pt and minimize the use of Pt.

12.3.5  Solar Cell

Solar cells are devices which convert the energy of sunlight into electricity by pho-
tovoltaic effect. As the economies of scale cut down the production costs, rapid 
growth of the photovoltaic industry induces the depletion of the raw materials in-
volved in the production of solar panels. Due to the high electron mobility and 
excellent optical transparency of GNSs, graphene–inorganic nanocomposites have 
emerged as one of the fascinating electrode materials for application in solar cells, 
mainly in the dye-sensitized solar cells and quantum dot (QD)-sensitized solar cells. 
Dye-sensitized solar cells have attracted much attention because of their moderate 
light to electricity conversion efficiency, easy fabrication, and low cost, which are 
mainly composed of a photo electrode (photo anode and photocathode), a dye, an 
electrolyte, and a counter electrode. The photo anodes of dye-sensitized solar cells 
are typically constructed using thick films of TiO2 NPs, which provide a large sur-
face area for anchoring enough dye molecules. However, the random transport of 
photo-generated electrons in disordered TiO2 NPs increases the chance of charge 
recombination and thus decreases the efficiency of dye-sensitized solar cells [185].

Graphene–TiO2 hybrid nanostructures [186, 187] and graphene–CNT with TiO2 
hybrid nanostructure [188] are employed as the photo anode for dye-sensitized solar 
cells, which enhance the conversion efficiency, in comparison with the TiO2 photo 
anode. Kim et al. [189] reported graphene-TiO2 nanocomposites as an interfacial 
layer between fluorine-doped tin oxide layer and TiO2 film to reduce the back-trans-
port reaction of electrons in dye-sensitized solar cells. Graphene–CNT composites 
with vertically aligned CNT also served as one of the promising candidates for 
counter electrodes to achieve high performance in dye-sensitized solar cells [190, 
191]. Yang et al. [192] reported that graphene–NiO composite films were used to 
fabricate photocathode for dye-sensitized solar cells. The NiO–graphene composite 
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with an appropriate graphene amount offers faster hole transport and larger surface 
area than that of the plain NiO film, thus leading to significant improvement of 
charge transfer and increase of dye loading, in turn resulting in the increase in both 
short-circuit photocurrent and open-circuit photovoltage.

Graphene–inorganic hybrid nanostructures in solar cells are the development of 
QD-sensitized solar cells [193–195]. The QDs of CdSe and CdS with light absorp-
tion could harvest light energy and transfer excited electrons to the conduction band 
of TiO2 or ZnO film. The capturing of photo-induced electrons as quickly as they 
are generated and efficiently transporting them in the metal oxide film is one of the 
most difficult challenges in QD-sensitized solar cells system. Pan et al. [193] re-
ported CdS QD-sensitized solar cells, based on a GN incorporated TiO2 film photo 
anode, which demonstrated a maximum power conversion efficiency of 1.44 %, 
56 % higher than that without rGO. Deng et al. [195] demonstrated the use of a 
GN–ZnO nanorod (NR) composite as a photo anode, leading to 54.7 % improve-
ment of power conversion efficiency in CdSe QD-sensitized solar cells compared 
to a QD-sensitized ZnO NRs without the rGO layer.

12.3.6  Electronics

Graphene has recently attracted considerable attention owing to its remarkable elec-
tronic and structural properties and its possible applications in many emerging areas 
such as graphene-based electronic devices. The charge carriers in graphene behave 
like massless Dirac fermions, and graphene shows ballistic charge transport, turning 
it into an ideal material for circuit fabrication. However, graphene lacks a bandgap 
around the Fermi level, which is the defining concept for semiconductor materials 
and essential for controlling the conductivity by electronic means. Theory predicts 
that a tunable bandgap may be engineered by periodic modulations of the graphene 
lattice, but experimental evidence for this is so far lacking.

Graphene-based electronic devices have been designed to exhibit high carrier 
mobility, an ultrahigh speed, large-scale flexibility, and molecular-scale sensitiv-
ity; however, due to the absence of a bandgap, pristine graphene devices cannot 
be switched off, there by posing significant challenge to digital electronic device 
applications. To overcome this disadvantage, several approaches to enlarging the 
bandgap in graphene have been tested, including fabricating GNRs and implanting 
periodic hetero atoms on the graphene lattice [196–199]. Denis [196] reported the 
bandgap opening in monolayer and bilayer graphene by the doping of aluminum 
(Al), silicon (Si), phosphorus (P), and sulfur (S) for the application of electronics. 
Si-doped graphene has the lowest formation energy although it is semimetallic. P-
doped graphene has a magnetic moment of 1 µB and for 3 at.% of doping the band-
gap is 0.67 eV. Al-doped graphene is very unstable, but it is an attractive material 
because it is metallic. To reduce the formation energies of the substitutional defects 
we investigated the formation of interlayer bonds in bilayer graphene. Phosphorus 
forms the strongest bonds between layers giving particular stability to this material. 
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P-doped bilayer graphene has a gap of 0.43 eV but it is has no magnetic moment. 
Balog et al. [197] reported that bandgap opening in graphene induced by patterned 
hydrogen adsorption. They have demonstrated the existence of a bandgap opening 
in graphene, induced by the patterned adsorption of atomic hydrogen onto the Moi-
ré superlattice positions of graphene grown on an Ir(111) substrate. Li et al. [198] 
have developed a chemical route to produce GNRs, as well as single ribbons with 
varying widths along their lengths or containing lattice-defined graphene junctions 
for potential molecular electronics.

On the other hand, bilayer graphene presents a unique alternative to bandgap en-
gineering because a perpendicular electric field may be applied to break the inver-
sion symmetry of graphene [200–203]. For instance, gate-controlled tunable band-
gap bilayer graphene films are successfully demonstrated by fabricating field-effect 
transistors (FETs) with dual-gate structures. The resultant bandgap was nearly 
250 meV, which corresponds to an on/off current ratio on the order of 102 [202]. Al-
ternative purely chemical approaches for generating a built-in perpendicular elec-
tric field are also possible. Several researchers have reported that the presence of 
metal adatoms or molecular dopants with strong polarities can introduce an electric 
field onto the bilayer graphene and induce a bandgap, thereby producing an on/off 
current ratio similar to that of dual-gated transistors; however, because molecular 
dopants were applied only on one side of the bilayer graphene, the charge-carrier 
density varied along with the bandgap.

Using the density functional theory calculations, Bing [204] has shown system-
atical investigation of the electronic properties of armchair-edge GNRs doped with 
boron (B) and nitrogen (N) atoms. He has demonstrated the electronic structure and 
transport properties of boron and nitrogen-doped GNRs. p-type and n-type semi-
conducting behaviors are found in these nanoribbons after boron and nitrogen dop-
ing. This phenomenon can be used to design p-type and n-type transistors which are 
the key of realizing GNR-based electronic devices. As an example, p-type transis-
tors have been studied by first-principles quantum transport calculations. The re-
sults show that the boron-doped GNR-FET can exhibit a high level of performance, 
with high on/off current ratio and subthreshold swing.

12.3.7  Graphene Sensors and Actuators

The rapid and cost-effective development of graphene-based 3D nanostructure 
provides new opportunities for the progress of analytical science and technology. 
In these days, graphene-based 3D nanostructure with large active area and high 
conductivity have been introduced into analytical chemistry and implanted novel 
functions into analytical sensing systems [205–208]. In this section, we present the 
application of GN-inorganic nanocomposites in constructing high-performance gas 
sensors and biosensors.

Crucial work has been carried out by different peoples on the effect of metal 
catalyst like, for example, Pd, Pt on gas sensing performance of graphene-based 
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sensors. For resistive gas sensors, the effect of catalytic metal contacts like Pt on 
H2 sensing performance of graphene-like nanosheets deposited on SiC substrate has 
recently been investigated by Chu et al. [209] and Shafiei et al. [210]. Their sensors 
were operated at constant reverse bias (current) mode as the response was found to 
be more promising for reverse bias compared to its forward bias counterpart, and a 
voltage shift of 100 mV was recorded at 1 mA reverse bias current. Quite similar to 
the semiconducting oxide-based sensor, in this case also the role of Pt was to aid the 
H2 dissociation leading to subsequent diffusion of H atom through the metal to gra-
phene surface, which eventually resulted in higher response magnitude. In a similar 
study, Chu et al. [209] showed that epitaxial graphene deposited by CVD on SiC, 
when coated with Pt, acted as dopant and increased the conductance of graphene. 
Gas-testing results showed that the exposure to hydrogen decreased the resistance 
of the graphene/Pt, and depending on the temperature range three activation ener-
gies were observed.

CVD-grown monolayer graphene-based sensors on SiO2/Si substrate was inves-
tigated by Gautam et al. for oxygen, NO2, NH3, and CH4 [211–213] detection. In 
this study, the authors found that the electrical conductivity of graphene is sensitive 
to the reducing gases at elevated temperatures as well. The sensitivity of the device 
for the tested gases suggested that the device was most effective to operate in 150–
200 °C ranges. Since the graphene films possess lower resistance (typically in few 
hundred ohms) compared with the metal oxide-based gas sensors (typically in few 
kilowatt up to few megawatt), graphene devices can be integrated with electronic 
circuits more suitably. In spite of somewhat lower response magnitude of graphene 
gas sensors compared to metal oxide-based gas sensors, fairly consistent response 
for different gases at low-temperature region explores the opening for practical 
commercial applications of graphene gas sensors.

Ko et al. [214] found the Pd/Au-decorated graphene for sensing NO2 and it was 
found to be quite selective. The sensitivity was 9 % with 100 ppm NO2 gas for 
such MLG sensor with very good reproducibility. In another report, similar kind of 
selectivity improvement toward NO2 was achieved using Pt/Ti contact by Nomani 
et al. [215]. Sensitivity down to parts-per-billion levels, with fast response, recovery 
and appreciable selectivity toward NO2 in presence of commonly interfering gases 
like CO2, H2O (saturated vapor), NH3 (550 ppm), and O2 was reported. The root-
mean-square (RMS) noise-limited sensitivity was calculated to be ~ 10 ppb, which 
is better than any commercial gas sensor available at present.

Cuong et al. reported a solution-processed gas sensor based on vertically aligned 
ZnO NRs on a chemically converted graphene film [216]. The prepared ZnO on a 
chemically converted graphene gas sensor device is able to detect 2 ppm of H2S in 
oxygen at room temperature. Results from the study of Cuong et al. also suggested 
that the CCG film releases oxygen molecules during thermal reduction and evapo-
ration of the byproduct process, which are adsorbed on the surface of ZnO NRs, 
thereby improving gas sensitivity. A high sensitivity of the gas sensor resulted from 
the growth of highly dense vertical ZnO NRs on the chemically converted graphene 
film with numerous tiny white dots on its surface, which may provide a sufficient 
number of sites for the nucleation and growth of the ZnO NRs. The adsorption of 
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oxygen on the surface of the ZnO NRs was found to be crucial for obtaining an ex-
cellent gas sensing performance of the ZnO NRs—chemically converted graphene 
sensor.

The enzyme electrodes based on graphene-based materials have attracted great 
interest for the detection of a wide range of analyses. An extremely important ex-
ample is in the determination of glucose, which plays a crucial role in the diagnosis 
and therapy of diabetes. Recent studies have indicated that graphene-based materi-
als are very capable of the sensitive and selective detection of glucose [217–225].

For example, Liu et al. [220] prepared a biocompatible graphene-based glu-
cose biosensor using the covalent attachment between the carboxyl acid groups 
of the graphene sheets and the amines of glucose oxidase (GOx). They demon-
strated that the resulting biosensors exhibited broad linearity, good sensitivity, 
excellent reproducibility, and storage stability. Lin et al. [218] studied the GOx/
rGO/CS nanocomposite-modified electrode for direct electrochemistry and glucose 
sensing. It was found that the nanocomposite film can provide a favorable micro-
environment for GOx to realize direct electron transfer at the modified electrode. 
The nanocomposite-based biosensor exhibited a wider linearity range from 0.08 
to 12 mM glucose with a detection limit of 0.02 mM and much higher sensitivity 
(37.93 μA mM−1 cm−2) compared with other nanostructured supports.

12.3.8  Catalysis

Catalysts to reduce the energy barrier for ORR are at the heart of these renewable 
energy devices. In recent years, the combination of TiO2 and graphene had been 
proved to be an effective pathway to improve the photocatalytic activity of TiO2 due 
to the excellent adsorbability and conductivity of graphene [226–229]. For example, 
Li et al. obtained a chemically bonded P25–graphene nanocomposite photocatalyst 
with a significant enhancement in photo degradation of methylene blue [227]. They 
attributed the high performance of P25–graphene to the enhanced adsorbability 
of dyes and efficient charge separation and transportation. Xiang et al. fabricated 
highly active graphene-modified TiO2 nanosheets composite photocatalysts for H2 
production [228]. They for the first time demonstrated that inexpensive metal-free 
carbon material can be used as an effective co-catalyst for photocatalytic water 
splitting. Du et al. prepared hierarchical ordered macro-mesoporous TiO2–graphene 
composite films with significant enhancement of photocatalytic activity for degrad-
ing the methyl blue [229]. However, the aforementioned studies mainly focused on 
the photocatalytic behavior of TiO2–graphene composites for organic dyes or other 
liquid organic contaminants degradation. There is still scarce work on the usage 
of TiO2–graphene composites for photodegradation of volatile organic compounds 
(VOCs). It is well-known that VOCs are triggering serious environmental problems 
such as stratospheric ozone depletion and tropospheric ozone increment. Among 
VOCs, acetone is one of the principle indoor air pollutants and long-term inhalation 
of it may cause serious heath disorders. Therefore, the degradation of gas-phased 
acetone is of particular importance.
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Wang et al. [230] reported that as prepared TiO2–graphene samples shows en-
hanced photocatalytic activity in photodegradation of acetone in air and graphene 
content exhibits a great influence on photocatalytic activity. At graphene con-
tent = 0.05 wt.%, the TiO2–graphene composites exhibited the highest photocata-
lytic activity, which exceeds that of pure TiO2 and P25 by a factor of 1.7 and 1.6, 
respectively. The enhanced photocatalytic activity is because graphene can act as 
an excellent electron acceptor and transporter, thus reducing the recombination of 
charge carriers and enhancing the photocatalytic activity. The transient photocur-
rent response experiment further confirmed the transfer of photogenerated elec-
trons from conduction band of TiO2 to graphene. The prepared hierarchical macro/
mesoporous structured TiO2–graphene composites should also find widely potential 
applications in photocatalysis, catalysis, solar-cell, separation, and purification pro-
cesses.

Hu et al. [231] discussed the electrocatalytic activity toward the oxygen reduc-
tion and glucose oxidation of a graphene/Au composite that had a higher catalytic 
activity than Au NPs or graphene alone. Kim et al. [232] investigated the incorpora-
tion of Ag-doped graphene into polypyrrole (PPy) and the effect on its electrochem-
ical properties. They found that the Ag NPs deposited onto the graphene improved 
the electrochemical performance of the catalyst by increasing of the charge transfer 
between graphene and PPy by the bridge effect. Liu et al. [233] reported that the ex-
pandable graphene nanocomposites containing platinum NPs that were synthesized 
via electrochemical reduction exhibited high catalytic activity and good stability for 
the oxidation of methanol, which was attributed to the improved electrical conduc-
tivity and the high specific surface area of the graphene catalyst support.

Fu et al. [234] fabricated graphene-based non-precious metal catalysts (NPMC) 
for ORR through pyrolysis of a mixture of Fe, Co salts, polyaniline, and rGO. They 
have demonstrated an effective approach for the large-scale fabrication of graphene-
based NPMCs for the ORR through pyrolysis activation. Based on the experimental 
results, it is conclude that the Co–Nx moieties could facilitate the incorporation of 
Fe–Nx moieties during the pyrolysis process and the content of Fe–Nx active sites in 
rGO sheets plays a key role for ORR activity. In comparison to the commercial Pt/C 
catalyst, FeCo–N–rGO catalyst presented higher ORR onset potential and 46 mV 
more positive ORR half-wave potential in alkaline solution. Importantly, it also 
demonstrated good tolerance to methanol and better stability than Pt/C (loading: 
52.6 µg Pt cm−2) in the studied conditions. Though the FeCo–Nx embedded gra-
phene material showed lower ORR performance compared to Pt/C in acidic solu-
tion at present, it certainly deserve to further study and may have the potential to 
replace the Pt/C catalyst in fuel cells.

Zhang et al. [235] found graphene sheets/cobalt nanocomposites as low-cost/
high-performance catalysts for hydrogen generation. Graphene sheets/cobalt (GRs/
Co) nanocomposites, which are highly efficient catalysts, have been prepared using 
a one-step solvothermal method in ethylene glycol. Co2+ salts were converted to Co 
NPs, which were simultaneously inserted into the graphene layers with the reduc-
tion of graphite oxide sheets to GRs. A number of Co NPs self-assemble on the 
surface of the GRs. The maximum saturation magnetization value of the composites 



408 R. Kumar et al.

was 80.8 emu g−1, which is enough to allow magnetic separation and control. The 
catalytic activity of the composite was also investigated. It is found that both of 
the highly conductive surface and increased surface area of the graphene support 
increases the hydrogen generation rate in the hydrolysis of NaBH4 solutions. More-
over, it supplies a method for continuous gas generation using the catalyst dispersed 
on a filter for use in the production of clean fuels.

12.4  Conclusions, Challenges and Perspectives

In summary, we have reviewed the recent highlights of the development of novel 
3D-GMO hierarchical nanostructure with various components including metal, 
nanocarbon, metal compounds and non-metals. Graphene could act as a substrate 
for the growth of nanostructure and supporting the metal NPs. We have also sur-
veyed about 3D-graphene-metal oxide hierarchical nanostructure as the application 
for energy storage. GNS behaves like substrate for the supporting of the metal oxide 
NPs. Various approaches has been applied for the synthesis of 3D-GMO hybrid 
nanostructures such as template method, solution deposition method, hydrother-
mal techniques, solvothermal techniques, decomposition of hydrocarbon precur-
sors, gas phase deposition, sol–gel technique, covalent grafting, and noncovalent 
interactions. The unusual layer-dependent energy-storage behavior was caused by 
different diffusion and charge transferring mechanisms due to the distinct inter-
actions between metal NPs and graphene. Because of the 3D-GMO hierarchical 
nanostructure, efficient spacious utilization of multiple layered structures, these 
novel nanostructured materials may open numerous opportunities for producing ex-
ceptional ultra-capacitors and energy storage devices. These new 3D-GMO hybrid 
nanostructure materials have proven to demonstrate high potential for commercial 
applications in the field of energy storage and others synergetic fields. We hope that 
this chapter can help and provide valuable insights to researchers for gain further 
knowledge to speed up novel innovation in this area.
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Chapter 13
Janus Nanostructures for Biomedical 
Applications: Dual-Surfaces of Single Particle 
for Multifunctionality

Donglu Shi, Feng Wang and Yilong Wang

13.1  Introduction

With the rapid development of nanotechnology, there has been an increasing need 
that nanomateirals can address the key clinical issues in drug delivery, hyperthermia, 
imaging, and cell targeting, preferably in a combined fashion, thus helping doctors 
with cancer diagnosis as well as treatment. There has been extensive study on estab-
lishing nano-carrier systems achieving isolated functionalities. However, driven by 
the clinical application, more research is being focused on developing an integrated 
nano-carrier system to achieve drug delivery, imaging, cell targeting, and hyperther-
mia simultaneously, which leads to the terminology of “multifunctionality.”

Such nano-carrier system must have following features to achieve multifunc-
tionality:

1. The surface of the nano-carrier system bears functional groups. This could allow 
further manipulation for attachment of biological moieties such as drugs and 
targeting ligands. The surface properties might be the most important to the 
nano-carrier because in most cases, bio-application is obtained through surface 
functionalization. Besides, surface properties determine the colloidal stability of 
the nano-carrier systems.

2. The nano-carrier needs to be ready for imaging. One way is to label the nano-car-
rier with fluorescent markers or the nano-carrier itself is fluorescent. The other 
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way is magnetic resonance imaging (MRI) if the nano-carrier has a magnetic 
component.

3. The nano-carrier has to be nontoxic, preferably biodegradable to be considered 
for clinical application.

4. Some nano-carriers are designed to be hollow structured for drug storage and 
appeared quite promising regarding the examples of mesoporous silica nanopar-
ticles and polymer micelles.

An idealized multifunctional nano-carrier designed for diagnostic and therapeutic 
purpose is illustrated in Fig. 13.1.

13.1.1  Janus Particle Overview

Although many efforts were devoted to constructing nano-carrier systems that could 
potentially achieve multifunctionalities toward clinic [2], most of the approaches 
used currently have been surface functionalization of nanoparticles with different 
drugs [3], biological molecules, including DNA [4], RNA [5], peptide [6], antibod-
ies [7], and imaging probes such as quantum dots (QDs) [8]. One of the major 
disadvantages in this approach is characteristically the single surface structure of 
the nanoparticles. A nanoparticle is normally assumed a symmetrical spherical or 
a tube geometry with limited surface available for multiple components. Further-
more, multifunctional conjugates on a single carrier often interact with each other, 
leading to adverse effects. The design and assembly of a single surface symmetrical 

Fig. 13.1  Schematic illustration of an idealized nano-carrier for cancer treatment [1]
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carrier is also complicated by difficulties in the structural and chemical arrange-
ments of the functional components.

It is, therefore, critical to develop multi-surface nanostructures for the assembly 
of a variety of components on a clinically viable delivery system that can best utilize 
the intrinsic properties of nanomaterials. So far, scientists have well understood the 
fundamentals of isotropic nanoparticles. However, inspired by the new possibilities 
of desirable structures and behavior offered by anisotropic nanoparticles, research-
ers have begun to explore ways to fabricate asymmetric nanoparticles [9]. Attempts 
have been made to generate shape as well as functionality anisotropy on micropar-
ticles [10–12], but it has become challenging when it comes to the nanoscale. Ja-
nus nanoparticles, named after the Roman god who has two distinct faces, possess 
multiple surface structures that are anisotropic in shape, composition, and surface 
chemistry [13]. Their structural asymmetry is ideally suited for the assembly of 
multiple components on a single-particle system [14]. More importantly, the mul-
tiple surfaces with different functional groups can be used to selectively conjugate 
with targeting ligands, imaging probes, or drugs [15–17]. These characteristics of 
the Janus nanoparticles make them “truly multifunctional entities” [9].

13.1.2  Inorganic Janus Particles

Generally, inorganic Janus nanoparticles can be categorized into two types: [13]

1. The nanoparticle consists of two or more inorganic phase, each component 
expressing different optical, electrical, or magnetic properties.

2. The nanoparticle is composed of one material phase but possesses distinct chem-
ical properties on both sides.

There has been a large amount of literature reporting the design and fabrication of 
inorganic Janus nanoparticles. One flexible method employed is masking, which in-
volves partial coverage of the matrix materials and growth of other inorganic phases 
on the exposed matrix via chemical functionalization [18], electrostatic attraction 
[19], or metal evaporation [20]. For example, Bae et al. first crystallized silica 
nanoparticles on a silicon wafer several layers thick in a close-packed pattern. Then 
the surfaces of silica nanoparticles were coated with octadecyltrichlorosilane self-
assembled monolayers (OTS-SAMs), the only areas left uncoated were those where 
the neighboring nanoparticles touched. After the top layers of silica nanoparticles 
were removed by tape, TiO2 nanoparticles were deposited onto the uncoated areas 
of the silica nanoparticle surfaces [21]. In another example of masking, McConnell 
et al. produced multiregional Janus nanoparticles using a horizontal substrate to 
protect the bottom of the matrix materials [22]. They sank the amino group-func-
tionalized silica nanoparticles into horizontal styrene–acrylic acid random copoly-
mer films swollen by solvent. Then gold (Au) nanoparticles were deposited onto 
the exposed surfaces of silica nanoparticles by electrostatic interaction (Fig. 13.2).

Ligands can also be used to link the two distinct parts of a Janus nanoparticle. 
Zhang et al. employed hexadecyltrimethylammonium bromide (CTAB) as the link-
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er as well as the template in aqueous solution to fabricate Janus nanoparticles with 
Fe3O4 heads and mesoporous silica tails. The length of silica tails could be manipu-
lated by adjusting the amount of tetraethyl orthosilicate added [23].

To produce Janus nanoparticles with one single-material phase but two differ-
ent surface properties, another method called Pickering emulsion was developed 
by Granick and coworkers [13, 24, 25]. In this model, nanoparticles are adsorbed 
onto the interface of an oil-in-water emulsion system. Then the oil phase is frozen 
and chemical modification is carried out on the particle surfaces exposed to water. 
Finally, the oil phase is removed to release nanoparticles with asymmetric surface 
functional groups. For example, Granick et al. dispersed fused silica particles in 
molten wax and mixed with water to form an emulsion. After wax cooled down 
to freezing point, the exposed surfaces of silica particles were functionalized with 
(aminopropyl) triethoxysilane to generate amino groups. The wax was later dis-
solved by chloroform, and silica particles were conjugated with OTS on the other 
side to make the silica particles amphiphilic [25]. This technique could also be 
considered in the category of masking method.

13.1.3  Polymeric Janus Particles

The most widely used method for producing polymeric Janus nanoparticles is 
phase separation which involves the interactions between polymers and monomers, 
among polymer chains, and between the nanoparticles and aqueous phase [26, 27]. 
One of the common approaches features using polymers as the seeds for the further 
growth of another polymer via emulsion polymerization. Another method is based 
on copolymer blocks ABC. The middle block B is cross-linked with the two ends A 
and C composing the two modules of the Janus particles. Although phase separation 
is an easy process, it is difficult to control the morphology of the Janus particles, and 
the production rate is often very low [13].

Very similar to inorganic Janus nanoparticle synthesis, the masking approach 
also finds its application in polymeric Janus particle fabrication. The mechanism is 
to functionalize partial surfaces of the pre-synthesized polymer particles, either by 

Fig. 13.2  Schematic illustration of the formation of multiregional Janus particles [22].
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masking the other part in a substrate or carrying out the modification at interfaces. 
So only the exposed surfaces would be subjected to subsequent growth of other 
polymers [28, 29]. For example, Bradley and Rowe attached positively charged 
poly(2-vinylpyridine) microgel particles to negatively charged poly(2-vinylpyri-
dine-co-styrene) latex particles and grafted poly(N-isopropylacrylamide) to the ex-
posed surfaces to produce asymmetric polymeric composites [30].

Microfluid can also be employed to prepare Janus particles. The dispersed phase 
containing monomers is injected perpendicular to the immiscible continuous phase 
to produce a stream of the droplets with monomers for polymerization [31]. Lone 
et al. took water as the dispersed phase and hexane as the continuous phase. The 
microfluidic device produced water droplets containing light-responsive polymers 
and cross-linkers. Under ultraviolet (UV) irradiation, Janus structures were formed 
in the droplets [31] (Fig. 13.3).

Compared to phase separation and masking, which are limited to production 
quantities, microfluid can be scaled-up for larger amounts [13]. However, the sizes 
from the microfluid approach are a lot bigger due to the droplet sizes formed during 
injecting.

Fig. 13.3  a Route to fabricate Janus particles using microfluid. b Optical microscopic image of 
Janus particles [31]
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13.1.4  Polymeric–Inorganic Janus Composites

Combining advantages from both organic and inorganic composition, the polymer–
inorganic nanoparticles attracted extensive interest as they have potential applica-
tion as catalysts, functional coatings, and biosensors [9]. Polystyrene (PS)/silica was 
investigated most among the model structures that have been developed, possibly 
because both have relatively simple and controllable fabrication process (Fig. 13.4).

Immobilization (selective coating) remains useful in fabrication of polymer–in-
organic Janus nanocomposites. Feyen and coworkers managed to fabricate a mush-
room ternary Janus structure of PS/iron oxides@Silica [32]. First, oxides were im-
mobilized onto the PS nanoparticles through emulsion to serve as growth sites for 
silica. Then silica nanospheres were formed upon iron oxides via sol–gel reaction. 
The iron oxides could be etched away by hydrochloride to generate hollow silica 
nanoparticles. Gong et al. grew ZnO nanowires on part of the PS surfaces [33]. Car-
boxyl group-functionalized PS particles were sunk in a polymer film and incubated 
in the ZnCl2 aqueous solution. As a result, Zn2+ ions deposited onto the exposed PS 
surfaces due to electrostatic attraction. Then ZnO nanowires could grow through an 
electrochemical process (Fig. 13.5).

Phase separation represents another important approach in generating polymer–
inorganic composites. As PS can be synthesized easily through emulsion polym-
erization, phase separation often involves a miniemulsion process. Ge et al. made 
silica nanoparticles aggregate by introducing very small amount of water. Methacry-
loxypropyltrimethoxysilane (MPS) was attached to the exposed surfaces of silica as 
cross-linkers. Subsequent growth of PS occurred at the sites of MPS via miniemulsion 
and the morphology of Janus structures could be tuned by adjusting the amount of 
monomers [34]. Wang et al. used a similar method to fabricate PS/Silica asymmetric 

Fig. 13.4  a Process to produce mushroom Janus nanocomposites. b Dark-field STEM of PS/
Fe3O4@SiO2. c SEM and dark-field STEM overlapping image of PS/Fe3O4@SiO2. d TEM image 
of PS/hollow SiO2 after Fe3O4 is etched [32]. GMA glycidyl methacrylate, DVB divinylbenzene, 
STEM scanning transmission electron microscopy, PS polystyrene, TEOS tetraethoxysilane
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nanocomposites. The surfaces of PS were functionalized by carboxyl groups by us-
ing the initiator 4,4′-azobis(4-cyanovaleric acid) (ACVA), and silica surfaces were 
modified with amino groups by coupling the silane 3-aminopropyl-triethoxysilane, 
thus making the nanocomposites dual functional [35]. They further extended this 
approach to synthesize ternary Janus structures [36]. Oleic acid-functionalized iron 
oxides were mixed with styrene and tetraethoxysilane (TEOS) and a miniemulsion 
system under sonication was formed. Emulsion polymerization began upon the ad-
dition of 2,2-azobis-(isobutyronitrile), and phase separation occurred due to the 
decrease of affinity between PS chains and hydrophobic components. Eventually, 
ternary PS/Fe3O4@SiO2 Janus nanocomposites were produced. Interestingly, iron 
oxides were embedded in silica, which was different from Teo’s report, [37], where 
iron oxides were found inside PS spheres.

13.1.5  Applications of Janus Particles

Due to the distinct surface properties, Janus nanoparticles can be modified to be am-
phiphilic, thus making them extremely suitable as surfactants to emulsify immisci-
ble liquids [38]. For example, Kim and coworkers stabilized nonspherical emulsion 
drops with amphiphilic particles [39]. On the other hand, Janus nanoparticles that 
have magnetic components possess potential application in manipulation of devices 

Fig. 13.5  Formation of asymmetric PS/SiO2 composites by radiation-initiated miniemulsion polym-
erization [34]. w/o without, SDS sodium dodecyl sulfate, MPS methacryloxypropyltrimethoxysilane
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and imaging [13]. Kim et al. managed to control the movement direction of Janus 
particles in a microfluidic device by rotating the magnetic field [40]. With QDs 
embedded in the polymer matrix of the Fe3O4/polymer Janus particles, Yin et al. 
demonstrated interesting imaging capability of the Janus composites. Aligned in the 
external magnetic field, when the Fe3O4-doped side faced upward the particle dis-
played red-brown in daylight and black under UV. When the QD-embedded hemi-
sphere faced upward, the particle showed white in daylight and blue under UV [41]. 
Xu et al. fabricated Au/Fe3O4 nanoparticles and conjugated Herceptin and Platin via 
stepwise functionalization to achieve targeted drug delivery. The conjugates released 
the drugs faster in mild acidic environment [17]. The Janus nanoparticles were also 
found capable of serving as catalyst. Seh et al. [42] tested the catalytic properties of 
TiO2-coated Au nanoparticles in the reduction of 4-nitrophenol to 4-aminophenol 
and found that the Janus nanoparticles catalyzed the reaction as fast as the bare Au 
nanoparticles in the first cycle but could be reused for up to five cycles without 
much loss of activity. However, reports of delicate Janus nanoparticles for biomedi-
cal application via surface functionalization remain rather limited, mainly due to the 
complexity of chemistry involved. Shi’s group has been working on Janus nanocom-
posites and developed a unique dual surface-functionalized Janus structure, success-
fully achieving cell targeting and drug delivery simultaneously [43].

13.2  Design and Development of Dual Surface-
Functionalized SJNCs

13.2.1  Synthesis of SJNCs

Based on the previous work [35, 36], Wang et al. successfully fabricated a super-
paramagnetic Janus nanocomposites (SJNCs) of PS/Fe3O4@SiO2 with both sur-
faces bearing functional groups. The nanocomposites are synthesized by a one-pot 
combination of miniemulsion followed by sol–gel reaction. In short, the oil phase 
(styrene monomers; TEOS; hexadecane; oleic acid capped iron oxides, OAIOs) is 
mixed with the aqueous phase to generate a miniemulsion system in the presence 
of sodium dodecyl sulfate as surfactant. One hour after styrene polymerization is 
triggered by 4,4′-ACVA) at 80 °C, NaOH is added to initiate silica formation via 
sol–gel reaction (Fig. 13.6).

The transmission electron microscopic (TEM) observation reveals that SJNCs 
are composed of a PS core covered by a half shell of silica embedded with Fe3O4 
nanoparticles. From TEM image (Fig. 13.7), it can be derived that the SJNCs have 
diameters of around 300 nm, with the PS core of about 200 nm, and the Fe3O4@
Silica hybrid shell of around 100 nm thick. This is consistent with the dynamic 
light scattering (DLS) data (Fig. 13.9), displaying an average size of 313 nm with a 
polydispersity index (PDI) of 0.090. This indicates very narrow distribution of Janus 
nanocomposite diameters. As shown in the energy dispersive spectroscopy (EDS) 
spectra (Fig. 13.8b) accompanied with scanning transmission electron microscopic 



13 Janus Nanostructures for Biomedical Applications 429

Fig. 13.7  TEM images of 
a oleic acid modified Fe3O4 
nanoparticles (OAIOs; scale 
bar denotes 50 nm), and 
b the dual functionalized 
polystyrene/Fe3O4@silica 
Janus nanoparticles, the scale 
bar is 200 nm ( inset image is 
the magnified image of one 
nanocomposite particle, scale 
bar is 100 nm) [43]

 

Fig. 13.6  Schematic illustration of the formation of polystyrene/Fe3O4@silica superparamagnetic 
Janus nanocomposites (SJNCs) [43]. ACVA 4-cyanovaleric acid, TEOS tetraethoxysilane, SDS 
sodium dodecyl sulfate, OAIOs oleic acid capped iron oxides, HD hexadecane
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Fig. 13.8  a STEM image of the polystyrene/Fe3O4@silica Janus nanoparticles, scale bar denotes 
200 nm. b Elemental mapping of one nanocomposite particle as pointed out by the red arrow in 
(a) [43]
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(STEM) image, the core shows signal mainly from C and O with minor signals of Si 
and Fe coming from the hybrid shell at the back of the core. On the other hand, there 
are stronger signals from Si and Fe from the shell, compared to the core portion. 
These results indicate that the core of SJNCs is composed of pure polymer, which 
is PS in this case, while the shell is composed of iron oxide and silica. The obser-
vation that iron oxide nanoparticles are present in silica shell other than PS core is 
consistent with the results in the previous report [36]. But similarly, it is proposed 
that it is the phase separation between inorganic and organic components during 
polymerization followed by sol–gel reaction of TEOS that leads to the formation of 
SJNCs. When PS chains are formed during the miniemulsion polymerization, they 
tend to drive away the styrene monomers eccentrically, which also contain TEOS 
and OAIOs. The addition of NH4OH initiate the sol–gel reaction of TEOS as well as 
the transformation of oleic acid to oleate. As a result, OAIOs have increased affinity 
to TEOS and are incorporated in the silica, rather than PS after condensation. It is 
possible under favorable thermodynamic condition (80 °C) that the silanol groups 
(–Si–OH) on the silica surface react with the carboxyl groups (–COOH) introduced 
by ACVA on the PS surface and form –Si–O–C– bonds. Therefore, once silica is 
formed from condensation, it grows along the curvature of PS particle surface to 
make a half shell to generate dual-functionalized SJNCs exhibiting anisotropy in 
both composition and surface properties.

Fourier transform infrared spectroscopy (FTIR) examination (Fig. 13.10a) 
shows that peaks from silica vibrations in the range of 800–1250 cm−1 are very 
strong, while the peaks at 2850 and 2920 cm−1 represent –CH stretching. The peak 
at 1712 cm−1 (Fig. b) can be assigned to carboxyl groups on the PS surface, with its 
weak intensity due to low quantities. Besides, the peaks at 1450 and 1500 cm−1 are 
attributed to the C═C frame stretching vibration in aromatic ring, while the peaks 
at 700 and 760 cm−1 are characteristic of single-replaced phenyl ring [44, 45]. The 
peak from –Si–O–C– bond is at around 1100 cm−1 but cannot be observed, possibly 
due to the overlapping with the strong signal from silica vibrations in the same 
range [43].

Due to the property of Fe3O4 nanoparticles, both OAIOs and SJNPs were su-
perparamagnetic, exhibiting negligible magnetic remanence (Fig. 13.11), which 
endows SJNPs the ability to be redispersed after the external magnetic field is 

Fig. 13.9  DLS data of Janus nanocomposites suspended in deionized (DI) water [43].
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Fig. 13.10  a FTIR spectra of Polystyrene/Fe3O4@Silica Janus nanoparticles. b Magnified area 
(1450–1800 cm−1) of spectra (a) [43]. SJNCs surface-functionalized superparamagnetic Janus 
nanocomposites
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removed. The superparamagnetism provided opportunities for applications in MRI, 
hyperthermia, and magnetic targeting.

13.3  Biomedical Application Evaluation

13.3.1  Surface Functionalization, Drug Loading and 
Release

Folic acid (FA) is a vitamin essential for cell proliferation. The cellular uptake of FA 
is mediated by the protein known as folate receptor [46]. Folate receptors can facili-
tate cellular internalization after binding to FA via receptor-mediated endocytosis 
[46–50]. Folate receptors are significantly overexpressed in malignant tissues [46, 
51–54], which makes FA a widely used targeting ligand toward tumor cells [55–61]. 
Because the PS surfaces are also decorated with carboxyl groups, poly(ethylene gly-
col; PEG) bis-amine with (NH2–PEG–NH2) is taken as a linker. First, FA is linked to 
one amino ending group of NH2–PEG–NH2 and then the PEG–FA is functionalized 
to the PS surfaces via the other amino group (Fig. 13.12a).

Doxorubicin (DOX) is selected as the model drug to study the drug loading per-
formance of SJNCs. DOX, with the trade name Adriamycin, is a cancer chemother-
apeutic drug. It was discovered in the 1950s and has been widely studied by investi-
gators throughout the world since then. DOX is often used in its hydrochloride salt 
form, interacting with DNA by intercalation and inhibition of macromolecular bio-
synthesis, thus preventing DNA chains from replication [62–65] _ENREF_1_EN-
REF_1_ENREF_1 _ENREF_3. However, DOX has many adverse effects, among 
which cardiotoxicity could cause death. It is proposed that DOX be conjugated to 
the hybrid shell surfaces via hydrazone bonds. A hydrazone bond is relatively stable 
at physiological condition (pH 7.2 ~ 7.4) but could break at endocytic condition 

Fig. 13.11  Magnetization curves of a oleic acid-modified iron oxide nanoparticles. b superpara-
magnetic Janus nanoparticles at room temperature
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(pH 4.5 ~ 6.5). This offers excellent opportunities for carrier systems because highly 
controlled release of DOX could significantly reduce the side effects [3, 66–70].

As shown in Fig. 13.12b, a silane-bearing hydrazide ending group is synthesized 
from 3-(triethoxysilyl)propyl isocyanat and adipic acid dihydrazide via carbodi-
imide-mediated coupling first. Then the Fe3O4/silica shell surfaces are modified 
with this silane–hydrazide cross-linker. Finally, DOX is conjugated to the hybrid 
shell surfaces via hydrazone bonds. It is hypothesized that the targeted SJNCs bear-
ing anticancer drug could be internalized by tumor cells via folate receptor-medi-
ated endocytosis and release DOX faster in endocytic compartments to achieve cy-
totoxicity (Fig. 13.13). In this way, less amount of drug was released during physi-
ological conditions due to the relatively high stability of hydrazone bonds and side 
effects of DOX could be reduced.

Ultraviolet–visible (UV–Vis) spectroscopy confirms the conjugation of PEG–FA 
by exhibiting a broad shoulder centered at 363 nm (Fig. b), which is characteristic 
of FA [58, 71]. The low intensity is possibly due to the small amount of PEG–FA 
functionalized on the surfaces.

In the FTIR spectra (Fig. 13.14a), compared to FA–SJNCs, the hydrazide-mod-
ified FA–SJNCs (FA–SJNCs–NHNH2) exhibit a small peak around at 1550 cm−1, 
which is attributed to the ending amino groups of hydrazide. The relatively high 
and broad peak at 1670 cm−1 could be assigned to C═O bonds in the amide groups 
in silane–hydrazide. After DOX loading, the UV–Vis spectra of FA–SJNCs–DOX 
generates a broad shoulder with the peak at around 517 nm compared to the hydra-
zide-modified Janus nanocomposites (Fig. b). The deviation of this peak from the 
characteristic peak of pure DOX at around 480 nm is perhaps due to the covalent 

Fig. 13.13  Schematic illustration of FA conjugation and drug loading onto SJNCs and subsequent 
cell internalization through endocytosis [43]
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Fig. 13.14  FT-IR (a) and UV–V (b) is spectra of a SJNCs (a), FA–SJNCs (b), FA–SJNCs–NHNH2 
(c), and FA–SJNCs–DOX (d) [43]. FA folic acid, SJNC superparamagnetic Janus nanocomposites, 
DOX doxyrubicin

 



13 Janus Nanostructures for Biomedical Applications 437

bonding formed between DOX and silica surfaces. Similar results were found by 
Q. Hu [72]. These results clearly confirmed the successful conjugation of DOX to 
the hybrid shell surface via hydrazone bonding. The DOX loading capacity is deter-
mined to be 2.08 ± 0.2 wt % using the subtraction method.

The pH dependence of DOX release behaviors are monitored in buffer solutions 
with different pH values. It can be seen in Fig. 13.15 that at pH 7.4, which simu-
lated the physiological condition, accumulative DOX release after 195 h was about 
25.1 %. In contrast, at pH 5.0 and pH 6.0, which were similar to the environment 
in endocytic compartments and tumor sites, DOX releases were much faster and 
the accumulative releases reached 82.6 and 47.1 % after 195 h, respectively. This 
observation is consistent with the acid-sensitive nature of hydrazone bonding. As 
the concentration of H+ increases in the environment, the hydrolysis of hydrazone 
bond accelerates, thus releasing more DOX from the conjugates.

13.3.2  Cell Cytotoxicity Analysis

Targeting effect and pH-triggered DOX release are combined and evaluated against 
the human breast cell line MDA-MB-231 overexpressing folate receptors. SJNCs 
with or without drugs are incubated with cells for a period of 4 h. To avoid the po-
tential aggregation issue from the electrostatic attraction between the nanocompos-
ites and the protein in the cell culture media, Hank’s balanced salts buffer solution 
(HBSS) is used to disperse nanocomposites. Then the cells are washed and incu-
bated for another 48 h in fresh cell culture media before proceeding to cell viability 
evaluation (Fig. 13.16).

Two control experiments were designed to test the targeting effect of FA:

Fig. 13.15  DOX release pro-
files from DOX-conjugated 
SJNCs at a pH 5.0, b pH 6.0, 
and c pH 7.4
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1. The drug bearing and FA-conjugated nanocomposites (FA–SJNCs–DOX) were 
subjected to a free FA competition experiment. Free FA is dissolved in the HBSS 
buffer to make a concentration of 1 mM. Then FA–SJNCs–DOX are dispersed in 
this buffer and incubated with cells.

2. The drug-bearing nanocomposites without FA (SJNCs–DOX) are dispersed in 
HBSS buffer and subjected to subsequent incubation with cells.

The curve of targeted FA–SJNCs–DOX lies to the right of the curve for DOX 
because the FA–SJNCs–DOX are much heavier than free DOX (Fig. 13.16). All 
curves show similar inhibitor response characteristic. However, compared with 

Fig. 13.16  Cytotoxicity assay curves of a targeted FA–SJNCs–DOX versus targeted FA–SJNCs–
DOX in free FA competition. b Targeted FA–SJNCs–DOX versus non-targeted SJNCs–DOX 
against MDA-MB-231 cell line. Cytotoxicity assay curves for DOX and nanocomposites bearing 
FA but none drug (FA–SJNCs–NHNH2) are displayed as reference in both graphs [43]. FA folic 
acid, SJNC superparamagnetic Janus nanocomposites, DOX doxyrubicin
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targeted FA–SJNCs–DOX, the cytotoxicity curve for the targeted FA–SJNCs–DOX 
in free FA competition experiment shows less cytotoxicity when treated with the 
same dosage. The same trend is observed when nontargeted SJNCs–DOX were 
incubated with cancer cells. The viability of the nontargeted group is much higher 
than the targeted group. To further analyze the cytotoxicity statistically, the IC50 
values of three groups were calculated and displayed in Table 13.1. As shown in 
Fig. 13.17, the IC50 value of targeted FA–SJNCs–DOX conjugates is calculated at 
255.3 ± 55.1 μg ml−1. This value is significantly lower than that of the nontargeted 
group (IC50 = 781.2 ± 163.0 μg ml−1, p < 0.001) and the free FA competition group 
(IC50 = 1030.2 ± 416.1 μg ml−1, p < 0.05). These results clearly indicate the cell tar-
geting effects of the dual-functionalized SJNCs.

Compared to the nontargeted and the free FA competition groups, much more 
targeted FA–SJNCs–DOX conjugates are internalized by tumor cells through the 
folate-receptor-mediated endocytosis. Once the FA–SJNCs–DOX conjugates are in 
the endocytic compartments, these are able to release DOX at a much faster rate, 
thus significantly enhancing the efficacy of DOX. The highly selective targeting 
of FA–SJNCs–DOX conjugates could also reduce cardiac side effects of DOX in 
cancer therapy.

Table 13.1  IC50 values of DOX, targeted FA–SJNCs–DOX, FA–SJNCs–DOX in free folic acid 
competition, and nontargeted SJNCs–DOX against MDA-MB-231 cells [43]

DOX FA–SJNCs–DOX FA–SJNCs–DOX–FA 
competition

SJNCs–DOX

IC50 (μg ml−1) 3.3 ± 0.3 255.3 ± 55.1 781.2 ± 163.0 1030.2 ± 416.1

Fig. 13.17  Comparison of 
IC50 values from differ-
ent experimental groups. 
*p < 0.05, ***p < 0.001 
[43]. FA folic acid, SJNC 
superparamagnetic Janus 
nanocomposites, DOX 
doxyrubicin
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13.4  Summary

Janus particles offer more opportunities with their novel configuration. As research-
ers understand the mechanism better, more structures with unique properties will 
appear. For biomedical applications that require increasingly higher integrity, Janus 
structures can serve as a versatile platform with great potential.
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Chapter 14
Protein Nanopatterning

Christopher N. Lam, Dongsook Chang and Bradley D. Olsen

14.1  Introduction

Enzymes and globular proteins are highly optimized to perform reactions [1], trans-
port charges [4], or convert energy [5] with efficiencies, rates, gentle operating con-
ditions, and molecular-level specificity that often exceed synthetic materials. For 
example, compared to traditional synthetic catalysts, enzymes have much higher 
turnover frequencies kcat ranging from 10−1 to 107 s−1 [6, 7]. Large substrate binding 
affinities (~ 1/Km) and substrate specificities ( kcat/Km) lead to minimal side reac-
tions. In addition, transmembrane ion transporters such as the Na+/Ca2+ exchanger 
have essential physiological functions related to their structure [8]. At the core of 
photosynthesis are pigment proteins—molecules that bind both chlorophylls and 
carotenoids that lead to a concerted series of reactions that absorb light for conver-
sion into chemical energy [9]. Finally, antibodies are known to have specific inter-
actions with antigens due to geometrical, physical, and chemical complementarity 
between the antibody and antigen surfaces [10]. Research in recent decades has 
focused on harnessing and enhancing the potential of all these categories of proteins 
to develop novel biodegradable and renewable biofunctional materials for a myriad 
of biotechnological applications.

Due to their substrate specificity and high catalytic activity, globular proteins 
and enzymes have garnered interest for addressing multiple industrial challenges. 
Enzymes can be used as molecular sensors—for example, glucose [11, 12] and 
neurotoxin sensors [13–15]—and as a critical component in the enzyme-linked 
immunosorbent assay (ELISA). Enzymes have also proven to be beneficial for 
synthesizing drug compounds in the pharmaceutical industry [16], and they have 
found utility in numerous industrial applications as biocatalysts for laundry and 
dishwasher detergents [17], industrial synthetic chemistry [18–20], and the food 
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industry[21]. Biocatalytic devices for carbon sequestration [22], carbon dioxide re-
duction [23–25], and hydrogen production [26–28] have also been proposed utiliz-
ing enzymes. Biofuel cells have attracted significant attention, offering the possibil-
ity of consuming biomass as fuel and eliminating the need for both transition metal 
catalysts and electrolyte membranes due to the high specificity of the enzymatic 
reactions on both electrodes [29, 30]. Beyond biocatalysis, reaction centers (RCs) 
[31], photosynthetic complexes, [32], and fluorescent proteins [33] can be incor-
porated into light-harvesting materials for bioelectronics and energy applications. 
Protein materials have also found utility in developing surfaces for studies of cell 
growth and cell–surface interactions and for biomedical applications including tis-
sue engineering [34, 35].

The goal of protein nanopatterning is to improve the function of biosensors, 
biocatalysts, bioelectronics, and biomedical materials through control over the posi-
tion, orientation, and density of proteins presented within a bioactive material. Be-
cause proteins are fairly large compared to transition metal catalysts, it is often de-
sirable to achieve a high density of proteins localized within a small area, improving 
catalytic rate in biocatalysts or signal to noise in sensors. The orientation of the pro-
tein and transport through thin film or bulk materials must be carefully controlled 
to enable efficient transport of substrates, products, cofactors, or charges through 
the device. Furthermore, protein nanopatterning methods must not be deleterious 
to the native protein structure; ideally, the nanostructured material will provide an 
environment that enhances the stability and activity of the protein. Finally, practical 
applications require that the cost of patterning the material be commensurate with 
the value of the eventual application.

In order to prepare materials that meet as many of these engineering criteria 
as possible, three broad approaches to nanopatterning are typically employed 
(Fig. 14.1). First, a surface may be lithographically patterned, followed by adsorp-
tion or reaction of a protein with selective regions of a surface. Second, templates 
may be constructed into which protein is inserted or onto which protein is reacted/
absorbed, where the structure of the template directs the location of the protein. 
Third, the protein itself or fusions or conjugates of protein with structure-direct-
ing elements may be prepared, enabling the direct self-assembly of proteins into 
nanomaterials. This chapter aims to provide a tutorial overview of the repertoire of 
protein-patterning techniques at a researcher’s disposal, highlighting the merits of 
each approach to patterning proteins at the nanometer length scale and their corre-
sponding applications and engineering trade-offs.

14.2  Lithography

Lithography enables top-down patterning of structures through the definition of a 
template, followed by the transfer of that template to produce a functional protein 
nanopattern. A wide variety of methods have been developed for fabricating such 
patterns, including photolithography, electron beam lithography (EBL), dip-pen 
nanolithography (DPN), nanografting, and nanocontact printing (nCP). Lithographic 
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processes can form patterns of arbitrary shape (not necessarily periodic) with reso-
lution that often approaches a single protein molecule. All of these patterning pro-
cesses rely on forming areas that can selectively bind proteins using one of three 
approaches: physical adsorption, covalent immobilization, or bioaffinity interac-
tions. Physical adsorption utilizes electrostatic, ionic, hydrophobic/hydrophilic, 
or hydrogen-bonding interactions to immobilize proteins to the substrate [36, 37] 
directly or indirectly. Chemisorption approaches to covalently attach proteins to 
functionalized patterned surfaces focus primarily on functional groups including 
amines, carboxyls, thiols, epoxies, and photoactive materials [38–41]. Amine and 
carboxyl chemistries are generally not site-specific, potentially leading to immo-
bilization of proteins in a random orientation that may adversely impact protein 
function [42, 43]. Site-specific covalent immobilization reactions [42, 44–46] may 
enable control of protein orientation, and short linkers between the protein and pat-
terned surface have been found to be beneficial for protein stability [40, 47–49]. 
Bioaffinity interactions—between enzyme and substrate, receptor protein and its 
recognition pair, or antigen–antibody pairs—such as that between biotin and avidin 
( Ka ~ 1015 L mol−1) [50], while not covalent, can provide very strong interactions 
for forming stable protein patterns [51–53]. Many of these chemistries have been 
extensively reviewed in a number of excellent recent articles [39, 54–59], and their 
integration into a variety of lithographic processes is described below.

Fig. 14.1  Conceptual overview of the top-down and bottom-up approaches to protein nanopat-
terning. Top-down methods involve fabrication of patterns on substrates that direct protein 
immobilization. Bottom-up methods allow thermodynamic interactions to guide protein assembly 
through templated or direct self-assembly approaches
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14.2.1  Photolithography

Conventional top-down photolithography is a well-developed technique for bulk 
processing and patterning of integrated circuits in the semiconductor industry, and 
it has been successfully adapted to patterning a wide variety of biomolecules, in-
cluding proteins, into arrays for sensors [60, 61], or other bioanalytical applications 
[62]. A pattern defined by a photomask is transferred to an overlying layer of photo-
resist on a substrate. A variety of different techniques are then used to transform this 
pattern into a chemical pattern on the substrate surface to achieve a spatially defined 
arrangement of protein, with the resolution of the technique set by the resolution of 
the chosen photolithographic method (Fig. 14.2). Currently, a resolution of 500 nm 
has been achieved [63] for protein immobilization. Photolithography is a parallel 
technique with high throughput, but it is limited by high capital and operational 
costs. Harsh traditional processing conditions or chemical modification of proteins 
with photoreactive groups may also reduce protein activity [64, 65], making the 
technique most effective when protein is introduced after such processing steps are 
complete.

Protein patterning by photolithography can be accomplished by immobilizing 
the proteins onto the substrate by physical absorption, chemical reaction, or non-
covalent binding interactions. Physical adsorption processes most commonly use 
photolithography to form patterned self-assembled monolayers (SAMs) or (3-ami-
nopropyl)triethoxysilane (APTES) patterns to which proteins selectively adhere. 
For example, a photolithographically patterned SAM [66] can enable selective ad-
sorption of proteins such as bovine serum albumin (BSA), which can then serve as 

Fig. 14.2  a Schematic representation of top-down lithography methods for patterning proteins 
at the nanometer scale, including conventional photolithography and electron beam lithography, 
atomic force microscopy tip-based lithography, and stamping lithography. b Lithography can pat-
tern proteins directly or create patterns that can pattern proteins indirectly through physisorption, 
chemisorption, or bioaffinity interactions

 



44914 Protein Nanopatterning

a chemical pattern for further functionalization. A methacrylate-based copolymer 
compatible with the photolithographic “liftoff” technique has also been demon-
strated for patterning rabbit immunoglobulin G (IgG) and BSA down to a resolution 
of 3.75 μm through physisorption to an APTES surface [67]. Alternately, polysty-
rene (PS) nanoparticles have been used to fabricate macroporous poly(2-hydroethyl 
methacrylate or PHEMA) hydrogel micropatterns through a combination of col-
loidal crystal templating and photopatterning; the surface of the hydrogel was then 
modified with APTES for protein adsorption [68].

Photolithographic immobilization of proteins through chemisorption requires 
functionalization of the patterned surface with protein-reactive functional groups. 
A substrate functionalized with a photochemically labile species can be ultraviolet 
(UV) irradiated in a solution of protein which converts the photoreactive group to 
an active functionality that can bind the protein. One typical photoreactive group 
used is an arylazide: biotin-nitroarylazide can be immobilized onto an avidin-coated 
surface, and irradiation through a photomask produces a pattern of active nitrene 
for protein conjugation [69]. This technique was demonstrated in series using five 
different protein solutions to assemble antibodies into separate regions [70]. Using 
a substrate derivatized with a “caged” species, UV irradiation can also be used to re-
move the protecting group and leave a reactive functionality for protein patterning. 
For example, protected amine or carboxylic acid functionalities on a hydrophilic 
polymer surface can be photodeprotected to form a nanopattern for immobilization 
of multiple immunoglobulins down to 5-μm resolution [71]. Leggett and coworkers 
showed that an oligo(ethylene glycol) layer on glass is photodegradable upon UV 
light exposure, yielding aldehyde functional groups for covalent linkage to proteins 
using aldehyde–amine coupling [72]. Nanometer scale resolution was achieved us-
ing a Lloyd’s mirror interferometer [72]. Deep UV irradiation of silane SAMs can 
deactivate derivatized surfaces, leaving the nonirradiated regions as a pattern for 
protein immobilization. This has been demonstrated to convert pendant thiol func-
tionalities in a thiol-terminated silane film to nonreactive sulfonate groups, and the 
remaining pattern of thiols was used to covalently bind proteins [73].

Bioaffinity interactions such as biotin–streptavidin, the affinity of immunoglob-
ulins toward protein A, [74, 75], and nitrilotriacetic acid (NTA) complexation with 
histidine (His)-tagged proteins [72] provide a third major route for photopatterning 
proteins. These interactions are often site specific and provide a means of control-
ling the protein orientation and potentially improving the protein stability and ac-
tivity. The strong bioaffinity interaction between biotin and streptavidin has been 
combined with a photoresist processable under mild conditions to demonstrate pat-
terning of multiple streptavidins in a serial patterning procedure [76]. An advantage 
of bioaffinity interactions is the strength and molecular-level specificity of these 
interactions, which has been used effectively to form a two-component pattern in a 
single step [77].

As conventional photoresists require processing conditions that may denature 
protein [62, 78, 79], maskless photolithographic approaches using a micromirror 
array (MMA) as a virtual photomask [80] or molecules that can be photopatterned 
directly have been explored. The design of an MMA for protein-patterning applica-
tions [81] eliminates the difficulties caused by photomasks and mask alignment, 
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and allows for patterned exposure of UV light onto a surface to create a pattern 
reactive toward proteins. This has been demonstrated on a glass surface functional-
ized with the photolabile protecting group nitroveratryloxycarbonyl (NVOC) which 
allowed for subsequent patterning of protein molecules [82]. In addition, photo-
biotin can be bound directly to an organic surface upon intense UV illumination, 
and this technique has been demonstrated to pattern horseradish peroxidase (HRP) 
[83]. Another alternative uses protein engineering to synthesize proteins containing 
the photoreactive noncanonical amino acid para-azidophenylalanine, which enables 
the protein to be patterned directly by photolithography on a poly(ethylene oxide) 
or PEO-coated glass surface [84]. Bailey and coworkers used UV light to gener-
ate a transient diradical from benzophenone as a universal method for patterning 
proteins and demonstrated the ability to pattern multicomponent surface patterns 
and gradients on the micron scale by controlling the amount of UV exposure [85]. 
They successfully applied this technique to conjugated benzophenone within colla-
gen–glycosaminoglycan (CG) scaffolds to enable photocatalytic protein patterning 
within three-dimensional (3D) collagen biomaterials [86].

14.2.2  Electron Beam Lithography

Like photolithography, EBL has been conventionally used for semiconductor fab-
rication but has recently garnered interest for patterning of proteins and biomol-
ecules. Patterning proteins by EBL requires fabricating a pattern using an electron 
beam (Fig. 14.2) to which proteins are immobilized through the same type of physi-
cal, chemical, or bioaffinity interactions used in other patterning processes. EBL 
is a maskless technique, and its primary advantage is its ability to create precise 
nanopatterns with the highest resolution of all lithographic techniques. Nanopat-
terns on the length scale of single proteins and other biomolecules are achievable, 
with features generated reproducibly with approximately 5 nm resolution. [87]. 
Although the electron beam can be focused down to approximately 0.5 nm in di-
ameter, the resolution is governed by the size of resist molecules and secondary 
electron processes [88]. The limits of EBL are its high cost and the requirement of 
specialized equipment; furthermore, due to its serial processing, it is relatively slow 
compared to other printing and stamping techniques. Parallelization of EBL has fo-
cused on development of projection EBL [89, 90] and multibeam sources [91, 92], 
which have the potential to significantly increase processing speed.

EBL can directly pattern features onto different surfaces for adsorption of pro-
tein. The technique is effective at ablation of polymer monolayers for protein immo-
bilization to the underlying substrate, such as ablation of poly(methyl methacrylate 
or PMMA to pattern gold nanoparticles coated with IgG onto the underlying silicon 
layer by adsorption [93]. While protein immobilization by adsorption can effective-
ly control the positioning of the proteins with relatively high spatial resolution, it is 
unable to control their orientation, which may be beneficial for protein function and 
device application. The high-resolution capabilities of EBL have been demonstrated 
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to pattern proteins with control over their orientation by fabricating patterns with 
dimensions congruent with those of the protein crystal, promoting energetically fa-
vorable binding densities and alignments with the resulting nanopattern. Using EBL 
to fabricate 30–90 nm tracks of methyl-terminated alkylsilanes, 300 nm-long col-
lagens could be selectively adsorbed and oriented on the hydrophobic alkylsilane 
regions [94]. This design concept has also been shown to control the orientation 
of the ellipsoidal globular antigen P.69 pertactin [95] with typical axis lengths of 
10.6, 3.8, and 2.5 nm [96] through physisorption onto alkylsilane nanostripe pat-
terns with widths less than 50 nm. Patterns may also be created by contamination 
writing, which has been demonstrated to pattern NeutrAvidin-coated fluorescent PS 
spheres [97]. Carbon-containing nanofeatures formed by electron beam writing on 
a polyethylene glycol (PEG)-coated glass substrate have been shown to selectively 
adsorb proteins with contrast factors greater than 1000; the protein density can be 
controlled over three orders of magnitude by modulating the electron beam dose 
[98]. EBL and reactive-ion etching were used to pattern SiO2 on a layer of InSnO 
on a glass surface; binding dodecylphosphate (DDP) to the InSnO and passivation 
of the SiO2 surface with poly-l-lysine-g-poly(ethylene glycol) led to indirect pat-
terning of fluorescently labeled streptavidin through adsorption to DDP [99, 100]. 
Liftoff patterning of APTES has also been demonstrated as a method to electrostati-
cally immobilize ferritin [101].

EBL is able to form features with reactive chemistries and specific bioaffinity 
interactions for patterning proteins. EBL can be used to selectively pattern a mono-
layer of mercaptohexadecanoic acid (MHDA) backfilled with cysteamine, allowing 
for the attachment of aldehyde-coated fluorescent PS beads. A cycling procedure 
was used to pattern both red and green fluorescent-coated PS beads on the same 
substrate [102]. Another example uses EBL to create a pattern in an inert SAM on 
silicon or gold substrates. Backfilling with APTES and subsequent reaction with 
an amine-reactive N-hydroxysuccinimide (NHS) ester linked to biotin was used 
to pattern anti-biotin antibodies [102]. EBL has also been demonstrated to pattern 
nanodots of a metal alloy which can be functionalized with a biotinylated thiol 
to pattern streptavidin [103]. PEG is well known to resist protein adsorption, and 
much work has explored the use of EBL to cross-link functionalized PEG chains to 
form patterned hydrogels containing alcohol, amine, aminooxy, alkyne, maleimide, 
biotin, nitriloacetic acid (NTA), and sodium styrene-4-sulfonate for subsequent im-
mobilization of proteins over the length scales of nanometers to 1 mm (Fig. 14.3) 
[104, 105]. Fabrication of 3D nanopatterns by EBL has also been demonstrated by 
exposing porous silicon to an electron beam to generate protein-reactive silicon 
radicals [106].

14.2.3  Dip-Pen Nanolithography

DPN [107] has evolved since its invention [108] to become one of the most versatile 
techniques for nanopatterning biomolecules due to its ability to produce patterns 
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in conditions of ionic strength, pH, and hydration that are widely compatible with 
biological systems. Analogous to a quill pen in which a tip is dipped into an ink 
solution to write on a solid surface, DPN enables writing and patterning on the 
nanometer length scale using the infrastructure of atomic force microscopy (AFM, 
Fig. 14.2). Material transfer from the AFM tip to the substrate involves three prima-
ry steps: formation of the liquid bridge (water meniscus) due to capillary condensa-
tion [109–114], material transport [115–118], and surface diffusion of the material 
to form the final shape of the pattern [119–123]. DPN can pattern a diverse set of 
materials from long-chain alkanethiols to single cells with high precision and reso-
lution from below 100 nm to a length scale of many micrometers, with the high-
est resolution of approximately 15 nm currently achieved for alkanethiol patterns 
fabricated on gold surfaces [124]. The technique is traditionally limited by its serial 
writing ability, but the recent development of passive probe arrays and active arrays 
with individually actuatable probes enables parallel writing by multiple arrays, al-
lowing as many as 450 million sophisticated features to be written at the sub-100 
nm scale within 30 min [125–129].

DPN can fabricate protein nanostructures by both direct and indirect writing 
methods. In direct-write DPN, the biomolecule is directly deposited onto a func-
tional surface, and controlling the direct interaction between biomolecule and sub-
strate surface through physisorption, chemisorption, or bioaffinity interactions is 
key to the lithography process. Direct-write DPN of functional IgG [130] and en-
hanced green fluorescent protein (EGFP) [131] has been demonstrated via electro-
static interactions. Covalent linkage of antibodies using aldehyde chemistry [130], 
binding of His-tagged ubiquitin and thioredoxin to a nickel oxide surface [132], and 
binding of His-tagged EGFP and DsRed to an Ni–NTA SAM-functionalized glass 
surface [131] have also been explored. The use of a larger linking functionality, 
such as the His tag, is thought to reduce the possibility for direct contact between 
the protein and the substrate that could lead to loss of activity. Because DPN pattern 

Fig. 14.3  Tricomponent structures prepared by electron beam lithography. a Schematic showing 
biotin–PEG is first cross-linked to the native oxide of an Si wafer, after which two maleimide–
PEG and two aminooxy–PEG squares are then cross-linked on top of the original biotin–PEG 
pattern. b AFM height image of the aminooxy–maleimide–biotin pattern. Inset: overlay image of 
a blue fluorescent SAv on the biotin–PEG, a green fluorescent antibody-stained α-oxoamide myo-
globin, and a red fluorescent BSA. PEG polyethylene glycol (Reproduced with permission [104]. 
Copyright 2009, American Chemical Society)
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resolution depends upon a number of factors such as the formation of the water 
meniscus bridging the tip and substrate and allowing for molecular ink diffusion to 
the substrate, which depends upon the relative humidity, this creates challenges for 
patterning multiple proteins with different transport rates simultaneously. Mirkin 
and coworkers have demonstrated a direct-write approach for proteins within an 
agarose matrix as a universal biomolecule carrier with an accelerator molecule to 
pattern olignonucleotides and proteins (Fig. 14.4) [133]. Agarose is a thermorevers-
ible hydrogel, and its higher viscosity and hydrophobicity compared to buffered 
solutions facilitate ink adsorption and provide a stabilizing environment for the pro-
tein. The agarose matrix-accelerator molecule contains a hydroxyl, amine, or car-
boxylic acid functional group that stabilizes the gel network through hydrogen bond 
interactions, and the combination of agarose and accelerator concentration provides 
an additional parameter for controlling patterned feature sizes by modulating the 
transfer of proteins with different diffusion properties from the tip to the substrate. 
The use of this fast technique with massively parallel two-dimensional tip arrays 
can potentially print nanoscale biomolecule dots at rates of 50 million features per 
minute with densities of 25 million spots per square centimeter [133].

Fig. 14.4  a Schematic representation of protein or DNA that can serve as ink molecules and matrix 
components agarose and tricine as an accelerator molecule for b the process of agarose-assisted 
DPN. c Epiflourescent microscope image of a 15 × 20 array of 500-nm Cy3-labeled oligonucleotide 
features generated in parallel from a 12-tip cantilever array. (Reproduced with permission [133]. 
Copyright 2009, American Chemical Society) d Optical micrograph of a portion of the periodic 
table of the elements patterned by a 4 × 4 active PPL pen array. The inset shows a magnified view 
of the “nitrogen” entry written by a single pen. (Reproduced with permission [152]; Copyright 
2013, PNAS)
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In addition to patterning protein nanoarrays with relatively high throughput, 
DPN can also control the number of protein molecules immobilized. The number of 
protein molecules patterned within a given region has been shown to vary linearly 
with the protein ink solution concentration and to the third power of contact radius. 
Feature size can be controlled through the tip–substrate contact time [134], but the 
rates of transport by diffusion and adhesion to the substrate depend highly upon the 
protein composition. The deposition of ten, five, and even single ferritin particles 
on a dot with a diameter of 150 nm has been demonstrated by reducing the ferritin 
ink solution concentration [135].

In contrast to direct-write DPN, indirect patterning uses DPN to fabricate a pat-
tern of physisorbing, chemisorbing, or bioadhesive molecules to which proteins 
are then bound. This approach has the potential advantage of utilizing gentler con-
ditions for protein immobilization, since DPN performed on small molecules or 
binding moieties rather than fully folded proteins. Patterns are typically created on 
gold surfaces using 16-mercaptohexadecanoic acid (MHDA), and the nonpatterned 
areas are passivated with molecules such as 1-octadecanethiol (ODT), 11-mercap-
toundecyl-tri(ethylene glycol) (EG3–SH), or n-octadecyltrimethoxysilane (OTS) to 
resist nonspecific protein adsorption. The carboxylic acid functionality of MHA 
SAMs has been demonstrated to pattern lysozyme and IgG [136], and it can also be 
used for patterning amino-terminated biotin for subsequent immobilization of pro-
teins using bioaffinity interactions [137]. Activation of carboxylic acid-terminated 
groups to form NHS esters followed by reaction with biotinyl-3,6,9-trioxaundecan-
dediaimine (biotin–NH2) was used to provide a platform for binding biotinylated 
proteins through biotin–streptavidin interactions [137]. Patterns using biotin–strep-
tavidin interactions have also been reacted with tris–NTA biotin derivatives to allow 
reversible immobilization of proteins containing His tags by the addition of imid-
azole [138]. Thiol–maleimide coupling chemistry has been shown to effectively 
immobilize genetically engineered cysteine cowpea mosaic virus capsid particles to 
a maleimide functionalized surface [139]. Alkoxysilane patterns on glass substrates 
have been fabricated using 3′-mercaptopropyltrimethoxysilane (MPTMS) for reac-
tion with biotin–maleimide to provide a platform for binding proteins through bio-
tin–streptavidin system, and DPN has been shown to pattern nickel(II) ions onto an 
SAM NTA-functionalized glass surface, enabling immobilization of 6xHis-tagged 
proteins with orientation control into reversibly bound monolayers [140].

The design of new tip arrays and polymer pen lithography (PPL) has been ex-
plored to increase the patterning speed and throughput of DPN. The design of a tip 
array for parallel patterning originated from IBM, known as the “millipede” [141]. 
Methods for fabricating tip arrays to address and actuate individual cantilevers have 
been subsequently developed [142–144], and a combination of differently shaped 
and individually controlled tips has been incorporated into a complex microma-
chining process [145]. A recent extension to conventional DPN is PPL, where the 
tip is made of deformable elastomeric tips instead of hard, inorganic cantilevers 
typically used in scanning probe microscopy (SPM)-based lithographies. This 
technique provides the advantages of DPN with the large-area patterning capabili-
ties of microcontact printing (μCP; discussed later) and offers a multitude of new 



45514 Protein Nanopatterning

properties—many tips, addressable inking [146] and high ink capacity [147], pres-
sure-dependent size pattern fabrication [148], and good alignment methods [149, 
150]—that currently render it the fastest DPN technique available [151]. Active 
PPL in which each pen within the array is independently actuated has been dem-
onstrated to print a 600 × 600 μm2 image of part of the periodic table of elements 
that consisted of 5961 features where the average feature size was 1.28 ± 0.04 μm 
(Fig. 14.4).

14.2.4  Nanoshaving and Nanografting

Nanoshaving and nanografting are two SPM techniques in which a SAM resist is 
patterned using an AFM tip. The basic procedure (Fig. 14.2) for both techniques 
consists of three steps. First, the surface of a SAM is imaged by AFM operated at 
low force to select a region for patterning. Second, a raster scan of the tip at higher 
force is used to selectively remove regions of the SAM. Third, binding of “ink” 
molecules to holes in the SAM forms the pattern, which can then be imaged in situ 
[153]. Nanoshaving involves creating a negative pattern by selectively removing 
regions of a resist material, after which proteins may be immobilized. Nanografting 
is an extension of nanoshaving in which the new adsorbate or protein biomolecule 
adsorbs in tandem with removal of the resist material. Because this technique re-
quires the mechanical removal of molecules on a substrate for pattern generation, 
sufficiently strong and local interactions between the AFM tip and substrate are 
important for pattern resolution [154]. Ideally, the fabrication force threshold is 
determined for each individual experiment, as the force is contingent upon the AFM 
tip, the SAM matrix, and other environmental factors [154].

Nanoshaving and nanografting are capable of achieving an edge resolution of 
1 nm and line widths of 10 nm or less [153]. Proteins may be patterned directly 
upon removal of the matrix SAM, or proteins may be immobilized indirectly by cre-
ating nanopatterns using molecules with the appropriate chemical functionality. An 
advantage of nanografting is the ability to make modifications to existing patterns 
in situ without restarting the process or requiring a new mask [154]. For example, 
one of two parallel lines of octadecanethiol within a decanethiol matrix SAM was 
“erased” by nanografting in a solution of decanethiol, and then “rewritten” by nano-
grafting in a solution of octadecanethiol, creating a new line shifted 65 nm from 
the original pattern [155]. SAMs, with a diverse set of functional groups including 
alkyl, alcohol, glycol, aldehyde, amine, carboxylate, and thiol, can be used to create 
a foundation upon which nanomaterials and biomolecules such as proteins may be 
patterned [156]. One final advantage is the ability to pattern under near-physiologi-
cal conditions that promote protein stability.

The variety of functional SAMs can be exploited to control protein immobili-
zation through electrostatic interactions, covalent chemistry, or specific bioaffin-
ity interactions. Direct nanografting of proteins on a gold substrate can be accom-
plished by using a protein containing cysteine residues as the writing ink, which has 
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been demonstrated for three- and four-helix bundle metalloproteins [157, 158] and 
a dicysteine-terminated maltose-binding protein (MBP). Modifying existing pat-
terns in situ allows patterns to be created serially with multiple functionalities for 
binding multiple proteins through indirect nanografting. For example, sequentially 
grafted regions of positive, neutral, and negative charge show that local charge ef-
fects contribute to selective binding of lysozyme, rabbit IgG, and bovine carbonic 
anhydrase at different pH [159]. Nanopatterns of a carboxylic acid functionality 
within an alkanethiol SAM matrix on a gold substrate have also been utilized to 
pattern both lysozyme and rabbit IgG through electrostatic interactions [160, 161] 
with the carboxylate anions at neutral pH. AFM characterization showed that ly-
sozyme was patterned in multiple orientations, confirming the nonspecificity of 
electrostatic interactions. Examples of chemisorption include protein patterning 
through formation of amide [162] and imine bonds from reaction of lysines with 
carboxylic acid and aldehyde functional groups, respectively [160, 161, 163, 164]. 
In a recent study, nanografting was demonstrated to pattern a gold surface with 
thiolated single-stranded DNA (ssDNA) that successfully immobilized streptavi-
din tethered with a DNA oligomer through sequence-specific DNA hybridization 
[165]. Reversal nanografting [166] has also been demonstrated to fabricate high-
resolution nanopatterns, in which a matrix SAM containing protein-binding termini 
is nanografted with inert molecules.

14.2.5  Nanocontact Printing

nCP [167, 168], a higher-resolution form of μCP [169, 170], has been demonstrated 
to pattern micrometer-scale regions rapidly and in parallel with small molecules 
[171, 172] and biomolecules [173–177]. μCP and nCP are soft lithographic tech-
niques involving a structured elastomeric stamp prepared from a lithographically 
fabricated master that is coated with “ink” molecules that are stamped or printed 
through contact with a surface (Fig. 14.2). Molecules diffuse from the stamp to 
the substrate producing the nanopattern [169, 178]. Patterning large proteins and 
molecules reduces lateral diffusion and blurring of the pattern features relative to 
patterning small molecule alkanethiols. Furthermore, nCP is not diffraction limited, 
enabling higher resolution than conventional photolithographic processes. In prin-
ciple, this method can pattern surfaces with molecular scale features, and features 
as small as 40 nm have been demonstrated [168]. Another significant advantage is 
the ability to print patterns rapidly over large areas. Protein patterning by μCP and 
nCP generally proceeds through physisorption of the proteins onto the patterned 
substrate; therefore, adsorption of the proteins onto the stamp and subsequent print-
ing and transfer may induce conformational changes within the protein molecules, 
leading to decreased biofunctional activity. Patterning of multiprotein arrays is fac-
ile with μCP—both sequential inking and printing and parallel inking followed by a 
single stamping procedure have been demonstrated [174, 177].

Poly(dimethylsiloxane) or PDMS is most commonly used as the elastomeric 
stamping material, but the softness of PDMS has limited the resolution of nCP to 
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approximately 100 nm features. Sub-100 nm resolution has been achieved by using 
composite PDMS stamps, where a thick, flexible PDMS layer supports a thin layer 
of a polymeric composite with a high modulus of approximately 9 N/mm2, referred 
to as h-PDMS (“hard” PDMS) [167]. A sharp, V-shaped composite stamp including 
h-PDMS has enabled protein patterning with a line-width resolution [168] as low as 
68 nm. Spencer and coworkers introduced a new class of higher modulus polyolefin 
plastomers (POPs) [179] as stamping materials that improve the printing quality 
at submicrometer resolution (Fig. 14.5). By using high-resolution μCP to generate 
feature sizes below 100 nm and dilute protein “inking” solutions to decrease the 
density of pattern coverage, single antibodies and green fluorescent proteins were 
deposited and nanopatterned reproducibly [180]. Hydrogel stamps [181, 182] act 
as reservoirs for protein and biomolecular inks, providing a controlled aqueous 
environment to pattern proteins with higher retention of activity than hydrophobic 
stamps. However, the softer mechanical properties of hydrogels limits the maximum 
attainable spatial resolution. Covalent μCP has also been demonstrated where gold 
and silicon oxide substrates with amino-terminated SAMs were converted to alde-
hyde functional groups for patterning proteins through imine bond formation [175].

14.2.6  Other Lithographic Techniques

Other methods for lithographic patterning continue to expand the set of techniques 
available for controlling protein patterning. Nanoimprint lithography is another 
stamping technique where the stamp is lithographically prepared and used to imprint 
a pattern in a polymer film to be used for protein immobilization [183–185]. Focused 

Fig. 14.5  Nanometer scale printing of Alexa488 Fibrinogen using a polyolefin plastomerVP8770 
and b PDMS as stamp materials, as determined by fluorescence microscopy. The lines across the 
stripes indicate the positions at which cross sections shown in insets were measured. Arrows in 
b indicate regions where sagging of the stamp occurred. Scale bars are 20 μm. (Reproduced with 
permission [179]. Copyright 2003, American Chemical Society)
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ion beams, similar in principle to electron beams, have been used to pattern 60 nm 
features for protein immobilization on gallium arsenide and silicon [186]. Nanopi-
pettes or nanopens [187, 188], based upon scanning ion conductance microscopy, 
utilize pipettes with nanometer-scale inner diameters to pattern proteins onto a sur-
face across a potential difference, and nanofountain atomic force microscopy probe 
(NFP) combines the high-resolution patterning capabilities of DPN with a continu-
ous flow of biomolecules provided by a microfluidic system to a probe reservoir 
where an electric potential is used to deposit the biomolecules onto the substrate 
[189]. Using conductive AFM, applying a voltage to an AFM tip has been demon-
strated to facilitate the transport of proteins from the tip to the substrate [190] and to 
create patterns for subsequent protein immobilization [191, 192]. A recent methodol-
ogy using paramagnetic metal masks to define a magnetic field onto a substrate to 
assemble ferromagnetic nanoparticles has been demonstrated to create patterns for 
immobilizing proteins, and the use of a magnetic field does not limit the patterning 
technique to any specific surface topography or planarity, allowing it to pattern 3D 
and rough surfaces [193, 194].

14.3  Templating Using Macromolecular Assemblies

A second major approach for controlling the nanostructure of protein materials is to 
use a 3D template to guide protein structure. Templated assembly can be advanta-
geous in three respects: nanostructured scaffolds can be prepared using well-known 
and widely investigated processing methods, templates enable protein nanostructure 
to be controlled in three dimensions, and a template can provide a local environ-
ment around the protein that can improve enzyme stability and activity. Templates 
may be divided into two categories. First, 3D structures that form interfaces such as 
silica sol–gel structures [195, 196] or nanoporous gold structures [197] may be pre-
pared, and proteins can be bound to the surface of the structure of entrapped in the 
structure. Second, proteins may be co-assembled with polymers or lipids in order 
to produce self-assembled nanomaterials, where specific interactions between pro-
teins and polymer or lipid are used to drive the protein into specific nanodomains of 
the self-assembled structure. Because of the exceptional degree of structural control 
that has been established with polymer and lipid self-assembly [198, 199], here we 
focus on the latter approach to incorporating proteins into these exquisitely nano-
structured materials.

Templating proteins in self-assembled polymer or lipid structures relies on spe-
cific structure-directing interactions between proteins and polymers. For methods 
such as layer-by-layer (LbL) deposition and coacervate micelle formation, electro-
static interactions are primarily responsible for assembly of the structure. Because 
proteins have amino acid residues on the surface which can be ionized depending 
on the pH of solution, electrostatic interaction is convenient and broadly applicable 
for protein immobilization. In the case of selective protein adsorption to block co-
polymer (BCP)-patterned surfaces, hydrophobic interactions are thought to come 
into play. Conjugation of polymers to proteins may also be used in order to direct 
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proteins into chemically similar regions of a nanopattern [200]. Finally, hydropho-
bic/hydrophilic patterns may be used to direct the self-assembly of membrane pro-
teins within lipid and polymer templates, providing a highly effective method to 
structure these molecules in a biomimetic environment [2, 201].

14.3.1  Deposition of Proteins Using Layer-by-Layer Assembly

LbL self-assembly of polymer thin films was first developed in the 1960s and popu-
larized in the 1990s [202, 203], and it has been extensively studied due to its simple 
processing methods and versatility. In its original manifestation, LbL was based on 
sequential electrostatic adsorption of charged molecules (polyelectrolytes, proteins, 
etc.) to a charged substrate. It reliably produces thin films with well-controlled 
thicknesses on the nanometer length scale, and the physics of this process is cov-
ered in detail in a number of excellent reviews [204, 205]. Other types of interac-
tions such as hydrogen bonding or strong and specific recognition between biotin 
and avidin have been also utilized to create LbL-type alternating layer architectures 
[53, 206, 207]. Because it may be used on a variety of surface geometries, LbL 
assembly has been widely applied to conventional flat substrates [208], micro- or 
nanoparticles [209, 210], or even substrates with complicated geometries such as 
implantable materials, enabling conformal coating [211].

Typical LbL film fabrication starts with dipping a charged substrate into an op-
positely charged polyelectrolyte solution. As the polyelectrolyte molecules adsorb 
onto the substrate by electrostatic attraction, the charge of the substrate is reversed, 
and it eventually inhibits further adsorption of polyelectrolytes. The electrostatic 
interactions between polyions are driven in part by the entropy of releasing coun-
terions into solution when the macroions form a charge complex [212, 213]. After 
the adhesion step, excess polyelectrolyte is rinsed off and the substrate is dipped 
into the second polyelectrolyte with opposite charge to create another half layer. By 
repeating these steps, a film with an alternating sequence of layers can be created.

Proteins are incorporated in the same way using a dilute protein solution instead 
of one of the polyelectrolyte solutions (Fig. 14.6). Most proteins have a net surface 
charge at physiological pH that can be controlled by varying pH, making proteins 
ideal candidates for LbL deposition. The interactions of proteins with polyelectro-
lytes are different than interactions between polyelectrolytes, about which much is 
known [214]. Proteins have a relatively low net charge compared to typical poly-
electrolytes used in LbL but due to their anisotropically charged surfaces, they can 
absorb even when the net charge of the protein and polyelectrolyte at a given pH 
are the same. Also, because most functional enzymes have a globular shape that 
cannot adapt to form conformal coatings on surfaces, multilayer films require a 
flexible polyion to bridge between protein layers [215]. The flexible polyion chains 
penetrate to fill the space between globular proteins, forming an interconnected 
film. Various model proteins and functional enzymes including glucose oxidase 
(GOD) [216, 217], alkaline phosphatase (AP) [218], laccase [219], urease [220], 
myoglobin or hemoglobin [221–224], and insulin [225] have been successfully 
deposited using LbL.
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While multilayer films created by LbL assembly can be viewed as one-dimen-
sional (1D) patterns along the layer normal, X-ray and neutron reflectometry studies 
of internal LbL film structure show that the layers in the film are highly interpen-
etrated [226]. It was shown that the average concentration of one electrolyte in a 
multilayer film along the layer normal is nearly constant, although each layer can be 
distinguished when isotopically labeled. The charge density of the polyelectrolytes, 
controlled by the pH and ionic strength of the solution, affects the physical proper-
ties of the resulting multilayer films. Polyelectrolytes with lower charge density are 
shown to produce thicker and more permeable films with greater surface roughness 
[227, 228]. The permeability of the films in turn affects protein adsorption and pen-
etration depth during each adsorption step. When myoglobin was adsorbed on the 
terminal layer of LbL films, loading was much higher at pH 5 than at pH 9 due to the 
more swollen and permeable nature of the multilayer film at pH 5 [229].

To determine a suitable pH for patterning LbL protein films, the pH range in 
which proteins maintain their stability needs to be considered. Then the pH of the 
dipping solution is chosen so that protein and polyelectrolyte have net opposite 
charges based on the pKa of the polymer and the pI of the protein [217], although 

Fig. 14.6  Schematic illustrating layer-by-layer deposition process for a positively charged poly-
electrolyte and negatively charged protein as an example. A charged substrate is immersed in 
polyelectrolyte and protein solution in alternating fashion, with intermediate washing steps to 
remove weakly bound polymers or proteins
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proteins act as a dipole and can still adsorb to a polyelectrolyte layer with the same 
charge as mentioned above [214]. A variety of synthetic or natural polyelectrolytes 
with various pKas, typically called strong or weak polyelectrolytes depending on 
their pKa values, are available. Poly(styrene sulfonate) [216] and poly(acrylic acid) 
are widely used negatively charged polyelectrolytes, and poly(allylamine hydro-
chloride), poly(diallyldimethylammoniumchloride), and poly(ethyleneimine) are 
common choices for positively charged polyelectrolytes. Biocompatible poly-
mers are often chosen for biomedical applications, including polypeptides such as 
poly(lysine) [230], poly(glutamic acid) [231, 232], or protamine [233], and polysac-
charides such as alginate [224], hyaluronic acid [234], chitosan [235], chondroitin 
sulfate [236], or dextran sulfate [223].

LbL is promising for protein immobilization because the fabrication process uti-
lizes mild aqueous conditions, and polyelectrolytes protect immobilized enzymes 
after fabrication. A linear increase in total enzyme activity, which is proportional 
to the mass of immobilized enzyme, is observed as the number of protein layers 
increases [218, 219]. However, the activity is limited by substrate diffusion within 
the film as film thickness increases. The proteins deposited in LbL films are shown 
to maintain their secondary structure and preserve enzyme activity after deposition, 
and enzymes loaded into LbL films are reported to have increased thermal stability 
and retain activity after several weeks of storage at 4 °C [219, 237, 238].

14.3.2  Coacervate Micelles and Thin Films

The same attractive interactions used to incorporate proteins into LbL assemblies 
can be used to drive protein segregation into charged block copolymers, forming co-
acervate core micelles that can be used to produce patterned films. In bulk solutions, 
mixtures of two oppositely charged polyelectrolytes spontaneously phase separate to 
form coacervate or precipitate phases when the mixture is close to its isoelectric con-
dition [239]. The driving force for complexation is mainly electrostatic interactions, 
including both Coulombic attraction and entropy gain due to counterion release 
[240]. If one of the polyelectrolytes is a copolymer comprising one charged block 
and one neutral hydrophilic block, phase separation is dimensionally restricted by the 
formation of a layer of hydrophilic block around the coacervate complex, resulting 
in a coacervate micellar core surrounded by a neutral hydrophilic shell [240]. While 
this principle is also widely applied to fabricate gene delivery nanoparticles, where 
negatively charged DNA molecules are complexed with a block copolymer contain-
ing a positively charged block [241], proteins can be used as one of the polyelec-
trolytes to create micelles that have a biofunctional core (Fig. 14.7) [242]. Also, the 
micelles may be deposited onto a substrate to create a nanopatterned surface. Due to 
the lower charge density of proteins as compared to polyelectrolytes, electrostatic in-
teractions are somewhat weaker, and protein coacervate micelles can disintegrate at 
much lower ionic strength [243]. Comprehensive review articles on coacervate core 
micelles are available [239, 244]. Coacervate core micelles are advantageous over 
micelles or vesicles made of amphiphilic molecules in protein patterning because of 
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their ability to directly incorporate proteins into the hydrophilic core as opposed to 
incorporation into the hydrophobic core or indirect encapsulation, and because they 
eliminate the need for organic solvent during processing [244].

Micelles can be cast into thin films to create nanopatterned materials in a similar 
manner to block copolymer micelle nanolithography [245] or particle lithography 
[246, 247]. This was demonstrated using a globular red fluorescent protein, mCher-
ry, as a model protein and poly( N-isopropylacrylamide-b-2-(dimethylamino)-ethyl 
acrylate) or PNIPAM-b-PDMAEA as a pH-responsive charged block copolymer 
[248]. Within a pH range above the pI of mCherry (6.0) and below the pKa of the 
side-chain tertiary amine groups of the PDMAEA block (pKa = 8.5), complex coac-
ervate micelle formation via electrostatic interaction was observed. When cast as a 
thin film at pH 6.4, a nanopattern of disordered micelles with a domain spacing com-
parable to the diameter of micelles in solution, approximately 40 nm, was observed. 
Spectroscopic analysis showed no change in mCherry structure, and this film can be 
triggered to release protein at higher pH than the pKa of PDMAEA. The film remains 
stable in aqueous environment due to the thermal transition of the PNIPAM block.

14.3.3  Selective Adsorption on Block Copolymer Nanopatterns

Microphase-separated block copolymer thin films can also serve as a guide for se-
lective protein adsorption. Microphase separation of block copolymers in thin films 

Fig. 14.7  Schematic repre-
sentation showing coacervate 
core micelles formed by 
proteins and polyelectro-
lytes. The coacervate core is 
formed by electrostatic inter-
action between the protein 
and charged block of block 
copolymer, and the micelle 
is stabilized by a neutral 
hydrophilic block forming 
the corona
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has been extensively studied, providing a variety of different strategies for structural 
control [249, 250]. Block copolymers composed of two chemically distinct polymers 
undergo microphase separation as a result of the thermodynamic balance between 
chemical incompatibility and chain stretching entropy [251]. Self-assembly of block 
copolymers in thin films is additionally governed by the interplay between surface 
energetics and spatial confinement effects [249]. A substrate with preferential inter-
actions with one block promotes selective segregation of the block, while a neutral 
substrate promotes perpendicular orientation of nanodomains. Incommensurability 
between film thickness and block copolymer domain spacing results in rich mor-
phological behaviors including island or hole structures [252]. The morphology and 
orientation of the nanodomains are further controlled by substrate surface modifica-
tion, annealing, shear, or application of external fields [253]. The physics of these 
self-assembly processes are covered by a number of thorough reviews [249, 250, 
253]. When proteins adsorb preferentially to one of the polymer domains, the block 
copolymer-patterned surface can be used to create protein nanopatterns. The domain 
size of block copolymer films is usually 5–50 nm, creating a pattern with a resolu-
tion on the order of tens of nanometers, often smaller than the length scales achiev-
able with conventional photolithography [252]. The domain spacing can be precisely 
controlled by varying the block copolymer molecular weight. This technique is ad-
vantageous in that it can rapidly pattern very large areas with a high protein density.

Most studies on patterning proteins with block copolymer films [3, 254–259] 
have been performed using Poly(styrene-b-methyl methacrylate) (PS-b-PMMA), 
a well-characterized block copolymer exploited for block copolymer nanolithog-
raphy [260, 261]. A pioneering study has shown that a variety of proteins can be 
selectively adsorbed to PS domains in PS-b-PMMA thin films [254]. The PS-rich 
block copolymer forms PMMA cylinders aligned parallel to the surface embedded 
in a continuous PS domain (Fig. 14.8) [254]. Since both domains have comparable 
surface energy at their air/polymer interface, both the PS matrix and PMMA cylin-
drical domains are exposed to the free surface, creating an alternating stripe pattern 
of PS and PMMA domains. The repeat spacing of the PS-b-PMMA—the average 
sum of the PS and PMMA domain widths—is comparable to the dimension of a 
few protein molecules. A wide variety of proteins [3] have been incubated in buffer 
with a PS-b-PMMA-patterned film, causing selective adsorption to the PS domain 
as confirmed by AFM imaging. Enzymes were shown to remain immobilized on the 
film even after the film was immersed in solution for 4 days.

As the PS domain is more hydrophobic than PMMA, it is thought the major 
mechanism that drives selective adsorption of proteins is hydrophobic interaction 
between PS and proteins. Although hydrophobic interaction can lead to denatur-
ation or misorientation of enzymes, it was shown that horseradish peroxidase (HRP) 
maintains 85 % of its free-solution-state activity after adsorption [262]. Protein–
protein interaction sites were also proven to be maintained by sequential binding of 
IgG and FITC–anti IgG to the protein G immobilized surface, and FITC–anti IgG 
to an IgG immobilized surface [3]. Protein molecules prefer PS regions that are near 
PS–b–PMMA interfaces, and protein surface density within PS domain decreases 
as the distance from the PS–b–PMMA interface increases [256]. Correspondingly, 
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protein loading on a PS-b-PMMA film is three- to fourfold greater than that on a 
PS homopolymer film. Electrostatic interactions, interfacial energy gradients, and 
topological differences are hypothesized to play roles in this distribution.

Subsequent work nanopatterned IgG and BSA on highly oriented hexagonal PS 
domains [257, 258], various serum, antithrombogenic, and cell adhesive proteins 
on lamellar-oriented PS-b-PMMA [259], and anti-IgG on micellar nanotemplates 
of PS-b-P4VP (poly(4-vinylpyridine)) [263]. These studies show the selective ad-
sorption technique can create highly oriented protein nanopatterns. Considering the 
many complex nanopatterns developed in block copolymer lithography, including 
wagon-wheel structures and sinusoidally shaped lines [264], this technique has 
potential for broader application to create more complex nanopatterned protein 
surfaces.

Fig. 14.8  a Schematic showing selective enzyme adsorption on phase-separated thin film of 
PS-b-PMMA block copolymer [3]. AFM images of b HRP molecules, and c mushroom tyrosi-
nase molecules selectively adsorbed to PS domains. ( b1: 500 × 500 nm2 phase AFM image after 
deposition of 4 μg/ml, b2: 750 × 750 nm2 topography AFM image after deposition of 10 μg/ml, 
b3: 500 × 500 nm2 topography also 10 μg/ml. c1: 750 × 750 nm2 phase AFM image 4 μg/m, c2: 
750 × 750 nm2 topography 10 μg/ml, c3: 500 × 500 nm2 topography 10 μg/ml). (Reproduced with 
permission [3]. Copyright 2007, American Chemical Society)
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14.3.4  Co-assembly of Protein and Polymer or Surfactant

Highly ordered protein nanostructures can be created by simultaneously self-as-
sembling proteins with block copolymers or surfactants to take advantage of highly 
ordered structures and well-understood self-assembly physics of the copolymer and 
surfactant systems. Co-assembly is an attractive strategy, as the proteins are incor-
porated as an integral component instead of as an appended layer, and co-assembly 
enables the fabrication of 3D structures to form thick bioactive layers in nanostruc-
tured hybrid materials. Co-assembly with block copolymers poses challenges to 
find conditions under which both components are processable. Proteins are most of-
ten soluble in aqueous buffers, while most block copolymers have one or no hydro-
philic blocks. Organic solvents traditionally used for processing of block copolymer 
thin films can irreversibly denature proteins, induce aggregation, or inhibit activity. 
One approach to this challenge is to use PEGylation of proteins to direct their self-
assembly into PS-b-PEG diblock copolymers, where attractive interactions between 
PEG chains are responsible for segregating protein into the PEG domains [200]. 
PEGylation successfully improves the solubility of protein in organic solvents, and 
a large retention of activity was demonstrated with the model enzyme myoglobin. 
However, processing of materials in organic solvent was still required, and this 
technique may not generalize to a wide family of proteins.

Co-assembly of proteins and surfactants has also proven useful for control-
ling the nanostructured assembly of membrane proteins to create systems such as 
artificial photosynthetic devices. Membrane proteins are unstable in aqueous so-
lution due to their hydrophobic domains designed for insertion into lipid bilayer 
membranes. Many artificial membrane systems have been developed including 
freestanding planar lipid membranes [265], liposomes [266], freestanding triblock 
copolymer membranes [267], and polymeric vesicles [268] for membrane protein 
insertion. For example, bacterial photosynthetic reaction centers (RCs), membrane 
protein complexes that are responsible for the initial steps of photosynthesis [269], 
must be stabilized by amphiphilic molecules that can interact with the hydrophobic 
domains. These membrane proteins have been assembled in mixed lipid phases, 
integrating into bilayer architectures which resemble their natural state in the mem-
brane (Fig. 14.9) [2]. The mixed lipid phase is a ternary system made of phospho-
lipid, lipopolymer (PEGylated phospholipid), and cosurfactant, and it self-assem-
bles to form a lamellar structure above a thermal transition temperature. The lipid 
bilayer structure is maintained after introduction of RCs with only a small change 
in domain spacing. At lower temperature, the mixed lipid phase forms hexagonal 
structures (Fig. 14.9a) and transitions to a 3D cubic phase upon incorporation of 
RCs (Fig. 14.9c). The natural function of RCs in bilayer and cubic structures was 
preserved as confirmed by monitoring initial electron-transfer events.

Purely polymeric amphiphilic scaffolds are also used to co-assemble with light 
harvesting proteins. Poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene 
oxide) or PEO–PPO–PEO block copolymer was used to immobilize a plant light-
harvesting complex II (LHCII) protein [201]. In its natural state, this protein is 
known to interact with non-bilayer lipids (which in purified form assume non-
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lamellar structures) and plays a critical role in converting the membrane lipids to 
bilayer structures. In the study, the LHCII protein has the same effect on the triblock 
copolymer and induces a phase transition of the polymer from micelles to lamel-
lar bilayers. The lamellar domain spacing is 7 nm, which is slightly larger than the 
natural thylakoid membrane thickness (5 nm). The proteins are shown to be highly 
oriented in the bilayer structure which is essential for light harvesting, and they 
were shown to catalyze a light-dependent hydrogen production reaction.

14.4  Direct Self-Assembly of Proteins

The direct self-assembly of proteins provides a final approach to nanostructure 
fabrication. However, most proteins do not themselves self-assemble; therefore, a 
structure-directing functionality must be conjugated to the protein. Typically, this 
is accomplished through two means: protein–polymer conjugation and engineering 
of fusion proteins. The advantage of both methods is that extremely high densities 
of proteins can be achieved within a 3D nanostructure because no templating ma-
terial is required; however, these methods necessitate modifications to the protein 
itself. Self-assembly of protein–polymer bioconjugates provides a relatively simple 
bottom-up approach to templating proteins, exploiting a large body of literature on 
protein–polymer conjugates that provides a great deal of versatility in the approach 
taken to the synthesis of conjugates [270–274]. Given the large number of strategies, 
it has been possible to synthesize such conjugates for almost any protein of interest.

Improved synthesis methods over the past decades have enabled a multitude of 
routes toward synthesis of conjugated globular protein–polymer block copolymers 

Fig. 14.9  Schematic 
representation of bacterial 
photosynthetic reaction cen-
ters (RCs) co-assembled with 
mixed lipid phases containing 
phospholipid, lipopolymer, 
and cosurfactant. a Normal 
hexagonal phase at low 
temperature, and b lamel-
lar phase formed at high 
temperature by the mixed 
lipid phases. c Cubic micellar 
phase, and d lamellar phase 
when the mixed lipid phases 
are co-assembled with RCs. 
T temperature, RCs reaction 
centers (Reproduced with 
permission [2]. Copyright 
2005, American Chemical 
Society)
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with site-specific control over conjugation of a single synthetic polymer [275–278]. 
Polymers are synthesized via living polymerizations—primarily atom transfer radi-
cal polymerization (ATRP) [279–283], reversible addition-fragmentation transfer 
(RAFT) [284–286], and nitroxide-mediated radical polymerization (NMRP) [287, 
288]—to achieve controlled molecular weights and low dispersities. The protein 
and polymer are covalently linked through two main synthetic routes—grafting to 
in which the two blocks are reactively coupled and grafting from where a protein 
macroinitator is used to grow the polymer chain through a controlled free-radical 
polymerization. Mild reaction conditions are needed to maintain the protein’s native 
conformation, and bioconjugate methods often require proteins with a single reac-
tive functional group for site-specific conjugation, limiting the generalizability of 
this nanopatterning method. Often, genetic manipulation of the protein amino acid 
sequence is required to render them amenable for bioconjugation. Protein fusion 
systems using thermoresponsive elastin-like polypeptides (ELPs) as the coil-like 
domain are fully biosynthetic analogues to protein–polymer conjugates that can 
also be used to direct self-assembly. The relative ease of large-scale biosynthesis 
and purification, as well as the monodispersity and perfect control over the fusion 
block composition, makes fusion protein conjugates a potentially cost-effective al-
ternative to protein–polymer conjugates. ELP fusions are solvated and unstructured 
at low temperatures, but they have an inverse thermal transition temperature ( Tt) 
that can be rationally engineered by appropriate choice of the amino acid sequence 
[289]. The ELP sequence is typically designed such that Tt is around 20–30 °C for 
physiologically relevant applications.

14.4.1  Dilute Solution

Dilute solution nanostructures can be achieved from spontaneous or stimulus-trig-
gered self-assembly. The type of nanostructure formed depends upon bioconjugate 
composition (polymer block length and protein sequence) and the specific process-
ing used to induce nanostructure formation. Approximately two decades ago, Hoff-
man and coworkers studied protein–polymer bioconjugates consisting of a stimu-
li-responsive polymer component for affinity-based separations and control over 
protein–ligand recognition. Initial studies utilized succinimide esters to conjugate 
non-site specifically to proteins through lysine residues [290, 291], while subse-
quent studies used coupling reactions between thiol and maleimide or vinyl sulfone 
to achieve site-specific conjugations to polymers responsive to temperature, pH, 
and light, conferring the stimuli-responsive properties to their respective bioconju-
gates [292–303]. Above the thermoresponsive transition temperature of PNIPAM, 
mesoscale streptavidin–PNIPAM aggregates formed with hydrodynamic diameters 
between 250 and 900 nm [303]. Due to the biological compatibility and biomedi-
cal relevance of PNIPAM, a number of dilute solution characterizations of BSA–
PNIPAM conjugates formed aggregates and micellar structures [304] that retained 
their activity and secondary structure [305, 306]. Protein–polymer conjugates us-
ing thermoresponsive polymer diblocks [307–309] have also been demonstrated to 
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form aggregated and micellar structures, and the effect of PNIPAM chain architec-
ture on conjugate dilute solution behavior has been explored [310].

Super-amphiphiles are larger molecular weight analogues of surfactants com-
prising diblock copolymers with a hydrophilic and a hydrophobic block [311–
314]. When the hydrophilic block of these molecules is protein, their surfactant-
like self-assembly can be used to enable protein nanostructure formation in dilute 
solution. Monodisperse enzyme–polymer hybrids of Candida antarctica lipase 
B and PS, termed “giant amphiphiles,” have been shown to self-assemble into 
micrometer-long fibers constructed from bundles of rods formed from self-assem-
bled bioconjugates. Similar enzyme–polymer biohybrids of PS conjugated to BSA 
and apo-HRP self-assembled into micellar and vesicle nanostructures, respectively 
[315, 316]. Self-assembled nanostructures of biohybrid ABC triblock copolymers 
[317] consisting of PS-b-polyethylene glycol reconstituted to either the hemopro-
tein myoglobin (Mb) or HRP form a variety of structures, including Y-shapes, 
toroids, and figure-eight geometries. Because the PS blocks of the giant amphiphi-
les are highly hydrophobic and glassy at ambient temperatures, kinetic effects are 
certain to play a very large role in controlling the type of nanostructures formed 
by these systems.

Fusion protein polymers have also attracted interest as fully biosynthetic ana-
logues to protein–polymer biohybrid molecules for nanostructuring proteins. The 
ability to design and synthesize such systems using protein engineering techniques 
alone eliminates concern over bioconjugation conversions and reaction conditions. 
Fusion constructs of proteins with thermoresponsive ELPs have been demonstrated 
by Chilkoti and coworkers to be highly expressible and able to form reversible ag-
gregates while retaining biofunctionality of the folded protein block [318–323]. 
Potential applications include drug delivery and protein purification. In addition, 
a viral capsid protein and a thermally responsive ELP have been engineered into 
a single structural fusion protein by van Hest and coworkers that displays two 
unique self-assembly mechanisms owing to properties of each protein domain—
pH-induced self-assembly from the viral capsid protein and temperature-induced 
self-assembly from the ELP—resulting in different solution nanostructures [324]. 
Bacterial cell-surface layer (S-layer) fusion protein assemblies [325, 326] have also 
been shown to pattern functional protein domains through the inherent ability of S-
layer proteins to self-assemble into a protein lattice.

14.4.2  Concentrated Solution and Solid-State Self-Assembly

While protein–polymer conjugates in dilute solution have been shown to self-
assemble into a multitude of solution nanostructures, globular protein–polymer 
diblock copolymers have only recently been demonstrated to self-assemble into 
canonical block copolymer nanostructures in both concentrated aqueous solution 
and the solid state (Fig. 14.10) [327–329]. This approach has the potential to ex-
tend the capability to produce biofunctional plastics and gels that combine dense 
3D protein nanostructures, biphasic control over transport, and control over protein 
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orientation. The highly specific protein shape [330, 331] and anisotropic hydropho-
bic, ionic, and hydrogen-bonding interactions between different protein molecules 
contribute complexity to the thermodynamics governing self-assembly of globular 
protein–polymer block copolymers, and the phase diagram has been shown to be 
significantly different than that of traditional coil–coil copolymers [332]. A number 
of studies and reviews of bioconjugate molecules incorporating structurally simple 
peptide motifs [330, 333–340] display peptide structure-dependent phase behav-
ior, demonstrating the significant effects on block copolymer phase behavior from 
inter-peptide specific interactions. However, enzymes and other globular proteins 
demonstrate hierarchical structures and complex interactions beyond these simple 
peptide motifs, making their self-assembly a grand engineering challenge.

The red fluorescent protein mCherry conjugated to PNIPAM is an ideal model 
system for studying self-assembly of such molecules, with interactions tunable 
based on temperature and the fold of the protein easily assayed using UV–Vis spec-
troscopy. In concentrated solution, modulation of the aforementioned binary inter-
actions as a function of concentration or temperature leads to an observed order–
disorder transition concentration ( CODT) and lyotropic and thermotropic order–or-
der transitions (OOTs). mCherry–PNIPAM bioconjugate microphase separates into 
hexagonal, lamellar, and perforated lamellar morphologies between ϕPNIPAM = 0.25 
and ϕPNIPAM = 0.70. Both mCherry and PNIPAM have positive second-virial coef-
ficients [329, 341], suggesting that the protein–polymer interactions primarily gov-
ern the self-assembly behavior of these materials. Consistent with this hypothesis, 

Fig. 14.10  a TEM showing bilayer lamellae formed by the globular protein–polymer block copo-
lymer mCherry-b-PNIPAM in the solid-state, b phase diagrams for the self-assembly of mCherry-
PNIPAM block copolymers as a function of polymer coil fraction and concentration at 25 °C, and 
c schematic of the various phases observed in concentrated solution and solid state, where the 
abbreviations represent disordered (Dis), disordered micellar (DM), hexagonally packed cylinders 
(Hex), lamellar (Lam), and perforated lamellar (PL). (Adapted with permission [327, 329, 332]. 
Copyright 2014, Royal Society of Chemistry)
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the CODT is observed to reach a minimum in mCherry–b–PNIPAM near symmetric 
coil fraction ϕPNIPAM, conditions where the binary protein–polymer interactions are 
maximized.

Removal of water under nonselective solvent conditions results in solid-state 
self-assembled morphologies resembling those formed by conventional coil–coil 
block copolymers [327, 328]. Circular dichroism (CD) confirmed preservation of 
the protein secondary structure after solid-state self-assembly, and UV–Vis deter-
mined that approximately 70 % of the protein remained active. Extensive self-as-
sembly studies of mCherry–PNIPAM as a function of coil fraction reveal a highly 
asymmetric phase diagram significantly different from that of traditional coil–coil 
block copolymers, including a reentrant order–disorder transition above approxi-
mately 70 wt.% in concentration (Fig. 14.10) [332].

Experiments comparing the effects of protein and polymer interactions on the 
self-assembly of protein–polymer conjugates suggest that coarse-grained protein 
properties and protein–polymer interactions dominate the thermodynamics of 
protein–polymer conjugate phase behavior. Conjugates of PNIPAM to mCherry 
and EGFP, two globular proteins with similar second-virial coefficients, size, and 
tertiary structure show similar phase behavior and point mutations to perturb the 
mCherry surface potential have little effect [342], confirming that coarse-grained 
models are more important than detailed protein interactions for formulating mod-
els of protein–polymer conjugates. Conversely, conjugating mCherry to the thermo-
responsive polymers poly(hydroxypropylacrylate) and poly(oligoethylene glycol 
acrylate), which have different hydrogen-bonding interactions than PNIPAM, 
results in differences in protein–polymer interactions manifest by shifted phase 
transition lines and the appearance of a double gyroid phase. A high concentration 
reentrant order–disorder transition is observed for conjugates to all the different 
polymers, suggesting that this is a universal property of the shape of the molecules 
[343].

14.5  Summary and Outlook

Many protein-patterning technologies are relatively new, and a number of challeng-
es and opportunities remain to advance the technology. The direct self-assembly of 
globular protein–polymer block copolymers is a recently explored area of research 
for controlling protein spatial position and orientation. The physical interactions at 
the molecular level between protein and polymer components are complicated by 
the anisotropic nature of the protein interactions, necessitating a deeper understand-
ing of the physics behind self-assembly to enable design of different nanostructured 
morphologies. Protein engineering and bioconjugation chemistry provide access to 
a wide variety of block copolymer molecules, encouraging application of the tech-
nique to a myriad of biofunctional systems. Templating techniques using electro-
static or hydrophobic interactions between proteins and macromolecules to guide 
assembly also show great promise. Challenges include maximizing protein loading 
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within the template, understanding design rules that lead to optimal protein stabil-
ity and activity within the material, and controlling transport through the templated 
nanostructure to reach all of the immobilized protein. In many cases, control over 
protein orientation represents an additional challenge. The scalability and relative-
ly simple chemistry necessary for templated assembly motivate efforts to address 
these challenges, enabling templates to be applied in commercial settings.

Nonconventional lithography techniques are relatively young and are actively 
undergoing rapid developments and improvements. While lithographic patterning 
approaches such as EBL, DPN, and nanografting enable protein nanopatterning with 
high resolution at the single-molecule scale with high precision and reliability, the 
most significant barrier to these techniques is parallelization to increase throughput. 
Although the writing speeds of the tips in the AFM-based methods can be increased, 
the greatest improvement to increasing throughput will result from patterning using 
arrays of tips, and hardware and software issues are being addressed to provide con-
trol over individual tips within active arrays of multiple-tip platforms. In addition, a 
better understanding and improved methods of protein immobilization interactions 
and the transport processes of large biomolecules such as proteins from AFM tip or 
stamp material to the substrate that maximize the protein functionality is as equally 
important as addressing the fabrication challenges.

In summary, globular proteins and enzymes have the ability to specifically rec-
ognize a wide variety of molecules and catalyze a myriad of reactions under gentle 
conditions, making them invaluable for potential applications in proteomics and lab-
on-a-chip devices, drug delivery and medicine, catalysis, sensing, decontamination, 
and energy conversion. Successful incorporation of globular proteins and enzymes 
for device and biofunctional nanomanufacturing requires removal from their native 
conditions, so the materials scientist and engineer must provide a way to control the 
nanostructure or nanopattern within an environment that fortifies their native con-
formation. Protein nanopatterning provides control over the spatial resolution and 
protein orientation of biomolecules for fabrication of biofunctional nanodevices in 
which both transport and reactivity properties can be optimized. Choosing among 
the many available nanopatterning techniques for a given application requires the 
material designer to weigh different criteria for material performance, identifying 
the patterning method with strengths that best match a given application. Pattern-
ing methods demonstrate differing abilities to control the spatial arrangements of 
protein, protein orientation, and the formation of 3D structures based on the specific 
chemistry and processing of each approach. It is imperative that the chemistry and 
processing used in patterning do not disrupt the native protein fold; however, there 
is no general strategy for preserving protein activity that can be readily exploited in 
all systems. Therefore, many of the techniques discussed in this review are comple-
mentary to one another, and ultimately the most optimal nanopatterning method 
depends upon the desired application and may involve a combination of techniques. 
With significant contributions from multiple scientific disciplines helping to over-
come the challenges and limitations of current technologies, the future of enzyme 
and protein patterning is highly optimistic, and the set of top-down, bottom-up, and 
hybrid approaches will continue to improve and expand for exploring numerous 
applications in biotechnology, energy, and medicine.



472 C. N. Lam et al.

Acknowledgments This work was supported by the Department of Energy Office of Basic 
Energy Sciences (award number DE-SC0007106), Air Force Office of Scientific Research (award 
number FA9550-12-0259), and National Science Foundation (DMR-1253306). The authors are 
very grateful to Carolyn E. Mills for the creation of artwork.

References

 1. K.M. Koeller, C.-H. Wong, Nature 409, 232 (2001)
 2. P.D. Laible, R.F. Kelley, M.R. Wasielewski, M.A. Firestone, J. Phys. Chem. B 109, 23679 

(2005)
 3. N. Kumar, O. Parajuli, A. Dorfman, D. Kipp, J.I. Hahm, Langmuir 23, 7416 (2007)
 4. A.L. Ghindilis, P. Atanasov, E. Wilkins, Electroanal 9, 661 (1997)
 5. J. Barber, Chem. Soc. Rev. 38, 185 (2009)
 6. T.D. Bugg, Introduction to Enzyme and Coenzyme Chemistry (Wiley, Chicheste, 2012)
 7. S.G. Burton, D.A. Cowan, J.M. Woodley, Nat. Biotechnol. 20, 37 (2002)
 8. M.P. Blaustein, W.J. Lederer, Physiol. Rev. 79, 763 (1999)
 9. B. Green, D. Durnford, Annu. Rev. Plant Biol. 47, 685 (1996)
10. E.A. Padlan, Mol. Immunol. 31, 169 (1994)
11. A. Heller, J. Phys. Chem. 96, 3579 (1992)
12. O. Yehezkeli, Y.-M. Yan, I. Baravik, R. Tel-Vered, I. Willner, Chem. Eur. J. 15, 2674 (2009)
13. G.F. Drevon, A.J. Russell, Biomacromolecules 1, 571 (2000)
14. A.J. Russell, J.A. Berberich, G.F. Drevon, R.R. Koepsel, Annu. Rev. Biomed. Eng. 5, 1 

(2003)
15. A.L. Simonian, J.K. Grimsley, A.W. Flounders, J.S. Schoeniger, T.-C. Cheng, J.J. DeFrank, 

J.R. Wild, Anal. Chim. Acta 442, 15 (2001)
16. R.N. Patel, Coord. Chem. Rev. 252, 659 (2008)
17. F. Hasan, A.A. Shah, A. Hameed, Enzyme Microb. Tech. 39, 235 (2006)
18. A. Schmid, J. Dordick, B. Hauer, A. Kiener, M. Wubbolts, B. Witholt, Nature 409, 258 (2001)
19. H.E. Schoemaker, D. Mink, M.G. Wubbolts, Science 299, 1694 (2003)
20. A.J. Straathof, S. Panke, A. Schmid, Curr. Opin. Biotech. 13, 548 (2002)
21. O. Kirk, T.V. Borchert, C.C. Fuglsang, Curr. Opin. Biotech. 13, 345 (2002)
22. N. Favre, M.L. Christ, A.C. Pierre, J. Mol. Catal. B: Enzym. 60, 163 (2009)
23. T. Reda, C.M. Plugge, N.J. Abram, J. Hirst, Proc. Natl. Acad. Sci. U S A 105, 10654 (2008)
24. B.A. Parkinson, P.F. Weaver, Nature 309, 148 (1984)
25. S. Kuwabata, R. Tsuda, H. Yoneyama, J. Am. Chem. Soc. 116, 5437 (1994)
26. A.A. Karyakin, S.V. Morozov, E.E. Karyakina, S.D. Varfolomeyev, N.A. Zorin, S. Cosnier, 

Electrochem. Commun. 4, 417 (2002)
27. M. Hambourger, M. Gervaldo, D. Svedruzic, P.W. King, D. Gust, M. Ghirardi, A.L. Moore, 

T.A. Moore, J. Am. Chem. Soc. 130, 2015.(2008)
28. H. Krassen, A. Schwarze, B. Friedrich, K. Ataka, O. Lenz, J. Heberle, ACS Nano 3, 4055 

(2009)
29. S.D. Minteer, B.Y. Liaw, M.J. Cooney, Curr. Opin. Biotechnol. 18, 228 (2007)
30. D. Leech, P. Kavanagh, W. Schuhmann, Electrochim. Acta 84, 223 (2012)
31. R.J. Cogdell, A. Gall, J. Kohler, Q. Rev. Biophys. 39, 227 (2006)
32. R. Das, P.J. Kiley, M. Segal, J. Norville, A.A. Yu, L. Wang, S.A. Trammell, L.E. Reddick, R. 

Kumar, F. Stellacci, N. Lebedev, J. Schnur, B.D. Bruce, S. Zhang, M. Baldo, Nano Lett. 4, 
1079 (2004)

33. J.W. Choi, M. Fujihira, Appl. Phys. Lett. 84, 2187 (2004)
34. D. Falconnet, G. Csucs, H. Michelle Grandin, M. Textor, Biomaterials 27, 3044 (2006)
35. J. Vörös, T. Blättler, M. Textor, MRS Bull. 30, 202 (2005)
36. K. Nakanishi, T. Sakiyama, K. Imamura, J. Biosci. Bioeng. 91, 233 (2001)



47314 Protein Nanopatterning

37. S. Hudson, E. Magner, J. Cooney, B.K. Hodnett, J. Phys. Chem. B 109, 19496 (2005)
38. F. Rusmini, Z.Y. Zhong, J. Feijen, Biomacromolecules 8, 1775 (2007)
39. W. Tischer, F. Wedekind, Immobilized enzymes: methods and applications. Biocatalysis - 

From Discovery to Application (Springer Berlin Heidelberg, 1999) pp 95–126, p. 95
40. I. Willner, E. Katz, Angew. Chem. Int. Ed. 39, 1180 (2000)
41. L.S. Wong, F. Khan, J. Micklefield, Chem. Rev. 109, 4025 (2009)
42. K. Hernandez, R. Fernandez-Lafuente, Enzym. Microb. Tech. 48, 107 (2011)
43. M. Minier, M. Salmain, N. Yacoubi, L. Barbes, C. Methivier, S. Zanna, C.M. Pradier, Lang-

muir 21, 5957 (2005)
44. M.T. Neves-Petersen, T. Snabe, S. Klitgaard, M. Duroux, S.B. Petersen, Protein Sci. 15, 343 

(2006)
45. M.S. Belluzo, M.E. Ribone, C. Camussone, I.S. Marcipar, C.M. Lagier, Anal. Biochem. 408, 

86 (2011)
46. C.A. Godoy, O. Romero, B. de la Rivas, C. Mateo, G. Fernandez-Lorente, J.M. Guisan, J.M. 

Palomo, J. Mol. Catal. B-Enzym. 87, 121 (2013)
47. J.M. Bolivar, J. Rocha-Martin, C. Mateo, F. Cava, J. Berenguer, D. Vega, R. Fernandez-

Lafuente, J.M. Guisan, J. Mol. Catal. B-Enzym. 58, 158 (2009)
48. V. Grazu, F. Lopez-Gallego, T. Montes, O. Abian, R. Gonzalez, J.A. Hermoso, J.L. Garcia, C. 

Mateo, J.M. Guisan, Process Biochem. 45, 390 (2010)
49. C. Mateo, O. Abian, G. Fernandez-Lorente, J. Pedroche, R. Fernandez-Lafuente, J.M. 

Guisan, Biotechnol. Progr. 18, 629 (2002)
50. M. Gonzalez, L.A. Bagatolli, I. Echabe, J.L.R. Arrondo, C.E. Argarana, C.R. Cantor, G.D. 

Fidelio, J. Biol. Chem. 272, 11288 (1997)
51. T. Hoshi, J. Anzai, T. Osa, Anal. Chem. 67, 770 (1995)
52. P. Pantano, W.G. Kuhr, Anal. Chem. 65, 623 (1993)
53. S.V. Rao, K.W. Anderson, L.G. Bachas, Biotechnol. Bioeng. 65, 389 (1999)
54. J. Kim, J.W. Grate, P. Wang, Chem. Eng. Sci. 61, 1017 (2006)
55. S.D. Minteer, Methods and Protocols, vol. 679. Series: Methods in Molecular Biology, 

(Springer, Heidelberg, 2010)
56. F. Rusmini, Z. Zhong, J. Feijen, Biomacromolecules 8, 1775 (2007)
57. D. Brady, J. Jordaan, Biotechnol. Lett. 31, 1639 (2009)
58. A. Sassolas, L.J. Blum, B.D. Leca-Bouvier, Biotechnol. Adv. 30, 489 (2012)
59. U. Hanefeld, L. Gardossi, E. Magner, Chem. Soc. Rev. 38, 453 (2009)
60. W. Lee, D. Choi, Y. Lee, D.-N. Kim, J. Park, W.-G. Koh, Sens. Actuators B 129, 841 (2008)
61. H. Sorribas, C. Padeste, L. Tiefenauer, Biomaterials 23, 893 (2002)
62. P.S. Petrou, M. Chatzichristidi, A.M. Douvas, P. Argitis, K. Misiakos, S.E. Kakabakos, Bio-

sens. Bioelectron. 22, 1994(2007)
63. K.L. Christman, V.D. Enriquez-Rios, H.D. Maynard, Soft Matter 2, 928 (2006)
64. A.W. Flounders, D.L. Brandon, A.H. Bates, Biosens. Bioelectron. 12, 447 (1997)
65. A.S. Blawas, W.M. Reichert, Biomaterials 19, 595 (1998)
66. J.F. Mooney, A.J. Hunt, J.R. McIntosh, C.A. Liberko, D.M. Walba, C.T. Rogers, Proc. Natl. 

Acad. Sci. U S A 93, 12287 (1996)
67. A. Douvas, P. Argitis, C.D. Diakoumakos, K. Misiakos, D. Dimotikali, S.E. Kakabakos, J. 

Vac. Sci. Technol. B 19, 2820 (2001)
68. Y. Lee, S. Park, S.W. Han, T.G. Lim, W.G. Koh, Biosens. Bioelectron. 35, 243 (2012)
69. D.J. Pritchard, H. Morgan, J.M. Cooper, Angew. Chem. Int. Ed. Engl. 34, 91 (1995)
70. D.J. Pritchard, H. Morgan, J.M. Cooper, Anal. Chem. 67, 3605 (1995)
71. P. Bhatnagar, G.G. Malliaras, I. Kim, C.A. Batt, Adv. Mater. 22, 1242 (2010)
72. G. Tizazu, O. el Zubir, S. Patole, A. McLaren, C. Vasilev, D. Mothersole, A. Adawi, C.N. 

Hunter, D. Lidzey, G. Lopez, G. Leggett, Biointerphases 7, 1 (2012)
73. S.K. Bhatia, L.C. Shriver-Lake, K.J. Prior, J.H. Georger, J.M. Calvert, R. Bredehorst, F.S. 

Ligler, Anal. Biochem. 178, 408 (1989)
74. L.M. Lee, R.L. Heimark, R. Guzman, J.C. Baygents, Y. Zohar, Lab Chip 6, 1080 (2006)



474 C. N. Lam et al.

 75. L.M. Lee, R.L. Heimark, J.C. Baygents, Y. Zohar, Nanotechnology 17, S29 (2006)
 76. M. Kim, J.-C. Choi, H.-R. Jung, J.S. Katz, M.-G. Kim, J. Doh, Langmuir 26, 12112 (2010)
 77. M. Dubey, K. Emoto, H. Takahashi, D.G. Castner, D.W. Grainger, Adv. Funct. Mater. 19, 

3046 (2009)
 78. S. Lenci, L. Tedeschi, F. Pieri, C. Domenici, Appl. Surf. Sci. 257, 8413 (2011)
 79. R. Ganesan, K. Kratz, A. Lendlein, J. Mater. Chem. 20, 7322 (2010)
 80. D.-S. Shin, K.-N. Lee, K.-H. Jang, J.-K. Kim, W.-J. Chung, Y.-K. Kim, Y.-S. Lee, Biosens. 

Bioelectron. 19, 485 (2003)
 81. K.-N. Lee, Y.-K. Kim, J. Semicond. Technol. Sci. 1, 132 (2001)
 82. K.-N. Lee, D.-S. Shin, Y.-S. Lee, Y.-K. Kim, J. Micromech. Microeng. 13, 18 (2003)
 83. M. Hengsakul, A.E. Cass, Bioconjugate Chem. 7, 249 (1996)
 84. I.S. Carrico, S.A. Maskarinec, S.C. Heilshorn, M.L. Mock, J.C. Liu, P.J. Nowatzki, C. 

Franck, G. Ravichandran, D.A. Tirrell, J. Am. Chem. Soc. 129, 4874 (2007)
 85. C.R. Toh, T.A. Fraterman, D.A. Walker, R.C. Bailey, Langmuir 25, 8894 (2009)
 86. T.A. Martin, S.R. Caliari, P.D. Williford, B.A. Harley, R.C. Bailey, Biomaterials 32, 3949 

(2011)
 87. M.J. Lercel, C.S. Whelan, H.G. Craighead, K. Seshadri, D.L. Allara, J. Vac. Sci. Technol. 

B: Microelectron. Nanometer Struct. 14, 4085 (1996)
 88. A.N. Broers, IBM J. Res. Dev. 32, 502 (1988)
 89. L.R. Harriott, J. Vac. Sci. Technol. B 15, 2130 (1997)
 90. N. Samoto, A. Yoshida, H. Takano, A. Endo, T. Fukui, J. Microlith. Microfab. 4, 2005
 91. J.P. Spallas, C.S. Silver, L.P. Muray, J. Vac. Sci. Technol. B 24, 2892 (2006)
 92. T. Haraguchi, T. Sakazaki, S. Hamaguchi, H. Yasuda, J. Vac. Sci. Technol. B 20, 2726 

(2002)
 93. T. Powell, J.Y. Yoon, Biotechnol. Progr. 22, 106 (2006)
 94. F.A. Denis, A. Pallandre, B. Nysten, A.M. Jonas, C.C. Dupont-Gillain, Small 1, 984 (2005)
 95. A. Pallandre, B. De Meersman, F. Blondeau, B. Nysten, A.M. Jonas, J. Am. Chem. Soc. 

127, 4320 (2005)
 96. P. Emsley, I.G. Charles, N.F. Fairweather, N.W. Isaacs, Nature 381, 90–92 (1996)
 97. J. Rundqvist, J.H. Hoh, D.B. Haviland, Langmuir 22, 5100 (2006)
 98. R. Schlapak, J. Danzberger, T. Haselgrubler, P. Hinterdorfer, F. Schaffler, S. Howorka, 

Nano Lett. 2012, 12, (1983).
 99. P.A. Kunzi, J. Lussi, L. Aeschimann, G. Danuser, M. Textor, N.F. de Rooij, U. Staufer, 

Microelectron. Eng. 78–79, 582 (2005)
100. J.W. Lussi, C. Tang, P.A. Kuenzi, U. Staufer, G. Csucs, J. Voros, G. Danuser, J.A. Hubbell, 

M. Textor, Nanotechnology 16, 1781 (2005)
101. S. Kumagai, S. Yoshii, K. Yamada, I. Fujiwara, N. Matsukawa, I. Yamashita, J. Photo-

polym. Sci. Technol. 18, 495 (2005)
102. C.K. Harnett, K.M. Satyalakshmi, H.G. Craighead, Langmuir 17, 178 (2000)
103. J. Abramson, M. Palma, S.J. Wind, J. Hone, Adv. Mater. 24, 2207 (2012)
104. K.L. Christman, E. Schopf, R.M. Broyer, R.C. Li, Y. Chen, H.D. Maynard, J. Am. Chem. 

Soc. 131, 521 (2009)
105. C.M. Kolodziej, H.D. Maynard, Chem. Mater. 24, 774 (2012)
106. S. Borini, S. D'Auria, M. Rossi, A.M. Rossi, Lab Chip 5, 1048 (2005)
107. D.S. Ginger, H. Zhang, C.A. Mirkin, Angew. Chem. Int. Ed. 43, 30 (2004)
108. R.D. Piner, J. Zhu, F. Xu, S.H. Hong, C.A. Mirkin, Science 283, 661 (1999)
109. J.Y. Jang, G.C. Schatz, M.A. Ratner, J. Chem. Phys. 116, 3875 (2002)
110. J. Jang, G.C. Schatz, M.A. Ratner, Phys. Rev. Lett. 90, 156104 (2003)
111. J.Y. Jang, G.C. Schatz, M.A. Ratner, Phys. Rev. Lett. 92, 085504-1–085504-4 (2004)
112. B.L. Weeks, M.W. Vaughn, J.J. DeYoreo, Langmuir 21, 8096 (2005)
113. B.L. Weeks, J.J. DeYoreo, J. Phys. Chem. B 110, 10231 (2006)
114. M.G. Boyle, J. Mitra, P. Dawson, Nanotechnology 20, 335202 (2009)
115. K. Salaita, A. Amarnath, T.B. Higgins, C.A. Mirkin, Scanning 32, 9 (2010)
116. P.V. Schwartz, Langmuir 18, 4041 (2002)
117. C.D. Wu, T.H. Fang, J.F. Lin, Langmuir 26, 3237 (2010)



47514 Protein Nanopatterning

118. R.G. Sanedrin, N.A. Amro, J. Rendlen, M. Nelson, Nanotechnology 21, 115302 (2010)
119. H. Kim, J. Jang, J. Phys. Chem. A 113, 4313 (2009)
120. J.Y. Jang, S.H. Hong, G.C. Schatz, M.A. Ratner, J. Chem. Phys. 115, 2721 (2001)
121. P. Manandhar, J. Jang, G.C. Schatz, M.A. Ratner, S. Hong, Phys. Rev. Lett. 90, 115505-

1–115505-4 (2003)
122. J.R. Hampton, A.A. Dameron, P.S. Weiss, J. Am. Chem. Soc. 128, 1648 (2006)
123. H. Brunner, T. Vallant, U. Mayer, H. Hoffmann, B. Basnar, M. Vallant, G. Friedbacher, 

Langmuir 15, 1899 (1999)
124. C.C. Wu, D.N. Reinhoudt, C. Otto, V. Subramaniam, A.H. Velders, Small 7, 989 (2011)
125. K. Salaita, Y.H. Wang, C.A. Mirkin, Nat. Nanotechnol. 2, 145 (2007)
126. K. Salaita, Y.H. Wang, J. Fragala, R.A. Vega, C. Liu, C.A. Mirkin, Angew. Chem. Int. Ed. 

45, 7220 (2006)
127. K. Salaita, S.W. Lee, X.F. Wang, L. Huang, T.M. Dellinger, C. Liu, C.A. Mirkin, Small 1, 

940 (2005)
128. J. Haaheim, O.A. Nafday, Scanning 30, 137 (2008)
129. D. Bullen, S.-W. Chung, X. Wang, J. Zou, C.A. Mirkin, C. Liu, Appl. Phys. Lett. 84, 789 

(2004)
130. J.-H. Lim, D.S. Ginger, K.-B. Lee, J. Heo, J.-M. Nam, C.A. Mirkin, Angew. Chem. Int. Ed. 

42, 2309 (2003)
131. C.C. Wu, H.P. Xu, C. Otto, D.N. Reinhoudt, R.G.H. Lammertink, J. Huskens, V. Subrama-

niam, A.H. Velders, J. Am. Chem. Soc. 131, 7526 (2009)
132. J.M. Nam, S.W. Han, K.B. Lee, X.G. Liu, M.A. Ratner, C.A. Mirkin, Angew. Chem. Int. 

Ed. 43, 1246 (2004)
133. A.J. Senesi, D.I. Rozkiewicz, D.N. Reinhoudt, C.A. Mirkin, ACS Nano 3, 2394 (2009)
134. K.-B. Lee, J.-H. Lim, C.A. Mirkin, J. Am. Chem. Soc. 125, 5588 (2003)
135. E. Bellido, R. de Miguel, D. Ruiz-Molina, A. Lostao, D. Maspoch, Adv. Mater. 22, 352 

(2010)
136. K.B. Lee, S.J. Park, C.A. Mirkin, J.C. Smith, M. Mrksich, Science 295, 1702 (2002)
137. J. Hyun, S.J. Ahn, W.K. Lee, A. Chilkoti, S. Zauscher, Nano Lett. 2, 1203 (2002)
138. T. Rakickas, M. Gavutis, A. Reichel, J. Piehler, B. Liedberg, R. Valiokas, Nano Lett. 8, 

3369 (2008)
139. J.C. Smith, K.B. Lee, Q. Wang, M.G. Finn, J.E. Johnson, M. Mrksich, C.A. Mirkin, Nano 

Lett. 3, 883 (2003)
140. C.C. Wu, D.N. Reinhoudt, C. Otto, A.H. Velders, V. Subramaniam, ACS Nano 4, 1083 

(2010)
141. P. Vettiger, G. Cross, M. Despont, U. Drechsler, U. Durig, B. Gotsmann, W. Haberle, M.A. 

Lantz, H.E. Rothuizen, R. Stutz, G.K. Binnig, IEEE Trans. Nanotechnol. 1, 39 (2002)
142. J. Zou, D. Bullen, X.F. Wang, C. Liu, C.A. Mirkin, Appl. Phys. Lett. 83, 581 (2003)
143. X.F. Wang, D.A. Bullen, J. Zou, C. Liu, C.A. Mirkin, J. Vac. Sc.i Technol. B 22, 2563 

(2004)
144. D. Bullen, C. Liu, Sens. Actuators A-Phys. 125, 504 (2006)
145. X.F. Wang, C. Liu, Nano Lett. 5, 1867 (2005)
146. Z.J. Zheng, W.L. Daniel, L.R. Giam, F.W. Huo, A.J. Senesi, G.F. Zheng, C.A. Mirkin, An-

gew. Chem. Int. Ed. 48, 7626 (2009)
147. H. Zhang, R. Elghanian, N.A. Amro, S. Disawal, R. Eby, Nano Lett. 4, 1649 (2004)
148. X. Liao, A.B. Braunschweig, Z.J. Zheng, C.A. Mirkin, Small 6, 1082 (2010)
149. F.W. Huo, Z.J. Zheng, G.F. Zheng, L.R. Giam, H. Zhang, C.A. Mirkin, Science 321, 1658 

(2008)
150. X. Liao, A.B. Braunschweig, C.A. Mirkin, Nano Lett. 10, 1335 (2010)
151. A.B. Braunschweig, F.W. Huo, C.A. Mirkin, Nat. Chem. 1, 353 (2009)
152. K.A. Brown, D.J. Eichelsdoerfer, W. Shim, B. Rasin, B. Radha, X. Liao, A.L. Schmucker, 

G. Liu, C.A. Mirkin, Proc Natl Acad. Sci. U S A 110, 12921 (2013)
153. T. W. Kenny, Tip-Based Nanofabrication (TBN), BAA No. 07-59, US Defense Advanced 

Research Projects Agency, Arlington (2007)
154. G.-Y. Liu, S. Xu, Y. Qian, Acc. Chem. Res. 33, 457 (2000)



476 C. N. Lam et al.

155. S. Xu, S. Miller, P.E. Laibinis, G. Liu, Langmuir 15, 7244 (1999)
156. T. Tian, Z. M. LeJeune, W. K. Serem, J.-J. Yu, J. C. Garno, in Tip-Based Nanofabrication: 

Fundamentals and Applications, ed. by A.A. Tseng (Springer, New York, 2011)
157. M.A. Case, G.L. McLendon, Y. Hu, T.K. Vanderlick, G. Scoles, Nano Lett. 3, 425 (2002)
158. Y. Hu, A. Das, M.H. Hecht, G. Scoles, Langmuir 21, 9103 (2005)
159. D. Zhou, X. Wang, L. Birch, T. Rayment, C. Abell, Langmuir 19, 10557 (2003)
160. K. Wadu-Mesthrige, S. Xu, N.A. Amro, G. Liu, Langmuir 15, 8580 (1999)
161. K. Wadu-Mesthrige, N.A. Amro, J.C. Garno, S. Xu, G. Liu, Biophys. J. 80, 1891 (2001)
162. J.R. Kenseth, J.A. Harnisch, V.W. Jones, M.D. Porter, Langmuir 17, 4105 (2001)
163. G.-Y. Liu, N.A. Amro, Proc. Natl. Acad. Sci. U S A 99, 5165 (2002)
164. C.-H. Jang, B.D. Stevens, R. Phillips, M.A. Calter, W.A. Ducker, Nano Lett. 3, 691 (2003)
165. F. Bano, L. Fruk, B. Sanavio, M. Glettenberg, L. Casalis, C.M. Niemeyer, G. Scoles, Nano 

Lett. 9, 2614 (2009)
166. Y.H. Tan, M. Liu, B. Nolting, J.G. Go, J. Gervay-Hague, G. Liu, ACS Nano 2, 2374 (2008)
167. T.W. Odom, J.C. Love, D.B. Wolfe, K.E. Paul, G.M. Whitesides, Langmuir 18, 5314 (2002)
168. H.W. Li, B.V.O. Muir, G. Fichet, W.T.S. Huck, Langmuir 19, 1963(2003)
169. A. Kumar, G.M. Whitesides, Appl. Phys. Lett. 63, 2002(1993)
170. S.A. Ruiz, C.S. Chen, Soft Matter 3, 168 (2007)
171. B.D. Gates, Q.B. Xu, J.C. Love, D.B. Wolfe, G.M. Whitesides, Annu. Rev. Mater. Res. 34, 

339 (2004)
172. B.D. Gates, Q.B. Xu, M. Stewart, D. Ryan, C.G. Willson, G.M. Whitesides, Chem. Rev. 

105, 1171 (2005)
173. A. Bernard, E. Delamarche, H. Schmid, B. Michel, H.R. Bosshard, H. Biebuyck, Langmuir 

14, 2225 (1998)
174. A. Bernard, J.P. Renault, B. Michel, H.R. Bosshard, E. Delamarche, Adv. Mater. 12, 1067 

(2000)
175. D.I. Rozkiewicz, Y. Kraan, M.W.T. Werten, F.A. de Wolf, V. Subramaniam, B.J. Ravoo, 

D.N. Reinhoudt, Chem. Eur. J. 12, 6290 (2006)
176. J.D. Gerding, D.M. Willard, A. Van Orden, J. Am. Chem. Soc. 127, 1106 (2005)
177. H.D. Inerowicz, S. Howell, F.E. Regnier, R. Reifenberger, Langmuir 18, 5263 (2002)
178. Y.N. Xia, G.M. Whitesides, Angew. Chem. Int. Ed. 37, 551 (1998)
179. G. Csucs, T. Künzler, K. Feldman, F. Robin, N.D. Spencer, Langmuir 19, 6104 (2003)
180. J.P. Renault, A. Bernard, A. Bietsch, B. Michel, H.R. Bosshard, E. Delamarche, M. Kreiter, 

B. Hecht, U.P. Wild, J. Phys. Chem. B 107, 703 (2003)
181. B.D. Martin, S.L. Brandow, W.J. Dressick, T.L. Schull, Langmuir 16, 9944 (2000)
182. N. Coq, T. van Bommel, R.A. Hikmet, H.R. Stapert, W.U. Dittmer, Langmuir 23, 5154 

(2007)
183. D. Falconnet, D. Pasqui, S. Park, R. Eckert, H. Schift, J. Gobrecht, R. Barbucci, M. Textor, 

Nano Lett. 4, 1909 (2004)
184. J.D. Hoff, L.J. Cheng, E. Meyhofer, L.J. Guo, A.J. Hunt, Nano Lett. 4, 853 (2004)
185. V.N. Truskett, M.P.C. Watts, Trends Biotechnol. 24, 312 (2006)
186. A.A. Bergman, J. Buijs, J. Herbig, D.T. Mathes, J.J. Demarest, C.D. Wilson, C.T. Reimann, 

R.A. Baragiola, R. Hull, S.O. Oscarsson, Langmuir 14, 6785 (1998)
187. L. Ying, Biochem. Soc. Trans. 37, 702 (2009)
188. H. Taha, R.S. Marks, L.A. Gheber, I. Rousso, J. Newman, C. Sukenik, A. Lewis, Appl. 

Phys. Lett. 83, 1041 (2003)
189. O.Y. Loh, A.M. Ho, J.E. Rim, P. Kohli, N.A. Patankar, H.D. Espinosa, Proc. Natl. Acad. 

Sci. 105, 16438 (2008)
190. G. Agarwal, R.R. Naik, M.O. Stone, J. Am. Chem. Soc. 125, 7408 (2003)
191. T. Yoshinobu, J. Suzuki, H. Kurooka, W. Moon, H. Iwasaki, Electrochim. Acta 48, 3131 

(2003)
192. J. Gu, C.M. Yam, S. Li, C. Cai, J. Am. Chem. Soc. 126, 8098 (2004)
193. A. Bardea, R. Naaman, Small 5, 316 (2009)
194. A. Bardea, R. Naaman, Langmuir 25, 5451 (2009)



47714 Protein Nanopatterning

195. R.B. Bhatia, C.J. Brinker, A.K. Gupta, A.K. Singh, Chem. Mater. 12, 2434 (2000)
196. W. Jin, J.D. Brennan, Anal. Chim. Acta 461, 1 (2002)
197. K. Stine, K. Jefferson, O. Shulga in Enzyme Stabilization and Immobilization, vol. 679, ed. 

by S.D. Minteer (Humana Press, New York, 2011), p. 67
198. H.A. Klok, S. Lecommandoux, Adv. Mater. 13, 1217 (2001)
199. M. Antonietti, S. Förster, Adv. Mater. 15, 1323 (2003)
200. A.D. Presley, J.J. Chang, T. Xu, Soft Matter 7, 172 (2011)
201. M.B. Cardoso, D. Smolensky, W.T. Heller, K.L. Hong, H. O’Neill, Energ. Environ. Sci. 4, 

181 (2011)
202. G. Decher, J.D. Hong, Ber. Bunsen-Ges. Phys. Chem. 95, 1430 (1991)
203. G. Decher, J.D. Hong, Makromol. Chem-M. Symp. 46, 321 (1991)
204. G. Decher, Science 277, 1232 (1997)
205. K. Ariga, J.P. Hill, Q.M. Ji, Phys. Chem. Chem. Phys. 9, 2319 (2007)
206. J. Anzai, Y. Kobayashi, N. Nakamura, M. Nishimura, T. Hoshi, Langmuir 15, 221 (1999)
207. W.B. Stockton, M.F. Rubner, Macromolecules 30, 2717 (1997)
208. G. Decher, J.D. Hong, J. Schmitt, Thin Solid Films 210–211, 831 (1992) (Part 2)
209. F. Caruso, H. Lichtenfeld, M. Giersig, H. Mohwald, J. Am. Chem. Soc. 120, 8523 (1998)
210. G.B. Sukhorukov, E. Donath, H. Lichtenfeld, E. Knippel, M. Knippel, A. Budde, H. Mo-

hwald, Colloid. Surf. A 137, 253 (1998)
211. M.L. Macdonald, R.E. Samuel, N.J. Shah, R.F. Padera, Y.M. Beben, P.T. Hammond, Bio-

materials 32, 1446 (2011)
212. S. Bharadwaj, R. Montazeri, D.T. Haynie, Langmuir 22, 6093 (2006)
213. C.B. Bucur, Z. Sui, J.B. Schlenoff, J. Am. Chem. Soc. 128, 13690 (2006)
214. C.L. Cooper, P.L. Dubin, A.B. Kayitmazer, S. Turksen, Curr. Opini. Colloid Interface Sci. 

10, 52 (2005)
215. Y. Lvov, H. Möhwald, Protein Architecture: Interfacing Molecular Assemblies and Immo-

bilization Biotechnology (CRC Press LLC, New York, 2000)
216. Y. Lvov, K. Ariga, I. Ichinose, T. Kunitake, J. Am. Chem. Soc. 117, 6117 (1995)
217. J. Hodak, R. Etchenique, E.J. Calvo, K. Singhal, P.N. Bartlett, Langmuir 13, 2708 (1997)
218. J.P. Santos, E.R. Welsh, B.P. Gaber, A. Singh, Langmuir 17, 5361 (2001)
219. Q. Xing, S.R. Eadula, Y.M. Lvov, Biomacromolecules 8, 1987(2007)
220. S. Disawal, H.H. Qiu, B.B. Elmore, Y.M. Lvov, Colloid Surf. B 32, 145 (2003)
221. Y.M. Lvov, Z.Q. Lu, J.B. Schenkman, X.L. Zu, J.F. Rusling, J. Am. Chem. Soc. 120, 4073 

(1998)
222. Y.L. Zhou, Z. Li, N.F. Hu, Y.H. Zeng, J.F. Rusling, Langmuir 18, 8573 (2002)
223. P.L. He, N.F. Hu, J. Phys. Chem. B 108, 13144 (2004)
224. Y. Hu, N.F. Hu, J. Phys. Chem. B 112, 9523 (2008)
225. K. Yoshida, K. Sato, J. Anzai, J. Mater. Chem. 20, 1546 (2010)
226. J. Schmitt, T. Grunewald, G. Decher, P.S. Pershan, K. Kjaer, M. Losche, Macromolecules 

26, 7058 (1993)
227. L. Kolarik, D.N. Furlong, H. Joy, C. Struijk, R. Rowe, Langmuir 15, 8265 (1999)
228. S.S. Shiratori, M.F. Rubner, Macromolecules 33, 4213 (2000)
229. Y. Hu, N. Hu, J. Phys. Chem. B 112, 9523 (2008)
230. T. Crouzier, K. Ren, C. Nicolas, C. Roy, C. Picart, Small 5, 598 (2009)
231. Z.J. Song, J.B. Yin, K. Luo, Y.Z. Zheng, Y. Yang, Q. Li, S.F. Yan, X.S. Chen, Macromol. 

Biosci. 9, 268 (2009)
232. L. Derbal, H. Lesot, J.C. Voegel, V. Ball, Biomacromolecules 4, 1255 (2003)
233. O.P. Tiourina, G.B. Sukhorukov, Int. J. Pharmaceut. 242, 155 (2002)
234. A. Khademhosseini, K.Y. Suh, J.M. Yang, G. Eng, J. Yeh, S. Levenberg, R. Langer, Bioma-

terials 25, 3583 (2004)
235. K.Y. Cai, A. Rechtenbach, J.Y. Hao, J. Bossert, K.D. Jandt, Biomaterials 26, 5960 (2005)
236. L. Ma, J. Zhou, C.Y. Gao, J.C. Shen, J. Biomed. Mater. Res B 83B, 285 (2007)
237. V. Zucolotto, A.P.A. Pinto, T. Tumolo, M.L. Moraes, M.S. Baptista, A. Riul, A.P.U. Araujo, 

O.N. Oliveira, Biosens. Bioelectron. 21, 1320 (2006)



478 C. N. Lam et al.

238. M. Ferreira, P.A. Fiorito, O.N. Oliveira, S.I.C. de Torresi, Biosens. Bioelectron. 19, 1611 
(2004)

239. J. Van der Gucht, E. Spruijt, M. Lemmers, M.A. Cohen Stuart, J. Colloid Interface Sci. 361, 
407 (2011)

240. M.A.C. Stuart, N.A.M. Besseling, R.G. Fokkink, Langmuir 14, 6846 (1998)
241. A.V. Kabanov, V.A. Kabanov, Adv. Drug Deliv. Rev. 30, 49 (1998)
242. Y. Lee, S. Fukushima, Y. Bae, S. Hiki, T. Ishii, K. Kataoka, J. Am. Chem. Soc. 129, 5362 

(2007)
243. S. Lindhoud, R. de Vries, W. Norde, M.A. Cohen Stuart, Biomacromolecules 8, 2219 

(2007)
244. I.K. Voets, A. de Keizer, M.A.C. Stuart, Adv. Colloid Interfac. 147–148, 300 (2009)
245. G. Roman, M. Martin, P.S. Joachim, Nanotechnology 14, 1153 (2003)
246. Y.G. Cai, B.M. Ocko, Langmuir 21, 9274 (2005)
247. D. Batra, S. Vogt, P.D. Laible, M.A. Firestone, Langmuir 21, 10301 (2005)
248. B. Kim, C.N. Lam, B.D. Olsen, Macromolecules 45, 4572 (2012)
249. M.J. Fasolka, A.M. Mayes, Ann. Rev. Mater. Res. 31, 323 (2001)
250. R.A. Segalman, Mat. Sci. Eng. R 48, 191 (2005)
251. F.S. Bates, G.H. Fredrickson, Phys. Today 52, 32 (1999)
252. J.N.L. Albert, T.H. Epps, Mater. Today 13, 24 (2010)
253. W. Gu, S.W. Hong, T.P. Russell, ACS Nano 6, 10250 (2012)
254. N. Kumar, J.I. Hahm, Langmuir 21, 6652 (2005)
255. N. Kumar, O. Parajuli, J.I. Hahm, J. Phys. Chem. B 111, 4581 (2007)
256. N. Kumar, O. Parajuli, A. Gupta, J.I. Hahm, Langmuir 24, 2688 (2008)
257. K.H.A. Lau, J. Bang, D.H. Kim, W. Knoll, Adv. Funct. Mater. 18, 3148 (2008)
258. K.H.A. Lau, J. Bang, C.J. Hawker, D.H. Kim, W. Knoll, Biomacromolecules 10, 1061 

(2009)
259. M. Matsusaki, M. Omichi, K. Kadowaki, B.H. Kim, S.O. Kim, I. Maruyama, M. Akashi, 

Chem. Commun. 46 1911 (2010)
260. D. Bucknall Nanolithography and Patterning Techniques in Microelectronics (Woodhead 

Publishing Limited, Abington; CRC Press, Boca Raton, 2005)
261. J. Bang, U. Jeong, D.Y. Ryu, T.P. Russell, C.J. Hawker, Adv. Mater. 21, 4769 (2009)
262. O. Parajuli, A. Gupta, N. Kumar, J.I. Hahm, J. Phys. Chem. B 111, 14022 (2007)
263.  S. Sheng, M. Marissa, Z. Hebing, L. Thomas, H. Mark, H. Jong-in, Nanotechnology 24, 

095601 (2013)
264. H. Elbs, C. Drummer, V. Abetz, G. Krausch, Macromolecules 35, 5570 (2002)
265. M. Winterhalter, Colloid. Surf. A 149, 547 (1999)
266. M.T. Paternostre, M. Roux, J.L. Rigaud, BioChemistry 27, 2668 (1988)
267. W. Meier, C. Nardin, M. Winterhalter, Angew. Chem. Int. Ed. 39, 4599 (2000)
268. R. Stoenescu, W. Meier Chem. Commun. (Issue 24) 3016 (2002)
269. D.C. Rees, H. Komiya, T.O. Yeates, J.P. Allen, G. Feher, Annu. Rev. Biochem. 58, 607 

(1989)
270. M.A. Gauthier, H.-A. Klok, Polym. Chem-UK 1, 1352 (2010)
271. J. Kalia, R.T. Raines, Curr. Org. Chem. 14, 138 (2010)
272. J.C. van Hest, J. Macromol. Sci. Part C: Polym. Rev. 47, 63 (2007)
273. C. Boyer, X. Huang, M.R. Whittaker, V. Bulmus, T.P. Davis, Soft Matter 7, 1599 (2011)
274. K.L. Heredia, H.D. Maynard, Org. Biomol. Chem. 5, 45 (2007)
275. J. Kalia, R.T. Raines, Curr. Org. Chem. 14, 138 (2010)
276. A.J. de Graaf, M. Kooijman, W.E. Hennink, E. Mastrobattista, Bioconjugate Chem. 20, 

1281 (2009)
277. E.M. Sletten, C.R. Bertozzi, Angew. Chem. Int. Ed. 48, 6974 (2009)
278. J.-F. Lutz, H.G. Börner, Prog. Polym. Sci. 33, 1 (2008)
279. K. Matyjaszewski, J.H. Xia, Chem. Rev. 101, 2921 (2001)
280. V. Coessens, T. Pintauer, K. Matyjaszewski, Prog. Polym. Sci. 26, 337 (2001)
281. T.E. Patten, K. Matyjaszewski, Adv. Mater. 10, 901 (1998)



47914 Protein Nanopatterning

282. K. Matyjaszewski, N.V. Tsarevsky, Nat. Chem. 1, 276 (2009)
283. W.A. Braunecker, K. Matyjaszewski, Prog. Polym. Sci. 32, 93 (2007)
284. G. Moad, E. Rizzardo, S.H. Thang, Aust. J. Chem. 58, 379 (2005)
285. G. Moad, E. Rizzardo, S.H. Thang, Polymer 49, 1079 (2008)
286. G. Moad, E. Rizzardo, S.H. Thang, Aust. J. Chem. 59, 669 (2006)
287. R.B. Grubbs, Polym. Rev. 51, 104 (2011)
288. C.J. Hawker, A.W. Bosman, E. Harth, Chem. Rev. 101, 3661 (2001)
289. D.W. Urry, Prog. Biophys. Mol. Biol. 57, 23 (1992)
290. J.P. Chen, H.J. Yang, A.S. Huffman, Biomaterials 11, 625 (1990)
291. J.P. Chen, A.S. Huffman, Biomaterials 11, 631 (1990)
292. A. Chilkoti, G. Chen, P.S. Stayton, A.S. Hoffman, Bioconjugate Chem. 5, 504 (1994)
293. A.S. Hoffman, P.S. Stayton, T. Shimoboji, G. Chen, Z. Ding, A. Chilkoti, C. Long, M. Miu-

ra, J. Chen, T. Park, Macromol Symp, vol. 118 (Huthig & Wepf Verlag, Zug, 1997), p. 553
294. V. Bulmus, Z. Ding, C.J. Long, P.S. Stayton, A.S. Hoffman, Bioconjugate Chem. 11, 78 

(2000)
295. Z. Ding, C.J. Long, Y. Hayashi, E.V. Bulmus, A.S. Hoffman, P.S. Stayton, Bioconjugate 

Chem. 10, 395 (1999)
296. A.S. Hoffman, Clin. Chem. 46, 1478 (2000)
297. A.S. Hoffman, P.S. Stayton, V. Bulmus, G. Chen, J. Chen, C. Cheung, A. Chilkoti, Z. Ding, 

L. Dong, R. Fong, J. Biomed. Mater. Res. 52, 577 (2000)
298. T. Shimoboji, Z. Ding, P.S. Stayton, A.S. Hoffman, Bioconjugate Chem. 12, 314 (2001)
299. T. Shimoboji, Z.L. Ding, P.S. Stayton, A.S. Hoffman, Bioconjugate Chem. 13, 915 (2002)
300. N. Malmstadt, D.E. Hyre, Z. Ding, A.S. Hoffman, P.S. Stayton, Bioconjugate Chem. 14, 

575 (2003)
301. T. Shimoboji, E. Larenas, T. Fowler, S. Kulkarni, A.S. Hoffman, P.S. Stayton, Proc. Natl. 

Acad. Sci. 99, 16592 (2002)
302. T. Shimoboji, E. Larenas, T. Fowler, A.S. Hoffman, P.S. Stayton, Bioconjugate Chem. 14, 

517 (2003)
303. S. Kulkarni, C. Schilli, A.H. Müller, A.S. Hoffman, P.S. Stayton, Bioconjugate Chem. 15, 

747 (2004)
304. M. Li, P. De, S.R. Gondi, B.S. Sumerlin, Macromol. Rapid Comm. 29, 1172 (2008)
305. P. De, M. Li, S.R. Gondi, B.S. Sumerlin, J. Am. Chem. Soc. 130, 11288 (2008)
306. M. Li, P. De, H. Li, B.S. Sumerlin, Polym. Chem. 1, 854 (2010)
307. H. Li, M. Li, X. Yu, A.P. Bapat, B.S. Sumerlin, Polym. Chem. 2, 1531 (2011)
308. M. Li, H. Li, P. De, B.S. Sumerlin, Macromol. Rapid Comm. 32, 354 (2011)
309. C. Lavigueur, J.G. Garcia, L. Hendriks, R. Hoogenboom, J.J.L.M. Cornelissen, R.J.M. 

Nolte, Polym. Chem. 2, 333 (2011)
310. Y. Xia, S. Tang, B.D. Olsen, Chem. Commun. 49, 2566 (2013)
311. I. Gitsov, K.L. Wooley, J.M.J. Frechet, Angew. Chem. Int. Ed. Engl. 31, 1200 (1992)
312. J.C.M. Vanhest, D.A.P. Delnoye, M.W.P.L. Baars, M.H.P. Vangenderen, E.W. Meijer, Sci-

ence 268, 1592 (1995)
313. J.P. Spatz, S. Mossmer, M. Moller, Angew. Chem. Int. Ed Engl. 35, 1510 (1996)
314. J.J.L.M. Cornelissen, M. Fischer, N.A.J.M. Sommerdijk, R.J.M. Nolte, Science 280, 1427 

(1998)
315. A.J. Dirks, S.S. van Berkel, N.S. Hatzakis, J.A. Opsteen, F.L. van Delft, J.J.L.M. Cornelis-

sen, A.E. Rowan, J.C.M. van Hest, F.P.J.T. Rutjes, R.J.M. Nolte, Chem. Commun. (Issue 
33) 4172 (2005)

316. M.J. Boerakker, J.M. Hannink, P.H.H. Bomans, P.M. Frederik, R.J.M. Nolte, E.M. Meijer, 
N. A. J. M. Sommerdijk, Angew. Chem. Int. Ed. 41, 4239 (2002)

317. I.C. Reynhout, J.J.L.M. Cornelissen, R.J.M. Nolte, J. Am. Chem. Soc. 129, 2327 (2007)
318. D.E. Meyer, K. Trabbic-Carlson, A. Chilkoti, Biotechnol. Progr. 17, 720 (2001)
319. D.E. Meyer, A. Chilkoti, Nat. Biotechnol. 17, 1112 (1999)
320. D.C. Chow, M.R. Dreher, K. Trabbic-Carlson, A. Chilkoti, Biotechnol. Progr. 22, 638 

(2006)



480 C. N. Lam et al.

321. K. Trabbic-Carlson, D. Meyer, L. Liu, R. Piervincenzi, N. Nath, T. LaBean, A. Chilkoti, 
Protein Eng. Des. Sel. 17, 57 (2004)

322. T. Christensen, M. Amiram, S. Dagher, K. Trabbic-Carlson, M.F. Shamji, L.A. Setton, A. 
Chilkoti, Protein Sci. 18, 1377 (2009)

323. M.F. Shamji, H. Betre, V.B. Kraus, J. Chen, A. Chilkoti, R. Pichika, K. Masuda, L.A. Set-
ton, Arthr. Rheum. 56, 3650 (2007)

324. M.B. van Eldijk, J.C.-Y. Wang, I.J. Minten, C. Li, A. Zlotnick, R.J. Nolte, J.J. Cornelissen, 
J.C. van Hest, J. Am. Chem. Soc. 134, 18506 (2012)

325. D. Moll, C. Huber, B. Schlegel, D. Pum, U.B. Sleytr, M. Sára, Proc. Natl. Acad. Sci. 99, 
14646 (2002)

326. N. Ilk, E.M. Egelseer, U.B. Sleytr, Curr. Opin. Biotech. 22, 824 (2011)
327. C.S. Thomas, M.J. Glassman, B.D. Olsen, ACS Nano 5, 5697 (2011)
328. C.S. Thomas, L. Xu, B.D. Olsen, Biomacromolecules 13, 2781 (2012)
329. C.N. Lam, B.D. Olsen, Soft Matter 9, 2393 (2013)
330. A. Carlsen, S. Lecommandoux, Curr. Opin. Colloid Interface Sci. 14, 329 (2009)
331. O.S. Rabotyagova, P. Cebe, D.L. Kaplan, Biomacromolecules 12, 269 (2011)
332. C.S. Thomas, B.D. Olsen Soft Matter 10, 3093–3102 (2014)
333. J.P. Billot, A. Douy, B. Gallot Makromol. Chem. 177, 1889 (1976)
334. B. Gallot, Prog Polym. Sci. 21, 1035 (1996)
335. S. Tangbunsuk, G.R. Whittell, M.G. Ryadnov, G.W.M. Vandermeulen, D.N. Woolfson, I. 

Manners, Chemistry 18, 2524 (2012) (A European Journal)
336. W.-W. Tsai, L. Li, H. Cui, H. Jiang, S.I. Stupp, Tetrahedron 64, 8504 (2008)
337. M.G.J. ten Cate, N. Severin, H.G. Börner, Macromolecules 39, 7831 (2006)
338. T. Xu, N. Zhao, F. Ren, R. Hourani, M.T. Lee, J.Y. Shu, S. Mao, B.A. Helms, ACS Nano 5, 

1376 (2011)
339. F. Versluis, H.R. Marsden, A. Kros, Chem. Soc. Rev. 39, 3434 (2010)
340. H.G. Börner, Prog. Polym. Sci. 34, 811 (2009)
341. K. Kubota, S. Fujishige, I. Ando, J. Phys. Chem. 94, 5154 (1990)
342. C.N. Lam, M. Kim, C.S. Thomas, D. Chang, G.E. Sanoja, C.U. Okwara, B.D. Olsen Bio-

macromolecules 15(4), 1248–1258 (2014)
343. D. Chang, C.N. Lam, S. Tang, B.D. Olsen Submitted 5, 4884–4895 (2014)



481

B. P. Lee () · Y. Li
Department of Biomedical Engineering, Michigan Technological University,  
1400 Townsend Dr. Houghton, Houghton, MI 49931, USA
e-mail: bplee@mtu.edu

Chapter 15
Biomimetic Approach to Designing Adhesive 
Hydrogels: From Chemistry to Application

Yuting Li and Bruce P. Lee

15.1  Introduction

Rapid and effective wound closure remains an important goal of virtually all mod-
ern endoscopic and conventional surgical procedures. Additionally, surgical recon-
nection of injured tissues is essential for restoration of their structure and function. 
While the discontinuity in soft tissues is traditionally secured with mechanical per-
forating devices (e.g., sutures, tacks, and staples), these devices are also a source of 
complications. The application of mechanical devices is inherently traumatic to the 
surrounding tissues, which can result in neural irritation and persistent pain [1–4]. 
They are also not suitable for complicated procedures, such as stopping leaks of 
bodily fluids and air in blood vessels and tissues with rather low cohesive proper-
ties such as lung, liver, spleen, and kidney. In tendon reconstruction, surgical repairs 
often fail as sutures pullout through the tendinous tissue with loading due to stress 
concentration at the suture sites [5, 6]. Similarly, early failure of a repaired rotator 
cuff often arises from rupture of the suture material, suture knot failure, the suture 
material pulling through and out of the tendon or bone, or suture anchors pulling 
out of the bone [7–10].

Tissue adhesives can potentially simplify complex procedures, reduce surgery 
time, and minimize trauma [11, 12]. Currently, there are several types of commer-
cially available tissue adhesives, which can be classified into three categories: (1) 
biological, (2) synthetic, and (3) a hybrid adhesive that contains both natural and 
synthetic components. The biological tissue adhesives is exemplified by fibrin glues, 
which utilizes the final stages of the blood coagulation cascade to form a blood clot. 
Fibrin glue (e.g., Tisseel, Baxter, Inc.) is more widely used as a tissue sealant for 
hemostasis and its application is limited by weak materials properties, necessary 
for withstanding physiological loads [11, 13, 14]. Additionally, fibrin glue  consists 
of human-derived components that are a potential source of viral transmission 
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(i.e., HIV, hepatitis) [15] and animal-derived components that have been found to 
lengthen curing time [16]. Synthetic cyanoacrylate-based adhesives (e.g., Derma-
bond, Ethicon, Inc.) have been shown to achieve high bond strengths and have been 
used in a wide range of applications including vascular repair [17–19], retinal repair 
[20, 21], hemostasis [22, 23], and tendon repair [24, 25]. The major concerns with 
cyanoacrylate-based adhesives are their cytotoxicity [26], propensity to cause acute 
and chronic inflammation [17, 27], toxic degradation product (formaldehyde) [11, 
28], poor biomechanical compatibility with the repaired tissues [29], and excessively 
long degradation rate (> 3 years). Similarly, hybrid adhesives such as gelatin–resor-
cinol–formaldehyde and BioGlue (contains bovine serum albumin and glutaralde-
hyde, CryoLife, Inc.) are hampered by similar biocompatibility issues and lengthy 
degradation rate despite having excellent bond strength [11, 30]. Although several 
other types of adhesives and sealants are currently under development, none of them 
have proven ideal. Thus, there is a continued need for the development of biocom-
patible and biodegradable tissue adhesives with superior adhesive strengths.

Marine mussels secrete a proteinaceous fluid that hardens to form an adhesive 
plaque and byssal thread complex that enables these organisms to anchor them-
selves to mineralized (e.g., shells, rocks) surfaces in wet, saline, and turbulent en-
vironments [31–33]. One unique structural component in these proteins is 3,4-di-
hydroxyphenylalanine (DOPA), a catecholic amino acid that is responsible for both 
the moisture-resistant adhesion and the energy dissipative properties of the byssal 
thread (Fig. 15.1). DOPA is a unique and versatile adhesive molecule capable of 
binding to both organic and inorganic surfaces through either covalent attachment 
or strong reversible bonds. This review introduces the unique interfacial binding 
and intermolecular cross-linking chemistries of DOPA and the use of DOPA and 
its derivatives in designing adhesive hydrogels with elevated adhesive strength and 
tunable physical and mechanical properties. The application of these bioadhesives 
as sealants and adhesives in wound healing, soft tissue reconstruction, immobiliza-
tion of therapeutic cells, and drug delivery is described.

Fig. 15.1  Chemical structure 
of DOPA
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15.2  DOPA Chemistry

The catechol side chain of DOPA is capable of undergoing several types of cat-
echol–catechol and catechol–surface interactions, leading to the curing of the 
catechol-containing adhesive and strong interfacial cross-linking (Fig. 15.2). Ad-
ditionally, catechol is a unique molecule capable of forming strong bonds to both 
inorganic and organic substrates using either reversible physical or irreversible co-
valent cross-links.

15.2.1  Physical Bond Formation

Mussel byssus threads are known to accumulate metal ions at a concentration sig-
nificantly higher than that of the surrounding sea water due to elevated DOPA con-
tent [34, 35]. Catechol is capable of forming strong complexes with various metal 
ions (Fe3+, Ca2+, Cu2+, Ti3+, Ti4+, Mn2+, Mn3+, Zn2+) with long stability? than 40 [32, 
36–38]. DOPA-containing synthetic peptides have been shown to form mono-,  bis-, 
and tris-catecholate complexes with metal ions depending on the molar ratio of 
DOPA to the metal ion, ion valency, and pH (Fig. 15.2a) [38–40]. Breaking and ref-
ormation of strong, reversible catechol–metal ion interaction contribute to the wear 
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resistance properties of the protective coatings on mussel byssus threads, which ex-
perience large cyclic strains in the turbulent intertidal zone [41, 42]. This interaction 
was incorporated into synthetic hydrogels to form self-healing networks with elastic 
moduli approaching those of covalently cross-linked hydrogels [43].

The affinity of catechols for metal ions is also extended to metal oxide surfaces 
(Fig. 15.2b) [44–47]. A single DOPA moiety demonstrated strong, reversible bond 
with titanium (Ti) surface with a bond strength averaging around 800 pN, reaching 
40 % that of a covalent bond (2000pN for carbon–silicon bond) [48]. Density func-
tional theory analysis revealed that catechol readily displaces water molecules and 
adsorbs directly to the metal oxide surface with binding energy reaching 20–30 kcal/
mol [49–51]. The ability to adsorb to various metal oxide surfaces makes DOPA a 
versatile anchoring group for surface modification of these substrates. DOPA has 
also been utilized as a robust surface anchor group for surface modification on vari-
ous metal substrates (Au2O3, Al2O3, SiO2, TiO2, NiTi, and stainless steel) [52–54].

The catechol also forms hydrogen bonds, which allow it to compete with wa-
ter for hydrogen bonding sites and absorb onto mucosal tissues [55–57] and hy-
droxyapatite [58]. Finally, catechol residues can interact with other aromatic rings 
through π-π electron interaction, which may contribute to adhesion to surfaces rich 
in aromatic compounds such as polystyrene [59] and gold substrates [60].

15.2.2  Covalent Bond Formation

Catechol can be easily oxidized by both enzymatic (e.g., tyrosinase, peroxidase) 
and chemical (e.g., periodate) oxidants to form highly reactive quinone, resulting 
in intermolecular covalent cross-links and rapid hardening of catechol-containing 
adhesives (Fig. 15.2c) [32, 61]. The cross-linking rate and degree of polymerization 
can be tailored by the oxidant type and concentration [62]. Additionally, quinone 
forms covalent cross-links with various functional groups (i.e., –NH2, –SH, imidaz-
ole) found on biological substrates resulting in the formation of interfacial covalent 
cross-links (Fig. 15.2d) [63–65]. Catechols that contain a free amine group (i.e., 
dopamine) undergo intramolecular cyclization between the catechol side chain and 
the amine group to form a leukochrome that can undergo polymerization similar to 
melanin formation [62]. Recently, the use of polydopamine as an adhesive primer 
for further grafting of multifunctional polymers through a simple dip-coating pro-
cess in an aqueous medium was reported [66].

15.3  Designing Synthetic Bioadhesive Hydrogels

An ideal tissue adhesive should have sufficient flow characteristics so that it can 
be applied to the tissue surface easily [67]. Additionally, the adhesive should trans-
form quickly from liquid to solid status under physiological conditions. The ability 
to solidify in situ is advantageous, as liquid adhesive precursor can be  potentially 
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 delivered via minimally invasive means (e.g., arthroscopic surgery), while maxi-
mizing adhesive contact to the tissue surface. After solidification, the adhesive 
should maintain strong adhesion to the surrounding tissue substrate and have ad-
equate bulk properties to withstand mechanical stresses present during functional 
use. Finally, the degradation products of the adhesives should be non-toxic and the 
degradation rate should match the rate of native tissue healing. Here, we summarize 
reports that incorporated the adhesive properties of catechol in designing highly 
tunable tissue adhesives.

15.3.1  Injectable PEG-Based Hydrogel Sealant

Poly(ethylene glycol) (PEG) is a water-soluble polymer widely used in the biomed-
ical field due to its nontoxicity and nonimmunogenicity [68]. PEG end-functional-
ized with DOPA and its derivatives (e.g., dopamine, 3,4-dihydroxyhydrocinnamic 
acid) have been synthesized, where PEG served as a biocompatible polymeric sup-
port for designing injectable tissue adhesive and sealant (Fig. 15.3) [69–71]. These 
adhesives outperformed fibrin glue in various adhesion tests, including lap shear, 
burst strength, and peel adhesion tests. By controlling various variables such as 
PEG architecture (i.e., four- to eight-arm) and molecular weight (MW; 10,000–
20,000 Da), number of terminal catechol residues (up to four), and linking group 
(i.e., ester, urethane, amide), adhesive with varying properties (i.e., rate of curing, 
extent of swelling, mechanical properties, and degradation rate) can be obtained. 
For example, varying PEG MW (length of each arm) while keeping the number of 
arm the same, modulated the extent of swelling in a straightforward fashion with 
longer-armed PEG resulting in a higher extent of swelling [71]. Longer-armed PEG 
also resulted in mechanically weaker hydrogels and lower adhesive performance 
as measure by the burst pressure. However, higher MW formulations cured at a 
faster rate as fewer cross-linking reactions need to occur to achieve solidification. 
The rate of degradation can be easily controlled via simple change to the linker 
hydrophobicity, with degradation rate ranging from 1 day to more than 3 months 
[71]. Modulating the degradation rate was performed without affecting the adhesive 
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Fig. 15.3  Schematic repre-
sentation of highly tunable 
PEG–catechol adhesives
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performance of these adhesives as measured by the burst testing (burst pressure of 
130–170 mmHg/mm). In addition to PEG–catechol conjugates, sealants based on 
biologic polymers such as chitosan [72], hyaluronic acid [73], alginate [74], and 
gelatin [75, 76] have also been reported.

15.3.2  Enzymatically Degradable PEG-Based Adhesive

Unlike sutures and other commonly used wound closure materials, adhesives can 
act as a barrier for tissue growth and the union of the wound edges. Although it is 
possible to tailor the hydrolytic degradation rate of synthetic PEG-based adhesive 
through tuning its composition [70, 71], it is difficult to match the adhesive degra-
dation rate with the rate of cell ingrowth for satisfactory wound healing. Brubaker 
and coworkers [77] inserted an alanine–alanine (Ala–Ala) dipeptide, an elastase 
substrate, between the PEG and DOPA mimetic catechol to develop an adhesive 
that is susceptible to cell-mediated degradation (Fig. 15.4). The Ala–Ala linker can 
be selectively cleaved by elastase secreted by activated neutrophils at the site of 
the wound or inflammation. This adhesive maintained the ability to cure rapidly 
(20–30 s) when mixed with oxidants, while exhibiting strong adhesive strength to 
porcine tissues. From subcutaneous implantation study in mice, immunohistochem-
ical staining for elastase was found at the adhesive–tissue interface and the adhesive 
slowly degraded, while eliciting minimal inflammatory response.

15.3.3  PEG–DOPA-Based Hydrogel with Ideal Swelling 
Behavior

Chemically cross-linked hydrophilic polymer network can swell when submerged 
in an aqueous medium due to osmotic pressure. An opposite elasticity force  balances 

Fig. 15.4  Schematic representation of PEG–catechol with an esterase susceptible Ala–Ala link-
age. Reprinted with permission from reference [77]. Copyright 2011 American Chemical Society
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the stretching of the network and prevents its deformation against the osmotic force 
until an equilibrium is reached [78]. However, excessive swelling of medical adhe-
sives and sealants in vivo can lead to severe medical complications, such as local 
nerve compression, and it reduces the bulk mechanical properties of the adhesive. 
Barret and coworkers [79] developed a zero- or negative-swelling adhesive com-
posed of thermo-responsive Tetronic polymer functionalized with catechol. Tetron-
ic is a four-armed, amphiphilic block copolymer consisting of a central hydropho-
bic polypropylene oxide (PPO) block and peripheral hydrophilic PEG blocks. At 
elevated temperature (37 °C), the PPO block in tetronic self-assembled to induce 
volume contraction and mechanical toughening of the cross-linked network. The 
tetronic–catechol adhesives demonstrated a three to five-fold increase in measured 
adhesive strength over those of PEG–catechol adhesive.

15.3.4  Nanocomposite Adhesive Hydrogel

Although catechol-modified PEG-based hydrogel presents effective adhesive and 
physical properties and can meet many specific demands, elevated water content 
makes them fragile and compromises their advantages in clinical applications. One 
approach to improve the fracture-resistant ability of hydrogel is incorporating in-
organic nanoparticles into the hydrogel to form nanocomposite hydrogels [80, 81]. 
Polymer network and the encapsulated nanoparticles are binded by weak physical 
bonds, such as hydrogen bonding, electrostatic interaction. Therefore, the crosslink-
ing density of the network is effectively increased [82–84]. When polyacrylamide-
based hydrogels were functionalized with dopamine, the polymer-bound catechol 
demonstrated enhanced interfacial binding with encapsulated nanosilicate, Lapo-
nite, and greatly enhanced the materials properties of the nanocomposite hydrogel 
[85]. Strong physical bond formed between the catechol side chain of dopamine and 
Laponite likely dissipated fracture energy and improved fracture-resistant ability of 
the material for repeated loading. When Laponite was incorporated into an inject-
able branch of PEG–dopamine adhesive (Fig. 15.5), the work of adhesion increased 
by five fold over that of Laponite-free adhesive [86]. Additionally, Laponite did not 
interfere with the curing and degradation rates of PEG–dopamine adhesive. The 
enhanced adhesive properties can be attributed to the strong physical bonds formed 
between dopamine and Laponite.

15.3.5  Adhesive-Coated Biological Scaffolds

The use of surgical meshes or patches to reinforce suture closure is becoming pop-
ular in various surgical procedures such as hernia repair [87–89], tendon repair 
[90, 91], cardiovascular surgery [92], and dural repair [93]. Particularly, mesh ma-
terials derived from acellular tissues (dermal tissue, pericardium, etc.) provide a 
scaffold that promotes rapid tissue ingrowth, resulting in an organized collagenous 
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tissue, while generating a reduced inflammatory response, fewer infections, and 
fewer postsurgical adhesions to surrounding tissues compared with their synthetic 
counterparts [94–97]. However, fixation of these prosthetic materials is typically 
achieved through the use of sutures, staples, or tacks, which can cause local impair-
ment of circulation with compromised healing [98, 99]. To improve the efficacy of 
mesh use for soft tissue reconstruction, commercial biologic meshes were coated 
with a thin adhesive film (200–300 µm) containing biomimetic adhesive catechol 
[100, 101]. The films were composed of amphiphilic, multiblock copolymers of 
PEG and polycaprolactone (PCL). PEG allows the adhesive polymer to remain 
relatively hydrophilic to achieve good “wetting” or adhesive contact with the tis-
sue substrate, while the hydrophobic PCL segments increase cohesive strength and 
provide ester linkage for hydrolysis. Adhesive-coated biologic mesh demonstrated 
adhesive strengths that were an order of magnitude higher than those of fibrin glue, 
while reaching 60 % that of cyanoacrylate-based adhesive. The adhesive proper-
ties and rate of degradation, as well as the physical and mechanical properties of 
the adhesive films, can be tailored based on polymer composition, coating density, 
oxidant concentration, and additive content.

15.4  Applications of Biomimetic Tissue Adhesives

Unlike other biomimetic strategies where a peptide sequence is necessary to mimic 
the function of a naturally derived protein (e.g., arginine–glycine–aspartic acid for 
cellular adhesion), incorporation of a single DOPA amino acid or its derivatives 
can impart inert polymer systems with strong, water-resistant adhesive properties. 
The simplicity and the wide range of chemistry that catechol can participate in have 

Fig. 15.5  Schematic representation of the formation of PEG–catechol nanocomposite hydrogel 
and its adhesion to biological tissue. Dopamine is capable of forming three types of cross-links 
in this system: reversible bonding between dopamine and Laponite (a), covalent cross-linking 
between dopamine molecules resulting in curing of the adhesive (b), and interfacial covalent cross-
linking between dopamine and functional groups (e.g., –NH2) found on tissue surface (c) [86]
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permitted scientists to design adhesives with tunable physical, adhesive, and deg-
radation rate necessary to tailor the materials for a specific application. The use of 
catechol-containing bioadhesives functioning as fetal membrane sealant, sutureless 
wound closure, islet cell transplantation, drug delivery for diseased vasculature, and 
Achilles tendon repair is reviewed.

15.4.1  Sealing of Fetal Membrane

An intact fetal membrane is important to maintain amniotic fluid homeostasis and 
in the defense against ascending infection during pregnancy [102]. Invasive diag-
nostic and therapeutic fetal surgical procedures performed endoscopically require 
access using large-diameter fetoscopes and are frequently complicated by amniotic 
fluid leakage, separation of amnion and chorion, or iatrogenic preterm premature 
rupture of the fetal membranes (iPPROM). The morbidity and mortality associ-
ated with iPPROM may compromise the expected benefits of the medical inter-
vention. PEG–catechol adhesive was evaluated as a candidate injectable surgical 
sealant for repair of gestational fetal membrane ruptures (Fig. 15.6) [103, 104]. 
When compared with commercial adhesives (e.g., cyanoacrylate-, fibrin-based ad-
hesive, etc.), only PEG–catechol adhesive and Tissucol (a fibrin glue) successfully 
sealed human fetal membrane defects, while demonstrating non-cytotoxicity [103]. 
However, fibrin glue needed dry membrane surfaces for reliable sealing, whereas 

Fig. 15.6  Hematoxylin and eosin-stained cross section of a punctured fetal membranes sealed 
with PEG–catechol adhesive. The hydrogel appears as a ribbon-like structure that bridges the 
puncture edges. The bottom image shows a cross section of the same lesion at a narrow location. 
Reprinted from reference [103]
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PEG– catechol sealed a 3.7-mm fetal membrane defect up to 45 mmHg when ap-
plied under wet conditions [104].

15.4.2  Sutureless Wound Healing Hemostasis

Mehdizadeh et al. [105] explored the use of a PEG–citrate-based polymer modified 
with dopamine as a sutureless wound sealant. One-step polycondensation reaction 
was used to link citric acid, PEG, and dopamine to form degradable PEG–citrate–
dopamine adhesives with adhesive strength that were 2.5–8.0-fold higher than those 
of fibrin glue. This adhesive also exhibited excellent biocompatibility, controllable 
degradation rate, and tissue-like elastomeric mechanical properties. Citric acid pro-
vides carboxyl groups, which will link to both PEG and dopamine and interact 
with blood protein to readily form insoluble interpolymeric complexes. This adhe-
sive achieved hemostasis instantly without the need of sutures to close a 2-cm-long 
by 0.5-cm-deep wound created on the back of Sprague–Dawley rats. Fibrin glue, 
the current gold standard, was not able to close this wound due to weak adhesion 
strength. Additionally, PEG–catechol adhesive completely degraded within 28 days 
without eliciting significant inflammation. The mechanical properties of the adhe-
sive-closed wound revealed better tensile strength when compared to that of suture-
closed wounds. The sutureless wound closure may be particularly very useful for 
those wounds on which sutures are hard to be placed due to the lack of surrounding 
healthy collagenous structure and fascia supports.

15.4.3  Islet Cell Implantation

There are more than 26 million Americans with diabetes and the disease is the sev-
enth leading cause of death in the USA [106]. Despite recent advances in insu-
lin therapy, the need for strict patient adherence to frequent insulin administration 
regime has limited its therapeutic efficacy [107]. Transplantation of healthy islet 
cells to produce insulin and actively regulate blood glucose level was successfully 
established by the Edmonton protocol, which calls for intrahepatic islet delivery to 
the liver vasculature via portal vein cannulation [108]. However, long-term graft 
survival remains problematic due to instant blood-mediated inflammatory response, 
resulting in platelet and complement activation, neutrophil and monocyte infiltra-
tion, and decreased islet viability [109–111]. The performance of PEG–catechol 
adhesives in extrahepatic islet transplantation in a diabetic mice model was ex-
plored [112]. A rapid gelling and nondegradable PEG–catechol adhesive was used 
to immobilize islet cells onto adipose tissue surfaces, where the adhesive formed 
a thin, adherent hydrogel coating. From blood glucose level measurement, the pe-
riod of time needed to reach normoglycemia posttransplantation for adhesive treat-
ment was around 11 days, which was statistically the same as other transplantation 
methods (e.g., suture fixation and injected into liver vasculature following portal 
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vein exposure and cannulation). Normoglycemia was sustained for more than 112 
days posttransplantation, at which point the islet grafts were removed. The mice 
survived the explant surgery and immediately became hyperglycemic, indicating 
the islet cells being responsible for blood sugar regulation. Histological analysis 
of the explant samples showed intact, rounded islet architecture, and direct islet 
contact with recipient tissue surfaces with the PEG–catechol adhesive maintained 
intimate fixation to islets and recipient tissues and induced minimal inflammatory 
response. The use of biomimetic tissue adhesive offers the potential advantages of 
convenient, rapid, and minimally invasive islet transplantation by direct apposition 
of the islet bolus onto tissue surfaces.

15.4.4  Adhesive Hydrogel for Drug Delivery

There are numerous diseases that are associated with the endothelium that line the 
interior surface of the blood vessels, including ischemia, inflammation, edema, oxi-
dative stress, thrombosis and hemorrhage, and metabolic and oncological diseases 
[113]. However, therapeutic efficacy of drugs is limited due to the lack of affinity to 
the endothelium surface. Thus, bioadhesive drug carriers that demonstrate durable 
adherence capability to the endothelium are needed for the treatment of diseased 
vasculature. Kastrup et al. [74] explored the use of an alginate–catechol conju-
gate to formulate a drug-eluting adhesive hydrogel. Using a simplified vasculature 
model, the alginate–catechol gel demonstrated adhesive shear strength of 12 Pa, a 
shear stress that is several times higher than that generated by physiological blood 
flow. Different types of arteries were successfully coated with the adhesive, which 
included the common carotid, the bifurcation of the carotid, and the abdominal 
aorta. In a mouse model with atherosclerosis, inflamed plaques treated with steroid-
eluting adhesive hydrogels demonstrated reduced macrophage content and devel-
oped protective fibrous caps covering the plaque core. The drug-eluting adhesive 
also lowered plasma cytokine levels and biomarkers of inflammation in the plaque.

15.4.5  Achilles Tendon Repair

The Achilles tendon is ruptured more frequently than any other tendon. It accounts 
for 40–60 % of all operative tendon repairs, with 75 % of these procedures stemming 
from sports-related activities [114–116]. The number of ruptures has increased over 
the past several decades, and the rate has doubled nearly every 10 years [117–119]. 
However, primary suture repair of ruptured Achilles tendons has resulted in partial 
or complete re-ruptures in more than 5 % of patients [115, 120, 121]. The suture–
tendon junction is usually the weak link in primary tendon repairs as the strength 
between the tendon fibers is much less than that of the fibers themselves and sutures 
can tear through the tendon when force is applied [122]. Biologic meshes such as 
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bovine pericardium or porcine dermal tissues coated with catechol-containing thin 
adhesive films were investigated for their potential in augmenting primary tendon 
repair [123]. These bioadhesive constructs were wrapped around transected cadav-
eric porcine Achilles tendons repaired with a combination of parallel and three-loop 
suture patterns. Tensile mechanical testing of the augmented repairs exhibited sig-
nificantly higher stiffness (22–34 %), failure load (24–44 %), and energy to failure 
(27–63 %) when compared to control tendons with suture repair alone. Suture-only 
tendons readily formed a gap even at relatively low loads (Fig. 15.7), which po-
tentially increases the risk of re-rupture in vivo [124]. Excessive elongation at the 
repair site has been associated with a poor functional outcome after tendon repair 
[124, 125]. Bioadhesive-coated meshes provided a stiffer repair, which may be 
strongly correlated with increased failure properties of repaired tendons during the 
early phase of healing [125]. This study demonstrated that the bioadhesive-coated 
biologic mesh can be utilized to reinforce the primary suture repair and may provide 
a new treatment option for Achilles tendon repair.

15.5  Conclusion and Future Trend of DOPA–PEG-Based 
Bioadhesive Hydrogels

Many different types of sealants or adhesives have been developed for clinical ap-
plications. However, due to inadequate adhesive properties and toxicity issues as-
sociated with existing adhesive products, their wide adoption in the clinical field 

Fig. 15.7  Close-up images of the gap formation during tensile testing of sutured tendons loaded 
at 0 N (a), 50 N (b), and 100 N (c), and a sutured tendon augmented with adhesive-coated biologic 
mesh and loaded at 100 N (d). Solid arrows indicate gap formation for tendons repaired with suture 
alone. Reprinted from reference [123]. IOP Publishing
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is limited. Inspired by the unique moisture-resistant properties of mussel adhesive 
proteins, researchers have developed a series of new biomimetic adhesive materi-
als. These biomimetic adhesives have outperformed existing tissue adhesives in 
various side-by-side comparison studies in terms of adhesive performance and bio-
compatibility. While this chapter focused on the use of mussel-mimetic technology 
in designing tissue adhesives, similar analogues have been developed and applied 
as antifouling and antimicrobial coatings [126–130], drug delivery vehicles [131–
133], and cell and tissue engineering applications [66, 134, 135] as well as develop-
ment of self-healing [43, 136] and mechanically strong nanocomposite materials 
[85, 137]. Additionally, synthetic mimics of mussel adhesive proteins have found 
applications in various industries beyond biomedical fields (e.g., drinking water pu-
rification [138], controlled release of fertilizer [139], nanocomposite for tire rubbers 
[140], adhesive for battery [141] and plastics [142]).

Majority of the published works have largely focused on exploiting the chem-
istry of the DOPA side chain in designing functional materials. However, marine 
mussels rely on numerous ingenious designs found in both the adhesive plaque 
and byssus thread to resist repeated pounding by intertidal waves. Mussel byssus 
threads are composed of histidine-rich proteins [42]. The imidazole side chain of 
histidine forms reversible bonds with transitional metal ions (e.g., zinc and copper), 
which can break and reform, while minimizing permanent structural damage. This 
interaction was recently exploited to create a self-healing hydrogel [143]. The bys-
sus thread also exhibits a stiffness gradient with a modulus of 900 MPa at the distal 
end and 20 MPa near the mussel tissue [144]. Similarly, the adhesive plaque exhib-
its a gradient in pore diameters, ranging from 200 nm near the substratum to nearly 
3 μm, where the thread meets the plaque [145]. Gradation in the materials’ proper-
ties may be nature’s adaptation to prevent structural damage due to contact defor-
mation between two dissimilar materials [146]. These structural designs provide 
new insights in developing novel adhesives with enhanced interfacial properties.
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Chapter 16
Measuring Lipid Bilayer Permeability  
with Biomimetic Membranes

Kristina Runas and Noah Malmstadt

16.1  The Biological Role of Plasma Membrane 
Permeability

While there are numerous active mechanisms controlling which molecules cross a 
cell’s plasma membrane to enter the cytoplasm, these are not the only routes by which 
molecules can enter cells. In fact, transport by passive diffusion across the lipid bi-
layer of the plasma membrane represents a nearly universal mechanism of molecular 
entry. Passive transport represents a key route by which both drugs and environmen-
tal toxins can cross biological barriers. Understanding the barrier properties of the 
lipid bilayer and what molecular characteristics control its permeability is therefore 
of fundamental interest to toxicology and drug development. Methods of measuring 
and predicting this permeability have been the topics of research for decades. Today, 
sophisticated biomimetic cell membranes, coupled with advanced analytical tools 
and computer modeling, allow new insight into this important biological property.

16.1.1  Passive Transport of Drug Molecules

For an orally delivered drug to reach systemic circulation, it must first diffuse across 
the mucus gel layer, intestinal epithelial cells, the lamina propria, and finally, the 
capillary endothelium [1]. The route that orally administered drugs generally take 
from the gut into circulation involves passive diffusion through epithelial cell mem-
branes, rather than interaction with proteins or other active modes of transport [2]. 
The observation is supported, for instance, by the work of Pade and Stavchansky in 
1998, which demonstrated that measurements of passive transport in human intesti-
nal epithelial (Caco-2) cell membranes were a good predictor of the oral adsorption 
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of drug-like molecules [3]. There have been significant efforts to directly correlate 
observed oral bioavailability to the molecular characteristics of drugs. These are 
exemplified by the “Rule of Five” approach devised by Lipinski et al. in 1997 [4]. 
After evaluating chemical parameters for several thousand drugs, Lipinski et al. 
determined that molecules with low oral bioavailability tended to have molecular 
weights greater than 500, and octanol/water partition coefficient greater than five, 
more than five hydrogen bond donors, and more than five hydrogen bond acceptors 
[4]. This rule establishes a rough range of molecular weights and polarities that cor-
relates with good oral bioavailability.

There have been studies correlating other molecular properties with oral 
bioavailability. Burton et al. determined that a decrease in hydrogen bond poten-
tial, rather than lipophilicity, is the primary indicator for increased permeability [5, 
6]. In 1996, Navia and Chaturvedi argued that molecular flexibility increases  drug 
 absorption [7]. In 1997, Palm et al. demonstrated a correlation between bioavailabil-
ity and dynamic polar molecular surface area [8], a relationship that was  corroborated 
by Kelder et al. 2 years later [9]. Martin, in 2005, disputed the traditional mind-set that 
lipophilicity was the most important predictor, instead suggesting that  permeability 
was more closely related to molecular charge at biological pH [10]. In 2009, Waring 
evaluated the relationship between octanol/water distribution coefficient and perme-
ability [11]. He determined that there was a lower lipophilicity requirement, below 
which a molecule was no longer lipophilic enough to act as a viable drug candidate. 
Additionally, both the upper and lower lipophilicity values were dependent on molec-
ular weight. Perola in 2010 established that viable drug candidates must have a strong 
binding efficiency, where binding efficiency is a measure of the binding energy per 
atom of a molecule relative to its binding partner [12]. Essentially, the binding effi-
ciency is a correlation between permeability and molecular weight.

These bioavailability correlation studies give only limited insight into molecular 
mechanisms of passive transport, and the correlations themselves are imperfect. 
For instance, antibiotics, antifungals, vitamins, and cardiac glycosides are all orally 
delivered drug classes that are predicted to have low bioavailability by the Rule of 
Five [4, 13–15]. Ultimately, an understanding of molecular mechanisms of trans-
membrane passive diffusion will allow for more precise design of high-bioavail-
ability drugs. One key route to obtaining this understanding is directly observing 
permeation of drug-like molecules through cell membranes. Given the critical 
importance of efficient absorption to the efficacy of oral drugs, this makes studying 
passive transport a priority for drug development.

16.1.2  Environmental Toxins and Passive Transport

Environmental toxins are also capable of permeating the cell membrane [16]. Some 
types of heavy metals have been shown to cross the cell membrane via passive 
transport [17]. Cyclic hydrocarbons are also assumed to passively transport through 
the plasma membrane [18]. Toxins can also interact directly with molecules in the 
membrane: Electrophile toxins, for example, tend to insert themselves into the cell 
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membrane via covalent bond formation [16]. Various classes of nanomaterials have 
also been observed to cross the cell membrane via a passive mechanism. These 
 include polymer nanoparticles [19, 20], fullerenes [21], semiconductor quantum 
dots [22], and gold nanoparticles [23]. Understanding the characteristics and mech-
anisms by which toxins bypass the cell membrane can lead to a more complete 
understanding of environmental toxicity of chemicals and materials.

16.2  Advantages of Biomimetic Membranes  
for Measuring Passive Transport

Despite the multiple interfaces that drugs must cross during adsorption, a single 
layer of intestinal epithelium presents the most significant barrier to passive diffu-
sion [24]. As such, one of the most common techniques for assaying the potential 
of a drug to be absorbed is by measuring its permeability through a monolayer of 
Caco-2 cells.

Caco-2 is a colorectal adenocarcinoma-derived cell line that can be cultured such 
that the cells differentiate to resemble the epithelium of the small intestine [25]. 
First, evaluated as a transport model system in 1989 by Hildalgo et al., the Caco-2 
cells were shown to be stable in confluent monolayers up to at least 10 days af-
ter incubation [26]. In the Caco-2 permeability assay, a cell monolayer is cultured 
between a donor chamber and a receptor chamber, with the solute of interest (i.e., 
the drug candidate) added to the donor chamber [27]. Samples are removed from 
each chamber at regular intervals for analysis to develop a time course of perme-
ation. The cells are typically cultured for periods of 2–3 weeks, until they achieve 
confluence and well-developed tight junctions [25, 28]. Transport experiments are 
performed on these confluent monolayers. The final step of the assay is measuring 
the solute concentration in the receptor chamber. Methods for measuring solute 
concentration include radiolabeling [28], ultraviolet (UV) spectrophotometry [3], 
and high-performance liquid chromatography (HPLC) [1, 29, 30]. Including cell 
monolayer growth, the transport experiment itself, and analysis, the total experi-
mental duration of a Caco-2 assay can be upwards of 3 weeks.

Cell-based systems such as the Caco-2 assay have significant shortcomings 
as tools to understand mechanisms of transmembrane permeability. Caco-2 cell 
 membranes are significantly less controlled than biomimetic membranes formed 
from artificial bilayers: Permeation pathways can include active and paracellular 
transport as well as passive transport [27]. This complexity makes it difficult to 
pinpoint the exact transport mechanism for a certain solute and limits the utility of 
the  Caco-2 assay in understanding molecular mechanisms. The heterogeneity of 
Caco-2 cells leads to variation in cell shape, size, and multilayer formation [31]. 
Different culture ages can also lead to different assay results [32]. Caco-2 assays are 
also costly, that is, up to 15–20 times more expensive than cell-free assays [27]. For 
the purpose of rapid screening drug candidates, Caco-2 and other such cell assays 
are impractical, and as such, it is necessary to find a low-cost, high-throughput 
biomimetic cell membrane system to support rapid solute permeation analysis [27].
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16.3  Theoretical Considerations in Passive Transport

Theoretical constructs describing passive transport are important both in analyzing 
data and in making the ultimate mechanistic connections between molecular struc-
ture and membrane permeability. Descriptive theories of passive transport include 
transport modeling of the permeation–diffusion process, simulations of molecular 
interactions between permeating molecules and the bilayer, and analytical treat-
ments of the permeation mechanism.

16.3.1  Overton’s Rule and the Solution–Diffusion Model

Early theoretical exploration of membrane permeation was driven by the  widespread 
acceptance of Overton’s rule, which indicates that the membrane permeability 
of a drug-like molecule scales with its lipophilicity [33–35]. The permeability 
 coefficient ( P) is a constant of proportionality between the flux of a molecular 
species through the membrane and the concentration gradient of that species across 
the membrane. The key consequence of Overton’s rule is that more lipophilic mol-
ecules are better drug candidates, as they have increased oral bioavailability. One 
way of representing the lipophilicity of a molecule is through the oil/water partition 
coefficient ( K). The partition coefficient of a solute is expressed as the ratio of its 
solubility in an oil to its solubility in water [35]. The most common oil used to es-
timate solubility in lipid systems is octanol, and as such, the octanol/water partition 
coefficient is often used as a predictor of permeability. Increased octanol solubility 
corresponds to increased partitioning into the lipid phase. Typically, Overton’s rule 
is interpreted as a relationship between oil/water partition coefficient and perme-
ability coefficient.

The simplest theoretical interpretation of the observations summarized by Over-
ton’s rule is the solution–diffusion model, which treats the membrane as a homoge-
neous hydrocarbon slab [36]. A model concentration profile across a membrane is 
shown in Fig. 16.1.

The solution–diffusion model assumes all transport to be diffusive, so the molar 
flux inside the membrane can be expressed using Fick’s law [37]. Molar flux J 
through the membrane is then:

 (16.1)

where D is the diffusivity inside the membrane, cMi and cMo are the concentrations 
of the molecule inside the membrane at the interior and exterior boundaries, respec-
tively, and l is the length through the membrane.

The values of cMi and cMo depend on the concentrations of the permeating species 
in solution immediately adjacent to the membrane ( cʹMi and cʹMo in Fig. 16.1) and 
the equilibrium partitioning of the species between solution and the membrane. This 
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equilibrium is described by the partition coefficient K, the equilibrium ratio of con-
centration dissolved in solution to concentration dissolved in the membrane. This 
value is simply a function of the thermodynamics of partitioning of the permeating 
species between the aqueous solution phase and the hydrocarbon membrane phase. 
Incorporating this relationship with Eq. 16.1, we have:

 (16.2)

Finally, assuming a negligible concentration gradient in the fluid on either side of 
the membrane (an assumption that fails in many analytical cases, as described in 
Sect. 16.4.1), the flux can be expressed as:

 (16.3)

where the permeability P is defined as:

 (16.4)

Since K tends to vary on a per-species basis much more than D, and l is roughly 
constant for all plasma membranes, the partition coefficient controls and can be 
used to predict membrane permeability [36, 38–41]. This is the crux of Overton’s 
rule: Strong lipophilic partitioning leads to high permeability.

16.3.2  Molecular Dynamics Simulations: Complexity  
of Membrane Structure and Transport Pathways

Although Overton’s rule may be capable of predicting permeability of many small 
molecules, the simplification of the cell membrane into a single solid slab does not 
accurately represent the membrane’s complex structure and heterogeneity. In par-
ticular, treating the membrane as a uniform hydrocarbon ignores the charge state of 
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the lipid head groups, the presence of membrane proteins, lateral phase segregation 
in the membrane, and variations of membrane fluidity. For many molecules of vary-
ing charge state, size, or hydrogen bonding capacity, the solution–diffusion model 
may not be adequate to accurately estimate membrane permeability.

One technique for developing a more complex model of the cell membrane is 
through molecular dynamics simulations. The first molecular dynamics study to 
attempt to predict permeability was performed by Stouch et al. in 1993 [42]. In ana-
lyzing the permeation of benzene molecules through a single-component bilayer, 
the authors noticed there were two regions of transport in the bilayer. The first area 
was the head group region, characterized by tight packing and less available free 
space. The second region consisted of the tails towards the center of the bilayer, 
where there was a significant increase in free space, allowing the benzene to move 
more freely. This analysis inspired new approaches to modeling the bilayer: Instead 
of being approximated as a single uniform hydrocarbon slab, it can be divided into 
regions based on the type of transport within each region.

Building off of the work performed by Stouch et al., Marrink and Berendsen 
established in 1994 that even simple molecules such as water utilize transport 
pathways other than pure diffusion [43]. Their model, which accurately predicts 
the permeability of water as measured experimentally, relied on dividing the mem-
brane into four separate regions. Each of the four regions is characterized by a 
different method of transport. As shown in Fig. 16.2, region 1 is defined as a free 
bulk region, where the water diffuses freely. Region 2 contains the lipid head 
groups; therefore, the transport is defined by bonding between the membrane and 
the water. The model indicates that these hydrogen and electrostatic bonds persist 
beyond the hydrophilic head groups, and into the hydrophobic areas. Region 3 
is defined by tightly packed lipid tail groups with low water diffusivity. Finally, 
region 4 contains loosely spaced tail groups, allowing for decreased viscosity and 
increased water diffusivity.

Marrink and Berendsen’s work was the first to explicitly define the regions 
based on transport mode, and it became a common structural model for lipid bilay-
ers in considering transport processes. The four-region model devised by Marrink 
and Berendsen became a popular method for evaluating permeation through a lipid 
bilayer [45–50]. Other approaches increased the number of transport regions; for 
instance, Shinoda, Shinoda, and Mikami expanded the number of regions to 11 in 
2008 [51].

One thing that these molecular dynamics models have in common is the 
 introduction of transport pathways that describe the diffusion of solutes through an 
inhomogeneous medium. The idea of solute “hopping” from free volume pocket 
to free volume pocket was first introduced by Stouch and gained recognition as a 
likely possibility for transport not governed by uniform diffusion [42]. This trans-
port pathway, sometimes called the “soft polymer” or the “mobile kink” hypoth-
esis, particularly leads to deviations from Overton’s rule predictions [39, 52, 53]. 
Recently, Zocher et al. published a molecular dynamics simulation which showed 
that for some classes of solutes, cholesterol concentration can have unanticipated 
effects on membrane permeability [54]. Simulation results in general have shown 
that the process of passive diffusion is more complex than what can be described 
by a simple partition/diffusion model.
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16.3.3  Analytical Approaches and Empirical Correlations

Although molecular dynamics simulations can provide a wealth of information 
regarding the permeation of molecules across a bilayer, computational limitations 
restrict their size and complexity. In this respect, it is difficult to use a molecular 
dynamics simulation to draw general conclusions regarding solute properties and 
their relationship to permeability.

In 2008, Nagle et al. published a mathematical model of permeation through a 
bilayer [55]. In this approach, the bilayer was divided into three regions. The first 
layer was an inner hydrocarbon core, and the other two layers consisted of interfa-
cial headgroups. The purpose of this model was to relate the permeability to bilayer 
properties such as area per lipid and bilayer thickness. The authors hoped to more 
accurately estimate permeability for a given bilayer composition by incorporating 
these parameters. Overton’s rule was incorporated by relating permeability to the 
octanol/water partition coefficient.

Fig. 16.2  A snapshot of a molecular dynamics simulation of a hydrated lipid bilayer. The atoms 
are colored by element: cyan = carbon, blue = nitrogen, red = oxygen, and orange = phosphorus. 
The four transport regions are labeled according to the Marrink and Berendsen model [43]. (The 
image was published by Bemporad et al. in 2005; [44])
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Mitragotri et al. published a model in 1999 to relate the permeability to 
 cross-sectional area, radius, and molecular volume of a solute [56]. Nitsche and 
Kasting expanded on this type of model in their 2013 publication [57]. Rather than 
focus entirely on relating permeability to solute size, they attempted to predict the 
permeability of neutral molecules by accounting for solute size, surface density 
variation, cholesterol fraction of the membrane, and temperature of the system. This 
complex relationship was unique in that it combined both solute and membrane 
properties to accurately determine the permeability of the system. This model was 
shown to be accurate except in the cases of halogenated compounds, although the 
authors believe this could be remedied with a more complex relationship for the 
lipophilicity of the solute.

Ultimately, validating any of these analytical or empirical approaches requires 
precise measurements of the rate of passive transport of small molecules across 
membranes. These measurements are facilitated by the techniques described in the 
next section.

16.4  Methods for Measuring Passive Transport

Isolating and understanding the molecular processes that underlie passive transport 
require well-controlled experimental systems. Precise control of lipid bilayer struc-
ture and composition, for instance, allows for the lipid-driven processes in passive 
transport to be isolated, something that is impossible in more complex systems such 
as the Caco-2 assay described in Sect. 16.2. Synthetic bilayer models such as lipo-
somes and planar lipid bilayers were first introduced in the 1960s [58, 59]. There are 
numerous advantages to measuring transport in biomimetic lipid bilayer systems, 
such as the availability of a variety of methods for measuring the solute flux. The 
ideal experimental technique would allow for high-throughput data collection of 
highly controlled systems without artifacts.

16.4.1  The Unstirred Layer: Artifacts and Effects on Membrane 
Transport

Prior to discussing the various techniques for measuring membrane permeability, it is 
important to understand a major feature they have in common. These approaches all 
must cope with the existence of an unstirred layer (USL), or a region of static fluid close 
to the membrane in which the diffusion-driven transport of the permeant leads to a non-
uniform concentration. The USL, indicated in gray in Fig. 16.3, is defined as the region 
in which the concentration of the solute cannot be assumed equal to the bulk concentra-
tion. While it is easy to measure the bulk concentrations on either side of the membrane 
( co and ci in Fig. 16.3), it is the concentrations closest to the membrane ( c ׳Mo and c ׳Mi in 
Fig. 16.3) that determine the driving force for membrane transport. Thus, it is necessary 
to be able to model the USL in order to accurately predict membrane  permeability from 
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bulk concentration measurements. In 1984, Barry and Diamond published an exhaus-
tive description of the importance of the USL to membrane transport; this remains an 
excellent reference describing the fundamental issues involved [60].

The potential problems introduced by the USL can be understood by treating 
the entire system as a sum of resistances. If the USL is assumed to be symmetric 
on either side of the membrane, the measured permeability Pmeas can be calculated 
based on the permeability of the solute through the USL, PUSL, and the permeability 
of the membrane, P. If permeability is taken as the reciprocal of resistance, the re-
sistance through the total system can be defined as the sum of the resistances from 
the membrane and the USL [38]:

 (16.5)

If the permeability of the solute in the USL is estimated as DUSL, the diffusivity of 
the solute, divided by δ, the length of the USL, this relationship gives:

 (16.6)

As discussed by Barry and Diamond, determining P accurately becomes difficult if 
the USL is large [60]. In this case, the transport through the system is dominated by 
diffusion through the USL, rather than permeation across the membrane.

Characterizing the USL has been the focus of many research efforts. One method 
of determining USL size is by directly measuring solute depletion next to a mem-
brane [61–63]. The most common technique for direct measurements in the USL is 
placement of microelectrodes adjacent to a planar membrane. Traditionally, it was 
assumed that the thickness of the USL was independent of the diffusivity of the sol-
ute [64–70]. However, extensive models of the USL have indicated that thickness 
should depend on the solute diffusivity [71, 72]. Microelectrode-based work by 
Pohl, Saparov, and Antonenko in 1998 confirmed that increasing solute diffusivity 
increased the thickness of the USL [73].
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This is an important result because the thickness of the USL determines how much 
the USL alters measured permeability (see Eq. 16.6). Correcting for the presence 
of the USL depends on knowledge of the USL thickness, which in turn depends 
sensitively on the precise geometry and execution of the experimental method. The 
simplest example of this dependence is the effect of solution agitation on the size of 
the USL. Dainty and House quantified the stirring effect by measuring ion transport 
across a membrane of isolated frog skin cells [62]. Simply by increasing the stirring 
rate from 120 to 500 revolutions per minute, the USL thickness could be decreased 
by 230–100 μm. USL thickness also depends on aqueous phase viscosity [74–76]. 
Interestingly, the geometry of the membrane does not appear to have a significant im-
pact on USL thickness. Poznansky et al. discussed the variations in USL size between 
planar and spherical geometries, and they found an insignificant difference [77].

Keeping in mind that all systems for measuring membrane permeability must 
take USL effects into account, we now survey some of the widely applied ap-
proaches.

16.4.2  Parallel Artificial Membrane Permeability Assay

The current dominant technique for high-throughput screening of drug permeability 
is the parallel artificial membrane permeability assay (PAMPA). PAMPA experi-
ments use porous filter membranes impregnated with organic phospholipid solutions 
as mimics of the plasma membrane [78]. PAMPA has numerous advantages relative 
to Caco-2 assays, including lower cost, simpler implementation, and allowance for a 
larger pH range to better mimic the gastrointestinal tract [78, 79].

The PAMPA method was first described by Kansy et al. in 1998 [80]. The tech-
nique is based on multi-well microtiter plates with filter inserts (e.g., Corning Tran-
swell® membrane filters). A schematic of the assay is shown in Fig. 16.4. The filters 
are impregnated with a lipid solution in an organic solvent; the lipid composition 
can be varied to simulate membranes of various tissues. The wells are filled with an 
aqueous buffer solution (the acceptor solution) and the filters are inserted. The solute 
of interest (in the donor solution) is added to the top chambers of the filter wells, and 
transport rates are determined by observing the change in concentration of the solute 
of interest in the acceptor solution [80]. PAMPA readout is by simultaneous UV mea-
surements of the 96-well plate, allowing for high-throughput drug screening [80].

PAMPA is of comparable accuracy to Caco-2 assays, providing a much better 
assessment of drug viability than Overton’s rule [79]. The two types of assays oc-
casionally return contradictory results, however. For basic and cyclic peptide drugs, 
PAMPA consistently produces higher membrane permeability than Caco-2 [27]. 
Transport of these molecules is hindered by secretory mechanisms only present in 
Caco-2 cells [81]. Of course, PAMPA tends to produce lower than Caco-2 perme-
ability for solutes that cross the plasma membrane through active transport channels 
[27]. This class of solutes includes zwitterionic peptides and peptide amides [81]. 
PAMPA also gives more accurate (in terms of fractional human absorption) results 
for situations of low/neutral pH [82].
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PAMPA studies have been broadly applied to understand fundamental mecha-
nisms of passive transport in two categories: The first category involves estab-
lishing what types of solutes are more permeable than others based on properties 
such as size and structure, and the second category evaluates the permeability of 
different types of bilayers. In the first category, PAMPA was used to determine 
the permeability of cyclic peptides, showing that that ability for a peptide to form 
hydrogen bonds increases its permeability [81, 83]. Studies within the second cat-
egory determined that highly permeable or non-neutral solutes are more sensitive to 
membrane fluidity and the ion pair effects caused by interaction with charged lipid 
head groups, while less permeable solutes were less sensitive to these membrane 
effects [84].

While the PAMPA assay is capable of producing high-throughput results [85], 
and while there is certainly a relationship between permeability in a PAMPA assay 
and cell membrane permeability, the filter system used in PAMPA is far from a 
perfect model of a plasma membrane lipid bilayer. For example, it is not clear that 
impregnation of filters with lipid solution leads to the reliable formation of bilayers 
in the filter pores. Although there is some evidence that bilayer formation occurs 
in similar systems [86], little characterization has been done to verify the presence, 
frequency, and stability of any pore-occupying bilayers in PAMPA systems. The 
formation of a bilayer in every pore in the filter membrane is not guaranteed; some 
might be empty and others might be clogged with lipid or solvent.

The necessary usage of solvent is another concern with the PAMPA technique. 
Large quantities of organic solvent present in the filter pores mean that in some 
cases, PAMPA results may depend on the interaction between the solute and this 
solvent. It has in fact been shown that the use of different solvents in PAMPA yields 
different permeability results for the same solute [82]. The combination of unknown 

Fig. 16.4  A schematic of the PAMPA assay. Insert: a single well with the donor chamber, mem-
brane, and acceptor chamber indicated. Lipid bilayers are formed by impregnating a porous filter 
with a lipid solution. Transport of a solute is measured across the membrane from the donor well 
to the acceptor well. Inset shows an expanded view of a single well, with the donor well, porous 
filter membrane, and acceptor well labeled
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lipid structure and residual solvents can lead to false predictions of permeability 
values for common drugs using PAMPA techniques [87]. To accurately measure 
drug permeability through true lipid bilayers, it is necessary to use a biomimetic 
model system that can predictably, controllably, and reliably reproduce the bilayer 
structure.

16.4.3  Planar Lipid Membranes

Mueller et al. published the first technique for forming optically black lipid mem-
branes in 1962 [58]. In this method, lipids dissolved in a hydrophobic solvent are 
brushed into an aperture positioned between two chambers. After the solvent has 
dried, the chambers are filled with an aqueous solution, and the aperture is painted 
with a lipid solution for a second time. This causes a bilayer to spontaneously form 
over the aperture. Walter and Gutknecht performed extensive experiments of transport 
across planar lipid bilayers in the 1980s [39]. Their experimental apparatus placed the 
bilayer between two chambers, a donor and a receptor chamber [88]. Both chambers 
were stirred magnetically to mix the solutions and minimize USL effects [88]. Their 
most comprehensive study was published in 1986, in which transport of 22 nonelec-
trolyte solutes was measured [39]. Most of the solutes were tagged with a radioactive 
tracer and assayed radiochemically with a liquid scintillation counter. For solutes that 
were not available in a radiolabeled form, transport was measured using various ana-
lytical chemical reactions. While the majority of the measured permeabilities agreed 
with the predictions based on Overton’s rule, solutes with molecular weight less than 
50 Da were measured as permeating 2–15 times faster than predicted.

To measure the permeation of species with a charged form (e.g., weak acids), 
microelectrodes can be used for detection. This method involves positioning mi-
croelectrodes at varying positions near the membrane to accurately measure the pH 
or ion concentration profile through the USL [89, 90]. First introduced by Ohki in 
1980, the technique was originally used to measure the effect of membrane charge 
state on permeability [91]. Further work in the early 1980s involved characterizing 
the permeation of sodium ions via a carrier molecule across a planar membrane 
with either varying concentration or pH [92]. Walter and Gutknecht adapted their 
planar membrane technique to utilize microelectrodes to measure proton transport 
across membranes [88, 93–95]. Significant work was performed by Antonenko and 
Yaguzhinski in 1982 and 1984 to characterize the microelectrode method [96, 97], 
and this method was exploited extensively by Pohl and coworkers.

Initially, the Pohl group used this microelectrode procedure primarily to evalu-
ate weak acid transport across lipid bilayers [68, 69, 98]. A diagram of a sample 
experimental setup is shown in Fig. 16.5a. After determining the effects of the buf-
fers on the pH gradient, and subsequently acid transport rate across the membrane, 
the technique was then expanded to nonacid solute transport. Solutes such as water 
and ammonia were studied using the microelectrode method [70, 99]. Ammonia 
transport was measured using both ammonium ion-sensitive microelectrodes and 
pH-sensitive microelectrodes. The proton-sensitive microelectrodes demonstrated 
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the importance of the USL—within it, there are proton transfer reactions between 
ammonia and ammonium ions. Variations in the proton concentration alter the am-
monia permeation curve from the predictions made by Overton’s rule [70]. Water 
transport has also been measured indirectly through solute concentration changes 
on either side of the membrane. Transmembrane water flux corresponds to changes 
in solute concentration on either side of the membrane [99]. A representative data 
set, where water permeability was measured through variations in sodium ion con-
centration on either side of the membrane, is shown in Fig. 16.5b [99].

Microelectrode-based approaches to membrane permeability measurements 
typically operate at steady state; in other words, the donor side of the membrane 
is treated as an infinite source of solute at fixed concentration and the receptor is 
treated as an infinite sink. Upon the establishment of constant-flux conditions, the 
system will take on a steady-state concentration profile that can be characterized by 
the microelectrode. Steady-state transport equations are then used to quantify the 
flux across and permeability of the membrane. A variation on this approach used 
a microelectrode to generate permeating protonated acid species and confocal mi-
croscopy to characterize the resulting pH gradient generated by these acids crossing 
the membrane [100]. It is not clear, however, that this system can achieve steady 
state in a reasonable experimental duration [101, 102].

Fig. 16.5  Example of a a microelectrode experiment used to measure water transport across a 
bilayer and b resulting measurements of sodium ion concentration. a An osmotic gradient was 
induced across the bilayer by the addition of urea to the cis side. This gradient caused an increase 
of sodium ions within the trans compartment. As the ion concentration can be related to the 
transmembrane water flux, a sodium-sensitive microelectrode was used to determine the spatial 
concentration profile. The microelectrode is positioned at various distances from the membrane 
using the microdrive. Note that this diagram shows an asymmetric membrane, but the experiment 
apparatus is viable for symmetric bilayers as well. b Results from the apparatus shown for sodium 
ion concentration as a function of microelectrode position. This concentration was then used to 
determine water flux across the membrane due to the osmotic gradient. The four profiles represent 
four different gradient strengths, where an increase in osmotic gradient increases the sodium ion 
concentration gradient. This variation in concentration profile with respect to distance corresponds 
to the USL in the system. ME microelectrode. (Figure adapted from Krylov et al.; [99])
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Several recent approaches have focused on arraying planar bilayers. Patterned 
arrays of planar-supported lipid bilayers were originally developed by Boxer and 
coworkers in the late 1990s and early 2000s [103–105]. In 2010, Brozell et al. 
used supported lipid bilayers arrayed on colloidal crystals [106]. These crystals are 
formed spontaneously on substrates by evaporative self-assembly of colloids such 
as silica microspheres. A pH-sensitive dye was used to characterize proton transport 
across the crystal-supported bilayers. This technique allows for the collection of 
transient data on a large number of bilayers simultaneously.

Arrays of droplet bilayer membranes have also been used to build potentially 
high-throughput permeability measurement systems. Droplet bilayers are formed 
when two aqueous droplets submerged in an organic lipid solution are brought into 
contact. Lipid monolayers assemble on the droplet surfaces, and a bilayer forms 
when two monolayers touch [107]. Droplet bilayers can be formed by contacting 
droplets in microfluidic devices [108]. In 2013, Nisisako et al. utilized this method 
to perform a permeation study on a one-dimensional array of droplet interface bilay-
ers [109]. For the purpose of this study, the donor droplet contained the molecule 
of interest, and the acceptor droplet contained only buffer. Transport was observed 
either by fluorescent microscopy or by UV microspectroscopy, allowing for mea-
surements on unlabeled species (e.g., caffeine). Transient data were collected for 
permeation processes with halftimes as short as 5 min.

16.4.4  Vesicles

Vesicular bilayers represent another common biomimetic membrane system. 
Nanoscale liposomes in aqueous suspension serve as membrane-delineated 
 compartments into or out of which a species of interest will passively diffuse [110]. 
Measuring permeation can be accomplished, for instance, by nuclear magnetic reso-
nance (NMR) spectroscopy. Xiang and Anderson measured monocarboxylic acid 
transport by observing line broadening in NMR spectra [111]. An impermeable 
paramagnetic ion is added to the solution outside the vesicles to alter the spectral 
signal of the permeant species when it is on the outside of liposomes. NMR spectra 
in this system can be analyzed to derive the characteristic exchange time of a per-
meant species between vesicle interior and exterior [112]. This technique is limited 
to permeation processes in which the characteristic lifetime of a species inside the 
liposome is between 0.001 and 10 s [112]. NMR approaches operate at equilibrium, 
such that there should be no net concentration gradient of permeant and no USL. 
Data analysis is complex, however.

For relatively slow permeation processes, a permeant can be entrapped in li-
posomes and its changing concentration in the liposome exterior can be directly 
measured as a function of time. Xiang and Anderson accomplished this by preparing 
liposomes in the presence of permeant species and running them over a gel filtration 
column to obtain, in the void fraction, a sample consisting of permeant-containing 
liposomes with little or no permeant in the exterior [113, 114]. Permeation was 
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measured as a function of time by ultrafiltering samples to remove liposomes and 
measuring the increasing concentration of the permeant in the filter flow-through. 
This worked well for processes with halftimes on the order of tens of minutes to 
hours, for which the USL would be expected to be a relatively minor artifact.

An isotopic mass spectrometry approach has been used by Endeward and Gros 
to measure gas transport across red blood cell [115–117] and epithelial cell mem-
branes [118]. Carbonic anhydrase is used to exchange 18O between water and car-
bon dioxide on one side of the membrane. Gases evolved from the experimental 
apparatus are constantly sampled, and the ratio of 18O-containing to 18O-free carbon 
dioxide is continuously measured by mass spectrometry. The rate of change of this 
ratio is then connected to membrane permeability using a theoretical apparatus that 
takes into account membrane transport of biocarbonate ions, water, and carbon di-
oxide as well as the activity of carbonic anhydrase [115]. This system has recently 
been applied to measure carbon dioxide transport across fully synthetic liposome 
membranes [119].

Transient measurements in vesicles represent some of the key data describing 
transport of protons across lipid bilayers. In 1980, Deamer and Nichols developed 
an acid–base pulse titration method that could measure the kinetic process of pro-
ton transport across liposome membranes [120]. Drops of either acid or base were 
titrated into a stirred liposome suspension, and the pH change of the surrounding 
solution was measured with a standard pH electrode. After the initial pH spike, 
a transient decay in pH—corresponding to proton transport across the liposomal 
membrane—could be observed. A key aspect of this work was the characterization 
of the diffusion potential that retards proton transport at excessively high pH gradi-
ents [121]. This work eventually led to an expanded model of the proton transport 
mechanism across bilayers [122].

Stopped-flow techniques can also be used to measure solute transport into or 
out of liposomes. These techniques involve adding liquids to a mixing chamber via 
multiple injection syringes. The influx of liquid forces the old contents of the cell 
into a stop syringe. When the cell volume has been completely replaced with new 
reagents, the stop syringe will engage a trigger switch to stop the flow and begin 
acquisition. The time from initial insertion of liquid to stopping the flow is consid-
ered the “dead time” of the setup and is dependent on the design of the apparatus. 
This dead time represents the time the two inlet liquids have been in contact before 
observation [123].

Water transport across bilayers can be measured by stopped flow using an osmotic 
gradient across liposomes; as liposomes shrink or swell in response to osmotically 
driven transport of water, their scattering properties will change [123–125]. Ye and 
Verkman used stopped-flow experiments to measure the permeation of water into 
liposomes in 1989 [126]. Water permeation was again measured via stopped flow in 
2000 by Dordas and Brown, and Mathai et al. in 2001 [127, 128]. USLs are a signifi-
cant concern with stopped-flow techniques [129]. Some studies suggest that the USL 
in stopped-flow transport experiments can be up to 5.5 μm thick (many times larger 
than the liposomes themselves) [123].

16 Measuring Lipid Bilayer Permeability with Biomimetic Membranes
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Surface plasmon resonance (SPR) techniques have been used to measure the 
temporal variations in the refractive index inside a liposome during a permeation 
process [130]. In 2010, Brändén et al. used SPR to measure transport of alcohols 
through protein channels in liposomes [131]. For these experiments, liposomes 
suspended in and containing the molecule of interest were immobilized on the 
surface of an SPR sensor in a microfluidic channel. The exterior concentration 
was forced to zero using a rapid buffer exchange. The refractive index of the lipo-
some interior was then measured with respect to time to analyze the concentration 
change. This is a promising label-free technique, but it cannot directly account for 
the USL.

Recent advances in imaging techniques allow for spatially resolved transient 
measurements of the transport process in through the membranes of giant unila-
mellar lipid vesicles (GUVs). In 2010, Li et al. published a method to measure the 
transport of fluorescently labeled short-chain poly(ethylene glycol) molecules into 
GUVs with spinning disc confocal microscopy [132]. Vesicles were dropped into a 
chamber containing a set concentration of the poly(ethylene glycol) species. Once 
the vesicles had settled to the bottom of the chamber, change in interior concentra-
tion could be tracked as a function of time using confocal fluorescence.

A similar imaging technique was employed by Heider et al. in 2011 to mea-
sure the transport of N-methylbutylamine (NMBA) into vesicles encapsulating a 
 pH-sensitive dye (5,6-carboxy SNARF-1-dextran) [133]. Vesicles containing the 
dye were immobilized on a glass coverslip, and a buffer exchange was performed 
with a pipette to remove residual background fluorescence contributions from 
unencapsulated dye molecules. NMBA was then added to the chamber. A single 
vesicle was then imaged using epi-illumination spectral fluorescence microscopy 
for several minutes to visualize the transport process.

Other advanced microscopy techniques have been used to observe passive trans-
membrane transport. In 2011, Budzinski et al. used total internal reflection fluores-
cence (TIRF) microscopy to measure proton transport out of 30–160 nm diameter 
vesicles containing a pH-sensitive dye (SynaptopHluorin) [134]. Note that these 
vesicles are smaller than the optical diffraction limit: A low density of vesicles on 
the substrate combined with the low background fluorescence facilitated by TIRF 
allows for single-vesicle measurements to be made. One concern with this method 
as well as that presented by Heider et al. [133] is the issue of mixing time. Unlike 
the work performed by Li et al. [132], the background concentration within the 
microwell is not constant with respect to time. Thus, the calculation of permeability 
within this setup is a twofold process of mixing followed by permeation. To accu-
rately measure the membrane permeability, it is necessary to measure a process with 
a time constant significantly larger than the mixing time.

Vesicle imaging can also be combined with rapid microfluidic buffer exchange, 
as demonstrated by Li et al. in 2011 [135]. To measure permeation of weak acid 
species, GUVs containing a pH-sensitive fluorophore were immobilized in a mi-
crofluidic channel. A buffer containing the solute of interest was then flowed past 
a single GUV, while the spatial distribution of fluorescence inside and surround-
ing the GUV was recorded. This technique allows for the direct observation of the 
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change in both vesicle interior and exterior concentrations as functions of time, 
allowing for transport from the bulk and into the vesicle interior to be directly mod-
eled. Representative images of changing vesicle internal fluorescence in response 
to buffer exchange are shown in Fig. 16.6.

Microfluidic buffer exchange was also utilized by Kuhn et al. in 2011 to 
measure permeation through liposome membranes [136]. As shown in Fig. 16.7, 
liposomes were immobilized in a stripe pattern using the biotin–avidin interac-
tion, and  buffer exchange was performed to measure the transport of tetracyclines. 

Fig. 16.7  The microfluidic device designed by Eyer et al. [137]. The channel has two inlets and a 
single outlet. Both the drug and the buffer streams were flowing simultaneously. Varying the indi-
vidual flow rates, while maintaining a constant total flow rate, allowed for a fast buffer exchange. 
The bottom of the device was patterned in stripes of avidin, allowing vesicles to bond with only 
selective areas of the channel. The device pattern allows for the imaging of fluorescence changes 
in specific regions containing liposomes, and unspecific background regions. Figure reproduced 
from by Eyer et al. [137] 

 

Fig. 16.6  A sample set of spinning disk confocal microscopy images. The encapsulated fluores-
cein dextran varies in intensity with the pH of the liquid and allows for a calculation of concentra-
tion of acid species with respect to time. The two times series show acetic acid transport a into and 
b out of the vesicle. (Figure reproduced from Li et al.; [135])
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The purpose of the stripe pattern was to observe the fluorescence changes in two 
areas: the  “specific” sites containing liposomes and the “nonspecific” background 
areas. By encapsulating europium inside the vesicles, it was possible to visualize 
the transport process. Once tetracycline permeated across the membrane, it bound 
to the europium inside of the liposomes forming a fluorescent complex. Transport 
was imaged with TIRF microscopy. In this apparatus, it took about 45 s for the 
buffer exchange to occur, limiting observable transport halflives to the range of 
minutes.

Continuing this microfluidic device work, Eyer et al. evaluated the permeation 
of several weak bases in 2013 [137]. Vesicles were immobilized in the same devices 
used by Kuhn et al. in 2011 [136]. This application reduced the buffer exchange 
time for the system to 800 ms.

Buffer exchange issues are minimized in device designs capable of rapid switch-
ing between buffers. Ohlsson et al. designed a microfluidic platform capable of 
trapping over a 100 liposomes and performing buffer exchange in less than 10 ms 
[138]. This rapid switching was performed by using a vacuum to rapidly move the 
laminar interface between two buffers. Liposomes encapsulating a pH-sensitive 
dye were immobilized in the channel. Transport of acetic acid was measured using 
epifluorescence and TIRF microscopy. A similar technique was used by Kuyper 
et al. in 2006 to measure proton permeation into single vesicles in a microfluidic 
platform, although the design of their device did not allow for such fast buffer 
exchange [139]. This technique utilized new advances in camera technology to 
visualize individual fluorescently labeled liposomes at a high frame rate. A sig-
nificant advantage of this technique is the ability to measure multiple liposomes 
simultaneously.

One significant advantage of microfluidic approaches is that vesicles can be 
analyzed in an array, allowing for high-throughput permeability measurements. 
In 2013, Robinson et al. published a novel method for mechanically trapping 
vesicles in an array configuration [140]. GUVs were trapped using a series of 
posts, then individually isolated from the other compartments by lowering a cir-
cular valve around the vesicle. This technique was used to measure the transport 
of calcein through pores formed by the introduction of α-hemolysin. The interior 
fluorescence of the vesicles with respect to time was evaluated using confocal 
microscopy.

A majority of vesicle-based measurements are transient. While the collection 
of time data is advantageous, many of these techniques do not allow for the reso-
lution of the USL. Steady-state measurements tend to be better at evaluating the 
USL, at the sacrifice of transient data. Ultimately, those techniques most capable 
of collecting transient data and minimizing artifacts such as the USL have typically 
been incapable of performing the high-throughput experimentation necessary for 
evaluating numerous compounds in a short period of time. Future efforts must be 
focused on obtaining spatially and temporally resolved data in a high-throughput, 
potentially array-based, format.
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16.5  Advantages and Disadvantages of Various Transport 
Measurement Techniques

Selecting a method for measuring passive transport across a biomimetic bilayer is 
a matter of balancing the characteristics of the various techniques described above. 
While an approach that can directly resolve the USL is of obvious benefit; such 
approaches are generally limited in terms of the types of permeant species they 
can analyze (e.g., fluorophores or charged species). Methods that are amenable to 
general chemical species as permeants are inherently more prone to USL artifacts 
and thus are less accurate. Despite their biological relevance, fast permeating spe-
cies are a difficult class of solutes, as many techniques are not capable of resolving 
relatively fast transport processes. High-throughput approaches, which are neces-
sary for realistically scaled drug discovery efforts, generally suffer from both USL 
artifacts and a lack of a realistic biomimetic membrane.

16.5.1  Techniques Capable of Resolving the USL

As discussed in Sect. 16.4.1, the USL represents a fundamental challenge in ob-
taining accurate measurements of transport across a biomembrane. The size of 
the USL is linked to uncertainty in the measurement of membrane permeability 
[60]. As the size of the USL has been shown to vary with stirring [29, 30, 62], ap-
plication of ultrasound [68], and solute diffusivity [73], direct measurement of the 
USL size is important for understanding the spatial changes during the transport 
process.

The key technology that has allowed for direct measurement of concentration 
gradients in the USL is microelectrode detection in a planar membrane chamber. 
Of course, microelectrode-based techniques are limited to detecting species with 
an electronic signature. These include acids and bases, which can cross bilayers in 
their uncharged state [68]. Similarly, proton transport can be simply observed [88], 
as can transport of ions through ion channels [92]. Ammonium-sensitive electrodes 
have been used to quantify ammonia transport [69], and water transport has been 
analyzed via a solute dilution effect [98]. In addition to requiring a permeant spe-
cies that can be detected by electrodes, these approaches also generally operate 
in a steady state which, while simplifying data analysis, does require a number of 
assumptions [101].

Recent developments in imaging techniques have lead to the publication of 
methods capable of microscopy-based resolution of the USL [100, 132, 135]. These 
have been developed to operate in both steady-state [100] and transient modes 
[132, 135]. These techniques have so far been confined to fluorescence microscopy 
however, and they are limited to either fluorescent analytes or analytes that alter the 
fluorescence of a reporter molecule.

16 Measuring Lipid Bilayer Permeability with Biomimetic Membranes
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16.5.2  Techniques for Measuring Transport of Uncharged, 
Nonfluorescent Species

For species that are not detectable via microelectrodes or fluorescence microscopy, 
there are a large number of options available for measuring transport properties. 
While these approaches cannot directly resolve the USL, knowledge about the 
nature of the USL obtained from other systems can be used to predict transport 
behavior and correct for expected artifacts. In general, a method that relies on 
standard analytical chemistry techniques to detect the concentration of a general 
permeant species as it crosses the bilayer will be slow; such approaches are there-
fore often incapable of capturing fast transport processes.

An exception to this general rule is the stopped-flow approach, which relies 
on an optical signal coupled to transport across the bilayer. It has been used most 
often to detect water transport as a result of applied osmotic pressure. In this 
case, transport can be observed as liposomes grow or shrink and their scattering 
characteristics change. The stopped-flow approach is limited to species whose 
transport can be linked to an optical signal, and it makes no attempt to explicitly 
characterize the USL [129]. Similarly, recent work has been done to analyze per-
meability using SPR [131]. This technique measures the variations of refractive 
index of liposome contents with respect to time and does not require a fluorescent 
molecule to do so.

The most generalizable approaches involve transport across a planar lipid bilayer 
with sampling to determine concentration change with time. Radiolabels or arbi-
trary analytical chemistry approaches can be used to quantify concentration [39]. 
Stirring can be used to minimize (though never to eliminate) USL effects, which 
will begin to dominate as the speed of the transport process increases. Increasing 
permeability (i.e., faster transport across the membrane) will also place limits on 
the ability to accurately collect samples. A similar approach can be applied to ve-
sicular systems, in which the solution exterior to the vesicles can be independently 
sampled by filtering the vesicles out [141]. Again, the accuracy of this technique 
is limited by sampling frequency, and it is best applied to relatively slow transport 
processes.

16.5.3  Considerations when Measuring Diffusion-Limited 
Transport

The definition of a “fast transport process” is complicated, as it cannot always be 
separated from the measurement technique or the bilayer classification. The fun-
damental limits of a fast transport process can be categorized as either (1) a pro-
cess that violates an assumption of steady state, (2) a process in which transport 
is dominated by the USL, or (3) a process in which permeation is faster than the 
instrumentation can accurately resolve. For a transient experiment, this limitation 
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can be caused by four categories of issues: limitations due to sampling, limitations 
due to monitoring resolution, limitations due to reservoir size, and limitations due 
to mixing times.

First, fast transport process can violate the assumption of steady state. This tends 
to happen in situations where permeation is significantly faster than diffusion. This 
ratio leads to a large USL on either side of the membrane. As discussed by Missner 
et al. and reproduced in Eq. 16.7, the time to steady state is related to the size of the 
USL [101]:

 (16.7)

As the size of the USL increases with fast transport, the time to reach steady state 
becomes larger as well, making experiments impractical. Fast flux across the mem-
brane also makes it impossible to treat the reservoirs on either side as a perfect 
source/sink pair, violating steady-state assumptions.

A dominant USL is also a problem for transient techniques. As described in detail 
in Sect. 16.4.1, the larger the USL, the larger the experimental artifacts. Figure 16.8 
shows how the character and size of the USL change with rate of permeation. In the 
fast permeating regime (Fig. 16.8b), the USL cannot be neglected.

Of the four types of experimental concerns regarding a transient data set, the first 
is sampling rate. Many techniques require removal of discrete quantities of solution 
for analysis during the permeation process. This sample removal rate must be sig-
nificantly faster than permeation.

One example of a transient technique limited by sampling is PAMPA. The collec-
tion of data with this assay is limited by the frequency of samples collected, usually 
using automated robotic sample handling for UV analysis [80]. Measurements can 
typically only be collected on the order of minutes. This sampling rate means that 
PAMPA is better suited to compounds that permeate on the order of hours. Xiang 
and Anderson had a similar concern with sampling rate when they examined perme-
ation out of liposomes purified by gel filtration and ultracentrifugation [113, 114]. 
The process of extracting samples using ultrafiltration was time-consuming enough 
that the measured processes must have halftimes of tens of minutes to hours.

For many transient techniques, it is in principle possible to continuously eval-
uate the concentration profile, but there are limitations on the time resolution of 
monitoring. Some examples of techniques in this group include either fluorescent 
microscopy-based analysis or stopped-flow techniques. Microscopy-based analysis 
techniques are limited by the frame rate of the camera [100, 132, 135]. Images col-
lected with spinning disk confocal microscopy are restricted by the speed of pinhole 
rotation, and images captured by laser scanning confocal microscopy are limited 
by scan rate [142]. Stopped-flow experiments are restricted by the sampling rate of 
the spectrophotometer used to examine the scattering properties during transport 
[123]. If transport is too fast, the monitoring resolution will be insufficient to collect 
enough data for analysis.
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Fig. 16.8  A diffusion/permeation-based finite difference simulation of a spatial concentration pro-
file for a a case where diffusivity is much larger than permeability and b a case where diffusivity 
is much smaller than permeability. Each line represents a single time step towards equilibrium. 
The zero point of the x-axis is the center of a vesicle, with the membrane positioned at 25 µm. The 
right-hand side of the x-axis represents bulk fluid

 



523

Some transient experiments are limited by reservoir size. The simplest example 
of this concerns permeation-limited transport into a vesicle. If we are assuming 
 constant outside concentration co with time-varying but space-invariant concentra-
tion ci inside, we can show that:

 (16.8)

where d is the vesicle diameter. The transport rate constant, therefore, increases 
with decreasing vesicle diameter. For faster permeating species, it may be neces-
sary to measure permeation into larger reservoirs to allow for slower time to equi-
librium. One application of this concept was demonstrated by Nisisako et al. [109]. 
As described above, this technique involves measuring the permeability of droplet 
interface bilayers formed in a microfluidic device. By varying the buffer flow rates, 
it is possible to change the droplet size. A smaller acceptor droplet allows the con-
centration to change more rapidly and decrease the transport time. Conversely, for a 
fast transport process, the size of the acceptor droplet can be increased to lengthen 
the measurement time.

The final issue with some transient experiments is instrument dead time, 
 mixing time, or buffer exchange time. This generic “dead time” can be defined 
as a period during which data either cannot be accurately collected, or cannot be 
collected at all.

Stopped-flow techniques suffer from a dead time, while the liquid is being 
pumped into the mixing chamber, during which data are not collected. The dead 
time is usually estimated to be on the order of 1–10 ms, although this varies based 
on the device [123, 143]. As such, the permeation process must have a halftime 
at least double the dead time to accurately measure the permeability. Similarly, 
microfluidic devices, which have been gaining momentum over the past decade, 
are restricted by the dead time due to buffer exchange. The possibilities for buffer 
exchange times are restricted by the geometry of the device and the buffer flow 
rates.

16.5.4  Techniques Capable of High-Throughput Analysis

All of the techniques described above can be performed using synthetic bilayers 
with well-controlled structure and composition. Techniques for fabricating mem-
branes with largely arbitrary composition are well developed in both planar bilayer 
and vesicular geometries. For transport experiments, planar bilayers have been 
demonstrated with single-component [39] and multicomponent lipid systems [69]. 
Planar bilayers can also be fabricated as compositionally asymmetric membranes 
to better match the configuration of the eukaryotic plasma membrane [99]. Vesicle 
fabrication techniques are similarly flexible. While asymmetry is more of a chal-
lenge in vesicles, recent work in generating asymmetric GUVs is promising [144, 
145]. GUVs are also promising membrane formats for incorporating cytoskeletal 
structure and membrane proteins [146, 147].
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This advantage—being able to construct a biomimetic membrane with true 
 bilayer structure and controlled composition—is the major disadvantage present-
ed by the one true high-throughput approach for permeation studies: the PAMPA 
assay.

Of all the experimental methods discussed in this review, only PAMPA has the 
high-throughput capabilities necessary for mass screening of drug candidates. For 
another experimental method to replace this assay for drug development, it is neces-
sary that it be capable of such high-throughput analysis.

Some microfluidic platforms have the potential of becoming high-throughput 
techniques in the future by facilitating experiments on arrays of vesicles. Ohlsson 
et al. measured transport into a 100 liposomes simultaneously using a microfluidic 
chip [138], and Robinson et al. designed a device to capture and isolate 60 GUVs 
in an array configuration [140]. Patterns of binding surfaces on a coverslip can 
 immobilize multiple vesicles for simultaneous measurement [135–137]. Although 
it has been suggested that droplet interface bilayers can be formed and analyzed in 
parallel microfluidic devices, this has yet to be accomplished [109].

16.5.5  The Future of Permeation Studies

The ideal transport measurement technique would be capable of forming 
 consistent bilayers of both symmetric and asymmetric compositions and analyzing 
 high-throughput data without suffering from USL artifacts.

Mimicking the lipid composition of biological plasma membranes requires re-
capitulating the compositional asymmetry of these membranes. Eukaryotic plasma 
membranes are concentrated in cholesterol and sphingolipids in the outer leaflet and 
in negatively charged lipids in the inner leaflet. Microelectrode systems have been 
used to measure transport across asymmetric planar bilayers [99]. The asymmetric 
bilayer measurement was then compared to two symmetric bilayers: one for the 
inner and another for the outer leaflet of the asymmetric system. Results indicate 
that the asymmetric system is two times more permeable than the outer leaflet alone 
and ten times less permeable than the inner leaflet alone. Much like Eq. 16.6, where 
measured permeability is calculated as the sum of resistances from the two USL 
and the membrane, this work demonstrated that an asymmetric bilayer permeability 
can be estimated as the sum of resistances from the two leaflets. Recent innovations 
in lipid bilayer fabrication have facilitated asymmetric bilayers in droplet interface 
[107] and GUV [144, 145, 148] formats. These innovations create opportunities 
for transport studies on asymmetric bilayers using a wide range of the technologies 
described above.

Given the increased use of light microscopy in transport studies, innovations in 
imaging technology will also have an impact on the field. Confocal microscopy has 
already been used to observe concentration gradients at scales capable of resolv-
ing the USL [100, 132, 135]. Improved resolution in all dimensions facilitated by 
techniques such as multiphoton [149], structured illumination [150], or super reso-
lution [151] microscopy will make this possible in a wide range of experimental 
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formats. Emerging techniques in optical microspectroscopy have the potential to 
make imaging-based transport experiments possible for species without fluorescent 
labels. In addition to UV microspectroscopy [109], confocal Raman microscopy is 
a potentially powerful technique that eliminates any reliance on fluorescent labels 
[133, 152]. New camera technology is also improving microscopy techniques. The 
frame rate of some scientific complementary metal–oxide–semiconductor (CMOS) 
cameras is fast enough to measure with 100 frames per second, facilitating the ob-
servation of fast transport events.

Other label-free detection technologies can also play a role in measuring mo-
lecular transport across lipid bilayers. SPR of lipid vesicles has already been dem-
onstrated in such an application [130, 131]. Other emerging label-free molecular 
detection technologies, such as optical microresonators [153] and surface-sensitive 
nanotube-based field-effect transistors [154, 155], have the potential to play a role 
in transport measurements that do not rely on fluorescent labels and are therefore 
directly applicable to drug candidates.

Given the current drug discovery pipeline, high-throughput capabilities are de-
sirable in any transport measurement technology. As currently implemented, micro-
electrode studies are ill-suited for high-throughput assays. Recent efforts in elec-
trode microfabrication applied to arrays of bilayers are promising, however, and 
could be modified for studies of transport of general charged species across bilayers 
[156–158]. Microfluidic approaches for forming bilayers and immobilizing arrays 
of lipid vesicles are promising platforms for adapting microscopy-based techniques 
to high-throughput formats [136, 137, 140]. Similarly, other microfluidic platforms 
allow for simultaneous measurement of multiple liposomes [138, 139]. These ap-
proaches increase the productivity of a single experiment, while simultaneously 
maintaining a high level of control over the bilayer structure and composition.
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Chapter 17
Fluorescent Nanosensor for Drug Discovery

Sha Jin, Huantong Yao and Erika Ellis

There is a pressing need for developing new anti-HIV agents due to the emergence 
of drug-resistant HIV mutants, side effects of existing drugs, and the mutation of the 
virus. High-throughput screening (HTS) has been proven as a powerful technique 
for discovery of new anti-HIV drugs. The utilization of high-content screening 
(HCS) requires development of nanosensor that is suitable for HCS. We developed 
fluorescence imaging-based nanosensor for screening of inhibitors against activ-
ity of HIV-1 protease. We explored using AcGFP1 (a fluorescent mutant of the 
wild-type green fluorescent protein) and mCherry (a mutant of red fluorescent pro-
tein), as two fluorophores for Förster resonance energy transfer (FRET) microscopy 
imaging measurement of HIV-1 protease activity within living cells. Both in vitro 
and in vivo studies revealed that the novel molecular probes exhibit significant 
enhancement of FRET signals. The probe developed in this study enables HCS of 
new anti-HIV agents.

17.1  Introduction

The scope of the rapid progress in bionanotechnology ranges from in vivo imag-
ing and diagnosis to therapeutics such as drug delivery and gene therapy. One of 
the most attractive applications of bionanotechnology is its ability to significantly 
improve the sensitivity of biosensors. Nanoparticle-based assay is able to detect 
proteins in the attomolar concentration range, a magnitude of six orders lower than 
concentrations detected by enzyme-linked immunosorbent assay (ELISA) [1]. This 
improvement allows early detection of many diseases such as cancer and cardiovas-
cular diseases, saving millions of lives through the prevention and early treatment 
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of these diseases [2]. Another promising technique developed based on nanotech-
nology is the nanosensor system capable of conveying information from nanoscale 
to the macroscopic world. Nanosensors are able to distinguish among living cells 
and recognize intracellular events at the molecular level.

The state of the art in nanotechnologies applied to nanosensor development war-
rants significant study into improving drug discovery techniques from HTS to HCS. 
Previously, HTS allowed researchers to search for new drugs by screening a large 
population of molecules or compounds in a short period of time. It does not rely too 
much on mechanism studies, yet it provides time-effective and cost-effective alter-
natives for drug discovery research. HTS has long relied upon chemical analyses 
and measurements. Recently, with the advent of automated fluorescence microsco-
py techniques [3, 4], HCS has become a more powerful tool in drug discovery. HCS 
allows the application of automated fluorescence microscopy to high-throughput 
drug discovery. With automated high-resolution microscopy and robotic handling 
of cells in microtiter plates, HCS can be used to acquire knowledge on multiple 
biochemical pathways at the single-cell level at the early stage of new drug de-
velopment [5–8]. More importantly, HCS enables not only the spatial but also the 
temporal characterization of cellular processes through robust and quantitative mi-
croscopy imaging measurements, such as the ratiometric Förster resonance energy 
transfer (FRET) image microscopy measurement [9–11].

In particular, FRET has been extensively applied to protein–protein interactions 
and development of molecular probes that can track various molecular activities in-
side a living cell [12–14]. The FRET technology allows making nanosensors for di-
verse purposes, including creating nanosensor for HCS. In this field of application, 
a fluorescent-based probe can be used for HTS of inhibitors of protein kinases [15, 
16], identification of novel compounds for anesthesia and pain management [17], 
identification of small inhibitors against human immunodeficiency virus (HIV) re-
verse transcriptase (RT) [18], finding inhibitors to block the HIV-1 entry process 
during infection [19], screening inhibitors against HIV protease [20, 21] as well 
as characterization of inhibitors for Alzheimer’s disease treatment [22–24]. Thus, 
fluorescent-based nanosensor is well suited for assessment of the potency of new 
hits and optimization of lead compounds against virus infection and cancer in liv-
ing cells, as cellular response to therapeutics is readily visualized using fluorescent 
imaging.

This chapter describes the development of advanced fluorescence nanosensor 
for drug discovery in living cells and highlights strategy in an attempt to amplify 
nanosensor signal by genetic manipulation of the fluorescent protein structure. Ef-
ficiency of a FRET-based nanosensor for in vivo microscopy imaging measure-
ment depends heavily on the type of fluorophores selected for the FRET pair, as 
well as the structure of the fusion protein that constitutes the FRET probe. Cyan 
fluorescent protein (CFP) and yellow fluorescent protein (YFP) have been widely 
used as a FRET pair for the microscopy imaging of molecular events within living 
cells due to the spectral qualities of CFP and YFP. However, CFP/YFP pair has a 
large spectral overlap of CFP/YFP emission: the emission peaks of CFP (510 nm) 
and YFP (527 nm). The crosstalk of the CFP/YFP pair because the close emission 
wavelengths and photobleaching of CFP greatly hinder the accuracy and reliabil-
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ity of CFP/YFP-based FRET probes in microscopy imaging measurement within 
living cells. Therefore, an alternative FRET has been recently investigated in our 
group and the others [25–28]. It has been verified that a mutated enhanced green 
fluorescent protein (EGFP)-mCherry (a mutant of red fluorescent protein) shows 
ideal properties for FRET measurement and yields high accuracy both in vitro and 
in vivo [26]. On the other hand, the sandwich-like structure of FRET probe pro-
teins and the link between the donor and acceptor proteins play a critical role in 
the sensitivity of the FRET signal. The sensitivity of a FRET-based nanosensor can 
be greatly improved by combining linker sequence optimization with fluorophore 
insertion to decrease the degrees of freedom for fluorophore positioning [29]. In 
this study, to avoid crosstalk and instability of CFP/YFP-based FRET probe, we 
explored a new FRET pair in which AcGFP1 (a fluorescent mutant of the wild-
type green fluorescent protein) served as a donor and mCherry acted as an acceptor 
for FRET microscopy imaging measurement of HIV-1 protease activity inhibitors 
within living cells [20]. We demonstrated that AcGFP1 is more tolerant of photo-
bleaching, which makes quantitative analysis using AcGFP1 more reliable, and the 
molecular probe designated as GcC is suitable for HCS of anti-HIV drugs through 
an automated FRET microscopy imaging measurement.

Furthermore, the efficiency of the FRET between a donor and an acceptor de-
pends heavily upon the distance between them, and the characteristic Förster radius 
( R0) relies upon the alignment of both the donor and the acceptor’s fluorescence 
dipoles, the overlap of donor emission spectrum and acceptor excitation spectrum, 
the donor quantum yield, and the acceptor absorption coefficient [30]. Thus, FRET 
efficiency can be enhanced by the alignment of AcGFP1 and mCherry fluorescence 
dipoles. We developed a genetically engineered nanosensor with a tandem acceptor 
protein structured and designated as GcCC. Both in vitro and in vivo studies dem-
onstrated that the novel structure of the molecular probe exhibits a significant en-
hancement in FRET signals. The FRET efficiency of the probe developed herein in-
creased greatly, as measured by fluorescence lifetime imaging microscopy (FLIM) 
measurement.

17.2  Design of Nanosensors for Screening  
of Inhibitor of HIV-1 Infection

We engineered novel probes enabling the visualization of HIV-1 protease inhibition 
so that HCS can be applied to drug screening. It has been well documented that 
HIV-1 protease specifically cleaves HIV viral polyproteins. Twelve cleavage mo-
tifs have been identified. The molecular probes have been constructed by introduc-
ing a FRET signal transduction function directly into an HIV-1 protease cleavage 
motif in a manner that the HIV-1 protease inhibition can be detected or visualized 
through FRET imaging microscopy measurement within living cells. As shown in 
Fig. 17.1a, the probes have been engineered by flanking a peptide linker that en-
tails an HIV-1 protease cleavage site, such as p2/p7 having amino acid sequence of 
ATIMMQRG with a donor fluorescent protein AcGFP1 and an acceptor fluorescent 
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protein mCherry. To explore whether the reporting capability of a FRET nanosensor 
can be improved by optimizing its molecular structure, we also genetically engi-
neered tandem acceptors as shown in Fig. 17.1b. It is predictable that the resonance 
energy can be transferred from the donor to the acceptor when they are linked by a 
peptide, generating a FRET signal. The cleavage of the peptide linker by the HIV-1 
protease separates the acceptor from the donor, leading to the quenching of FRET, 
whereas the inhibition of the enzyme by an inhibitor prevents the separation of the 
acceptor from the donor, resulting in the retaining of FRET signals.

17.3  Characterization of the Nanosensors In Vitro

The probe proteins were produced using recombinant DNA cloning technique and 
purified as reported elsewhere [20, 21]. The ability of the probes for reporting HIV-1 
protease inhibition in live cells was characterized in vitro. As revealed in Fig. 17.2, 

Fig. 17.2  Effect of HIV-1 
protease concentration on 
the normalized FRET signal. 
A total of 50 μg/mL probe 
protein was incubated with 
40 ng/mL of HIV-1 protease 
for 1 h. Experiments were 
performed in triplicates. 
Error bars show the standard 
deviations

 

Fig. 17.1  Schematic diagram of FRET probes. a A donor fluorophore and an acceptor fluorophore 
are connected by an HIV-1 cleavable peptide stretch. b A donor fluorophore is linked with a tan-
dem acceptor fluorophore through an HIV-1 protease cleavable peptide stretch
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the probes with a structure of AcGFP1-p2/p7-mCherry and AcGFP1-p2/p7-mCher-
ry-mCherry were designated as GcC and GcCC, respectively. We observed that the 
FRET signal value decreased in response to the increase in protease concentration 
in the range of 0–45 ng/mL, indicating the cleavage of the probe protein by HIV-
1 protease. The protease cleavage is concentration dependent. Interestingly, probe 
GcCC demonstrates a more sensitive property to the substrate concentration than 
that of probe GcC.

To confirm the probe’s enzyme-specific decrease in FRET signal, the FRET sig-
nals were measured by adding the protease inhibitor ritonavir to the solution. As 
shown in Fig. 17.3, the GcCC probe is not cleavable by the protease in the presence 
of ritonavir, as FRET signal remains the same as that in GcCC alone. The probe sig-
nals did not change in the presence of the inhibitor in the solution. Taken together, 
the experimental results indicated that the incubation of the probe with the HIV-1 
protease will not quench the probe’s FRET, when the protease activity is inhibited 
by its inhibitor. Thus, the decrease of the probe GcCC’s FRET signals in the pres-
ence of HIV protease is enzyme specific. Furthermore, the FRET signal obtained 
from probe GcCC has approximately 20 % magnification as compared with the sig-
nal from probe GcC. This result indicates an enhanced energy transfer by a tandem 
structure of the nanosensor.

17.4  Characterization of the Nanosensors in Living Cells

We next examined whether or not the probes can visualize HIV-1 protease inhibi-
tion within living cells. Human embryonic kidney (HEK) 293 T cells were used to 
examine the response of the nanosensors to HIV-1 protease inhibitors. The probe 
protein-encoding plasmid and HIV-1 protease expression plasmid were transiently 
transfected into the 293 T cells. Expression of the probe proteins were detected 
50 h after transfection using an inverted fluorescence microscope from Olympus 
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Fig. 17.3  Detection of HIV-1 
protease’s inhibition using 
the nanosensors. The reaction 
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30 min and stopped by the 
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and Slidebook software. Eight regions were randomly chosen to calculate the aver-
age value of the FRET signal. In addition, to ensure the specificity of the enzyme 
reaction, a mutated probe, GcmC, in which a mutated cleavage site was constructed 
to make the probe non-cleavable by HIV-1 protease, was also employed for valida-
tion. As displayed in Fig. 17.4, the probe GcCC and protease plasmid cotransduced 
cells in the absence of protease inhibitor displayed, overall, reduced FRET signals 
by showing a mixture of blue-, green-, yellow-, and red-colored cells (Fig. 17.4: 
GcCC protease +  and inhibitor−) as compared to the signals produced from cells 
in the presence of protease inhibitor (Fig. 17.4: GcCC protease+ and inhibitor+). 
However, all of the cells displayed a red color when protease activity was inhibited 
by its inhibitor, indicating a FRET ratio of 0.4 (GcCC protease+ inhibitor+). Cells 
co-transfected with GcCC and protease expression vectors emitted sensitized red 
fluorescence when an inhibitor, ritonavir, was added to the cell culture medium. The 
addition of the protease inhibitor to the cell culture medium prevented the cleavage 
of the peptide linker by the protease and thus retained the high FRET signal.

As a control, the mutated probe has no response to either the presence or absence 
of the protease, and neither does it respond to the protease inhibitor, suggesting that 
the molecular probe designed in this study is specific to HIV-1 protease activity and 
inhibition.

In the single donor–acceptor structure of the FRET probe GcC, FRET ratio 
changed from 0.20 to 0.32, as indicated by the blue to green colors in the absence 
or presence of protease inhibitor (Fig. 17.5a). By contrast, FRET ratio changed 
from 0.20 to 0.42 in single-donor–tandem-acceptor structure of FRET probe GcCC. 
Thus, an approximately 1.8-fold amplification of FRET signal can be obtained with 
the newly developed probe GcCC as compared to FRET-based probe GcC. To con-
firm the protease’s cleavage of the probe, Western blot assay was carried out to 

Fig. 17.4  Visualization of HIV-1 protease activity and inhibition in vivo. 293 T cells were either 
transfected with different structured probes alone or co-transfected with the probe and HIV-1 pro-
tease expression plasmids. FRET imaging microscopy measurement was performed at 50 h post 
transfection. Ritonavir, an HIV-1 protease inhibitor, was added to the cell culture medium to pre-
vent the cleavage of the probe protein. The color bar indicates FRET ratio
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characterize the size of the probe protein in the presence or absence of protease ac-
tivity. As indicated in Lane 4 of Fig. 17.5b, two bands sized at 90 and 60 kDa were 
observed in GcCC and protease co-transfected cells, whereas 60 kDa band was not 
detected in the mock-transfected, GcCC alone transfected, and GcCC plus protease 
expressing vectors co-transfected cells in the presence of the inhibitor (Fig. 17.5b 
Lanes 1, 2, 3). Clearly, the presence of ritonavir in the cell culture medium prevent-
ed the cleavage of the probe (Fig. 17.5b, Lane 3), confirming the specific cleavage 
reaction for the probe detection system in vivo.

17.5  The Tandem Structure of the Nanosensor Improves 
FRET Efficiency

To quantify the FRET efficacy of the two nanosensors, the lifetime constants of the 
donor fluorophore under different structured FRET-based probes was quantified 
using FLIM. Before performing FLIM, the cell culture medium was replaced with 
a phosphate-buffered saline (PBS) buffer. The lifetime of the AcGFP1 expressing 
donor protein alone as well as the lifetime of the donor–acceptor protein probes 
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Fig. 17.5  Comparison of the signals of the FRET probes in vivo. a Detection of the FRET signal 
in the presence or absence of protease inhibitor. The average of the FRET ratios determined from 
eight random regions was used to represent the FRET signal of the probe from the living cells in 
each well. Error bars show the standard deviations. b Confirmation of the cleavage of the probe 
protein by Western blot assay. Cells were harvested at 50 h post transfection and lysed for Western 
blot. Lane 1: mock-transfected 293 T cells; Lane 2: probe plasmid transfected cells; Lane 3: probe 
and HIV-1 protease plasmid co-transfected cells in the presence of ritonavir; Lane 4: probe and 
HIV-1 protease plasmid co-transfected cells in the absence of ritonavir
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was acquired. Ten regions were randomly chosen to calculate the average value of 
the lifetime of each sample. FRET efficiency (E) was calculated by the following 
equation:

 (17.1)

where τD is the lifetime constant of the donor protein in the absence of the acceptor 
protein, and τDA is the lifetime constant of the donor protein in the presence of the 
acceptor protein.

We found that the lifetime of AcGFP1 detected from AcGFP1 alone expressing 
cells was 2.81 ns, whereas the lifetime of AcGFP1 measured in GcC probe express-
ing cells was 1.99 ns (Table 17.1). The reduction of AcGFP1’s lifetime suggests the 
occurrence of FRET between the AcGFP1 and mCherry pair within living cells. 
With the tandem mCherry as acceptors in the FRET probe, the lifetime of AcGFP1 
measured in GcCC was 1.86 ns. The further reduction of the lifetime of AcGFP1 
demonstrates more fluorescence energy transfer from the donor to the acceptors, 
indicating enhanced FRET efficiency. Calculation of the FRET efficiency using the 
above equation indicated a 4.7 % increment in the FRET efficacy with nanosensor 
GcCC over an original value of 29.2 % with nanosensor GcC, which is indeed a 
16.1 % improvement in FRET signaling. The comparison of FRET efficiency evi-
dently demonstrates that the FRET signal can be enhanced using a tandem acceptor 
structure.

17.6  Conclusion

Fluorescent FRET-based nanosensors have been developed for HCS of anti-HIV 
drug in living cells. The nanosensors are very sensitive and specific to the HIV-
1 protease activity and/or inhibition inside a living cell. Thus, they can be used 
to search for candidate compounds for inhibition of HIV-1 infection and replica-
tion. Furthermore, the reporting capability of the nanosensor can be improved by 
optimizing its molecular structure. In both in vitro and in vivo studies, the probe 
GcCC increases FRET signal by 1.8-fold, as compared to probe GcC. The modified 
FRET-based probe structure developed herein greatly improved FRET efficiency. 
Our experimental results suggest that the GcCC would be a better probe for drug 
discovery. It provides a useful and sensitive tool for visualizing protease inhibi-
tion within living cells and enables one to visualize HIV-1 targets within living 

DA

D
1 ,E τ

τ
= -

AcGFP1 alone GcC GcCC
Fluorescence lifetime 
(ns)

2.81 ± 0.26 1.99 ± 0.21 1.86 ± 0.29

FRET efficiency (E) 29.2 % 33.9 %

Table 17.1  Average fluo-
rescence lifetime of AcGFP1 
from 293 T cells expressing 
AcGFP1, GcC, and GcCC
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cells for HCS of anti-HIV-1 protease inhibitors. Taken together, our study results 
provide a strategy to promote signaling generated from a nanosensor that can be 
employed to a reliable and accurate HCS of anti-HIV-1 protease agents in living  
cells.
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Chapter 18
Biomimetic Surfaces for Cell Engineering

John H. Slater, Omar A. Banda, Keely A. Heintz and Hetty T. Nie

Cell behavior, in particular, migration, proliferation, differentiation, apoptosis, and 
activation, is mediated by a multitude of environmental factors: (i) extracellular 
matrix (ECM) properties including molecular composition, ligand density, ligand 
gradients, stiffness, topography, and degradability; (ii) soluble factors including 
type, concentration, and gradients; (iii) cell–cell interactions; and (iv) external forc-
es such as shear stress, material strain, osmotic pressure, and temperature changes 
(Fig. 18.1). The coordinated influence of these environmental cues regulate em-
bryonic development, tissue function, homeostasis, and wound healing as well as 
other crucial events in vivo [1–3]. From a fundamental biology perspective, it is of 
great interest to understand how these environmental factors regulate cell fate and 
ultimately cell and tissue function. From an engineering perspective, it is of interest 
to determine how to present these factors in a well-controlled manner to elicit a de-
sired cell output for cell and tissue engineering applications. Both biophysical and 
biochemical factors mediate intracellular signaling cascades that influence gene ex-
pression and ultimately cell behavior [4–7], making it difficult to unravel the hierar-
chy of cell fate stimuli [8]. Accordingly, much effort has focused on the fabrication 
of biomimetic surfaces that recapitulate a single or many aspects of the in vivo mi-
croenvironment including topography [9–12], elasticity [5], and ligand presentation 
[13–17], and by structured materials that allow for control over cell shape [18–23], 
spreading [18, 23–25], and cytoskeletal tension [26–28]. Controlled presentation of 
these properties to develop a desired microenvironment can be harnessed to guide 
cell fate decisions toward chosen paths and has provided a wealth of knowledge 
concerning which cues regulate apoptosis [29–34], proliferation [35–39], migra-
tion, lineage-specific stem cell differentiation [7, 8, 15, 18, 23, 37, 40–44], and im-
mune cell activation to name a few. This chapter focuses on the implementation of 
biomimetic surfaces that recapitulate and control one or more aspects of the cellular 
microenvironment to induce a desired cell response. More specifically, biomimetic 
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surfaces that mimic in vivo ECM composition, density, gradients, stiffness, or to-
pography; those that allow for control over cell shape, spreading, or cytoskeletal 
tension; and those that mimic cell surfaces are discussed.

Fig. 18.1  Environmental stimuli regulate cell fate decisions. A multitude of environmental factors 
regulates cell fate decisions. Cells respond to both soluble and matrix-bound growth factors, extra-
cellular matrix properties including composition, ligand density and spacing, stiffness, and topog-
raphy, cell–cell interactions, and the application of external forces including shear stress, material 
strain, osmotic pressure, and temperature changes. The culmination of these environmental inputs 
regulates cell behavior with respect to migration, proliferation, differentiation, and activation to 
name a few. The major focus of much research involves the fabrication and implementation of bio-
mimetic surfaces that allow for direct modulation over one or more of these environmental factors 
to elicit a desired cellular output.

 



54518 Biomimetic Surfaces for Cell Engineering

18.1  Influence of ECM Properties on Cell Behavior

Many mammalian cells are adherent-dependent, meaning that they must adhere to 
ECM to maintain viability and to function properly. Accordingly, much research has 
focused on manipulating ECM properties to investigate its influence on cell fate. 
To understand how ECM properties influence cell behavior, it is important to un-
derstand how cells adhere and the process of adhesion maturation. Cell adhesion to 
the ECM is regulated by integrins; alpha/beta heterodimeric transmembrane glyco-
proteins that recognize short peptide sequences residing within ECM proteins [45]. 
Specific combinations of alpha/beta subunits recognize different ligands; some in-
tegrins recognize more than one ligand and some ligands ligate more than one inte-
grin [46]. Upon activation, integrins interact with talin to form a small cluster that 
acts as an initiation site for adhesion formation [47]. Adhesions mature from small 
nascent adhesions, to focal complexes, to focal adhesions through force-mediated 
actomyosin contraction, and eventually fibrillar adhesions, if cultured on fibronec-
tin [48]. This coordinated maturation process is regulated by both ECM composi-
tion and the transmission of force to adhesion plaques [49]. During the maturation 
process, the molecular composition, size, and location of adhesions change in ad-
dition to conformational changes in force- sensitive adhesion site proteins [47, 48, 
50–53]. These molecular alterations induce changes in adhesion-mediated signaling 
events that regulate gene expression [49, 54, 55]. As anchoring units to the ECM, 
adhesions are also key mediators of migration. The coordinated formation of a la-
mellipodium and new adhesions at the leading edge, actomyosin contraction within 
the cell, and disassembly of mature adhesions at the trailing end are responsible for 
allowing cells to migrate on surfaces [56]. Migration is a critical function involved 
in wound healing, angiogenesis, immune responses, and embryonic development 
to name a few [57]. When integrin function is impaired or unregulated [58], adhe-
sion properties can change drastically as observed in a number of disease states 
including cancer metastasis, arthritis, asthma, thrombosis [59], muscular dystrophy 
[60, 61], skin-blistering disease [62–64], and leukocyte adhesion deficiency [65]. A 
number of environmental cues influence these events including ECM composition, 
integrin/ligand affinity [66], presentation/orientation of integrin-ligating domains 
[44, 67–69], ligand gradients [70], and underlying material properties including 
wettability [71], stiffness [72, 73], topography [74], and degradability [75]. Cells 
also sense ligand and stiffness gradients that induce haptotaxis [76, 77] and duro-
taxis [78, 79], respectively.

Since adhesion formation and maturation play a large role in intracellular signal-
ing of adherent-dependent cells, there has been much interest in fabricating engi-
neered surfaces that control these processes. In many situations, it is advantageous to 
utilize ECM-derived peptides rather than full ECM proteins. In 1984, Pierschbacher 
and Ruoslahti discovered the αvβ3 ligating peptide RGD [80]. Since its discovery 
within fibronectin [80], additional proteins containing the RGD sequence have been 
identified including vitronectin [81], osteopontin [82], laminin [83], and collagen 
[84], although not all of these RGD sequences are readily accessible by cells [85]. 
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In addition to RGD, a multitude of integrin-ligating peptide sequences have been 
discovered [85, 86] including IKVAV and YIGSR in laminin that ligate α3β1, α4β1, 
and α6β1 integrins [87]; PHSRN [88] and REDV [89] in fibronectin that ligate α5β1 
and α4β1, respectively, and GFOGER [88], a collagen-mimetic helical peptide [90], 
that ligates α2β1 to name a few. As differential integrin ligation can significantly 
influence cell behavior [91], it is important to choose the proper ECM proteins or 
peptides for mimicking the tissue of interest. Generally, peptide sequences are not 
as efficacious as their native proteins, therefore cyclic peptides [92] and peptide 
fragments that span the entire binding domain have been developed [85]. Peptides 
have the advantage of being more stable and specific compared to the multiple 
ligation sites present in full proteins [93]. To demonstrate that a peptide behaves 
as expected, scrambled peptides are commonly used as nonadhesive controls [94, 
95]. When using peptides, it is important to make them accessible for integrin liga-
tion. By incorporating short spacers between the surface and conjugated peptide or 
protein, the biomolecule can become more accessible allowing efficient cell adhe-
sion and spreading [95]. Interactions between poly(ethylene glycol) (PEG) spacers 
and peptides or proteins should be considered to prevent aggregation and maintain 
peptide and protein accessibility [67].

In addition to ECM proteins, various growth factors including epidermal growth 
factor (EGF) [96], basic fibroblast growth factor (bFGF) [97, 98], and vascular 
endothelial growth factor (VEGF) [99] have been studied as they can enhance pro-
liferation, migration, and angiogenesis. In vivo, growth factors are continuously 
bound and released from the ECM [100]; therefore, the impacts of adsorption and 
tethering of these elements to surfaces to determine if efficacy and bioactivity can 
be retained have been investigated. Gradients of morphogenetic proteins are also 
involved in differential gene expression that determines cell fate [101]. The pro-
teins tenascin, thrombospondin-1, and osteonectin/secreted protein acidic and rich 
in cysteine (SPARC) are of interest as they are known to control cell detachment 
from the ECM in wound healing and are also implicated in tumorigenesis [102–
104]. Although not currently studied in conjunction with bioactive surfaces, these 
proteins could be useful in promoting and controlling cell migration and should be 
considered when creating biomimetic materials [86].

18.2  Surface Functionalization

As discussed in the previous section, many aspects of the ECM influence cell be-
havior. To create biomimetic surfaces, one must be able to functionalize surfaces 
with peptides and proteins of interest. There are countless methods and techniques 
used to link biomolecules including ECM-associated peptides, proteins, and growth 
factors to material surfaces [105, 106]. Even the simplest studies investigating the 
influence of ECM properties on cell behavior often involve advanced fabrication 
techniques. Biomimetic surfaces created using laser scanning lithography (LSL) 
[107–111], microcontact printing (µCP) [112], microfluidic devices [113, 114], and 
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block copolymer micelle nanolithography (BCMN) [115] as well as others have al-
lowed researchers to study the influence of various surface-displayed biomolecules 
on cell behavior. Peptides are often covalently linked to surfaces via an amide bond 
between a carboxylic group on the substrate, and the N-terminus of the peptide [93], 
although many other bioconjugate methods applying various functional groups ex-
ist [116]. To investigate the spacing or size of ECM components on integrin spacing 
or adhesion site growth and maturation, it is crucial to possess subcellular control 
over how the ECM is displayed. Many techniques for high-resolution control of 
patterned ECM components have been developed and a few are discussed here. 
For sub-100-nm resolution patterning of proteins, dip-pen nanolithography allows 
alkanethiol self-assembled monolayers (SAMs) to be formed on a gold surface by 
direct writing with a SAM-coated atomic force microscope (AFM) tip. The self-as-
sembled monomers are delivered to the surface via transport, the surrounding non-
patterned areas functionalized with a nonadhesive SAM, typically a poly(ethylene 
oxide) (PEO)-terminated SAM, and protein is adsorbed to the patterned SAM 
providing a means to create high-resolution, subcellular-sized patterns of ECM 
components [117, 118]. Nanosphere lithography also allows for sub-100-nm to 
micrometer-sized patterning of ECM proteins and direct control over adhesion site 
growth, spacing between adhesions, and adhesion site density [119, 120]. BCMN is 
a method for patterning gold nanoparticles, which can be functionalized with single 
cyclic RGD peptides allowing for ligation of single integrins in desired locations. 
LSL can be applied to pattern a wide variety of proteins and peptides, works in 2D 
and 3D applications, and relies on laser-induced photocoupling of biomolecules to 
hydrogels or photothermal decoupling of SAMs on metallic surfaces [107–111]. 
Regardless of the method used when adsorbing or linking biomolecules to the sur-
face of a material, it is important to note how these processes impact the structure 
and presentation of the proteins and ligands as these elements can further impact 
binding events [67, 68].

18.3  ECM Mimetic Surfaces

The physical spacing and clustering of ligands is of importance to cells. To vary the 
magnitude of cell adhesion, one can vary integrin expression level, integrin–ECM 
binding affinity, or ECM ligand surface density [66] and spacing. In vivo, differ-
ent ligand densities and spacing can be optimal for different cellular processes, as 
integrin ligation controls intracellular signaling events [49, 54, 55]. Furthermore, 
if ligands are clustered at the appropriate spacing, integrins will cluster, thereby 
allowing stable adhesion formation and maturation [48]. Along with specific me-
chanical and chemical composition, it is important to note that the ECM can contain 
various structural features that correspond to the type of cells it is supporting [121]. 
The scale of these structural features varies from the nano- to microscale, with the 
arrangement and orientation of fibrillar fibronectin and collagen networks largely 
impacting how the ECM interacts with cells in tissues [122]. As an example of 
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how surface mimicry is important to cell migration, collagen-coated surfaces with 
and without D-periodicity were studied [123]. Collagen contains a banding pattern 
every 67 nm called the D-period; collagen prepared in the absence of potassium 
ions forms without banding. Cell orientation and direction of motion depend on the 
D-period where cells move parallel to the collagen fibers with the D-period, while 
cells cultured on collagen fibers without the D-period exhibit random motion. Thus, 
the D-period is an essential structural feature of the ECM for directional fibroblast 
migration [123]. To mimic these nanoscale structural elements in ECM proteins, 
several approaches have been developed for altering ligand density, cluster size, 
and integrin spacing including PEO bioconjugation [124, 125], BCMN [69, 92, 
115], and nanopatterning [119, 120]. Using these structured materials, one can in-
vestigate the influence of integrin spacing or adhesion site growth on cell adhesion, 
migration, differentiation, and proliferation. To obtain surfaces with various spacing 
of RGD-modified PEO in a brush layer, the ratio of polystyrene-PEO-maleimide 
and polystyrene-PEO in a polystyrene homopolymer can be varied. The maleimide 
group can be reacted with cysteine-GRGDS or cysteine-GRGES peptides to vary 
the surface density of RGD to investigate the influence of RGD spacing on cell fate. 
Migration rates for human bone marrow mesenchymal stem cells (hMSCs) were 
fastest when the RGD peptides were spaced at 50 nm [125]. As lateral spacing of 
RGD was increased, cells displayed a more adipogenic morphology, while at small-
er lateral spacing, the cells were more osteogenic [125]. These results indicate that 
simply altering integrin packing density can have a profound influence on cell fate. 
A similar bioconjugation technique varied the ratio of peptide-modified, YIGSR in 
this case, star-PEO molecules, to unmodified star-PEO molecules, and the number 
of peptides per star-PEO to obtain surfaces with varying ligand densities and spac-
ing to control integrin clustering [124]. Using this approach, the impacts of peptide 
spacing and density can be decoupled. By increasing the cluster size of the adhesive 
ligand, similar cell migration rates can be obtained with a lower overall surface 
density. The ligand clusters created in this manner, however, are randomly spaced, 
and thus the surfaces can have areas with larger ligand clusters if two or more func-
tionalized star-PEO molecules are in close proximity [124]. In a more controlled 
fashion, integrin spacing can be altered by depositing gold nanoparticles onto a sur-
face using BCMN [115]. BCMN relies on the self-assembly of diblock copolymer 
micelles around small gold particles; these micelles are then dip-coated onto a sub-
strate. After the micelle-coated substrate is subjected to plasma treatment, the gold 
particles remain on the surface [115]. After gold nanoparticle deposition, the open 
spaces on the surface are backfilled with PEG, and the particles functionalized with 
a cyclic RGD. The backfilling of PEG accounts for any topographical features on 
the surface, as the thickness of the PEG layer can be set to match the diameter of the 
nanoparticles to create a patterned surface free of topography [115]. Cells on these 
surfaces migrate along ligand gradients toward areas with denser ligand concentra-
tion [92]. This patterning approach was also implemented to determine the criti-
cal distance between individual RGD groups and subsequently integrin spacing for 
mesenchymal stem cell (MSC) adhesion. It was determined that a minimum integ-
rin spacing of approximately 70 nm is needed for cell adhesion and spreading with 
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cells unable to effectively spread above that threshold [44]. The same integrin spac-
ing was previously reported for both osteoblasts and fibroblasts indicating a univer-
sal distance needed for tight integrin packing to support adhesion formation [126]. 
It is suspected that this spacing reflects the distance between the integrin β-subunit 
binding domains of the talin1 protein [127]. BCMN can also be used to create dis-
ordered and ordered arrays of RGD functionalized gold nanoparticles against a non-
adhesive background. Disordered arrays of cyclic RGD were able to support cell 
adhesion above the 70-nm interligand distance. When ligand spacing is ordered, 
and above 70 nm, minimal potential exists for integrin clustering; however, when 
ligand spacing is disordered, and above 70 nm, there is more potential for ligands 
to randomly be close enough for integrin clustering and stable adhesion formation 
[69]. Similarly, gold palladium nanodots can be deposited in defined clusters using 
nanoimprint lithography [128]. These cyclic RGD functionalized nanodots were 
utilized to investigate both the spacing between integrins and number of integrins 
per adhesion on cell migration. For 3T3 fibroblasts, it was determined that at least 
four nanodots per adhesion were required to achieve almost a threefold increase in 
the number of adherent cells compared to when only two or three nanodots existed 
per cluster. The optimal interdot spacing in a cluster was determined to be approxi-
mately 60 nm. The global density of nanodots did not impact cell spreading when 
the distance between nanodots in each cluster was held constant at 60 nm, indicating 
that the ability to cluster integrins is more important than the global ligand density 
in inducing stable adhesion and cell spreading [128]. Similar results were achieved 
using nanopatterned surfaces created with nanosphere lithography. It was demon-
strated that local ligand density is more important than global ligand density in 
supporting cell adhesion and proliferation using nanopatterned surfaces displaying 
patterned fibronectin [120]. Interestingly, while nanopatterns ranging from ~ 100 
to 1500 nm all supported adhesion and proliferation, cell migration was 4.8-fold 
faster on 100-nm-sized patterns [119]. Additionally, an exponential decay in cell 
migration with increased pattern size was observed indicating that stable adhesion 
formation retards migration [119]. All of these studies indicate that the formation of 
stable adhesions is crucial in cell attachment, spreading, and proliferation and that 
inducing unstable adhesion via increased integrin spacing or limiting adhesion site 
growth can induce highly migratory cell behavior. Findings from these high-resolu-
tion, nanopatterned biomimetic materials provide much insight into the influence of 
ECM nanoscale structure and organization on cell behavior and a means to locally 
control cell function via adhesion site manipulation. Using these highly structured 
surfaces, one may be able to spatially control cell migration, proliferation, and dif-
ferentiation providing a single platform to investigate many aspects of cell fate as a 
function of ECM properties.

ECM composed of fibrillary proteins often contains well-organized topography 
that cells recognize and respond too. Various approaches to mimic these native pro-
tein structures exist. When grooves exist on the surface of a material, cell migration 
in the direction parallel to the grooves is often significantly higher than migration 
perpendicular to the grooves; cells migrating on grooved structures prefer to orient 
and migrate in the direction of the grooves; thus, grooves can be seen as guiding 
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cell motion [74, 129, 130]. Cells typically orient more with increasing groove depth 
and orient less with increasing groove width and pitch [131]. Using this knowledge, 
topographic features have been implemented to guide vascular organization of hu-
man endothelial colony forming cells (ECFCs) by creating fibronectin patterned 
polydimethylsiloxane (PDMS) micropillars. The micropillars induce the cells to 
align in a single-cell chain manner [132]. Different cell types are not equally sen-
sitive to topographical features; endothelial cells (ECs), human fibroblasts cells 
(FCs), and smooth muscle cells (SMCs) all behave differently on identical grooved 
structures in PDMS. FCs show much higher alignment and directional migration 
than ECs and SMCs [133]. These results indicate that surface topography acts as 
another parameter that must be controlled or that can be utilized in inducing desired 
cell behavior.

While the influence of ECM proteins, ECM-derived peptides, or topography on 
cell behavior has been discussed, it has been shown that ECM-bound growth fac-
tors play a role in cell fate also. Methods to increase wound healing and endothelial 
tubule formation for tissue vascularization have been developed using combina-
tions of ECM proteins and ECM-associated growth factors [99, 134]. ECs cultured 
on hydrogel surfaces co-patterned with RGDS and VEGF in 35–70-µm-wide strips 
undergo more tubulogenesis compared to hydrogels patterned with RGDS alone, 
indicating that matrix-bound VEGF plays a significant role in EC function [99]. The 
strips of ligand and protein are important for cells to align and form cords or prevas-
cular structures [134]. To improve wound-healing capabilities, fibrin matrices have 
been engineered to contain a multifunctional recombinant fragment of fibronectin 
that has the ability to bind fibrin for incorporation into a fibrin matrix, interact with 
integrins for cell adhesion, and promiscuously bind growth factors [135]. Migration 
of SMCs, ECs, and MSCs were all enhanced when the growth-factor-binding com-
ponent was incorporated [135], indicating that bound or conjugated growth factors 
can also be considered in cell engineering applications with biomimetic materials. 
These matrices were also tested for their wound-healing capabilities in skin and 
bone; cell staining showed rapid cell migration into the enhanced fibrin matrices 
and significant improvement in wound healing than when growth factors were de-
livered in a standard fibrin matrix [135]. A similar study using the growth-factor-
binding component was completed using a composite PEG synthetic fibrin-mimetic 
matrix beneficial for its more likely straightforward path to clinical approval [136]. 
Due to the likely engineering benefits of incorporating matrix-bound growth fac-
tors, some growth factors have been genetically engineered to contain a domain of 
placenta growth factor-2 (PlGF-2) to increase affinity for ECM proteins [137]. The 
ability to incorporate surface-bound growth factors with desired ECM properties 
opens new avenues for cell engineering research.

Aside from substrate biochemical properties, the mechanical properties of a ma-
terial have a profound influence on cell behavior [72, 73, 79, 138–145]. In vivo, 
cells experience regions of various stiffness corresponding to associated tissues 
[73]; muscle ranges from 3 to 6 kPa, and arteries range from 24 to 45 kPa [146], 
whereas brain tissue has stiffness values at several hundred pascals, and tendon and 
cartilage in the megapascal range [139]. Furthermore, stiffness gradients exist at the 
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interface between ligaments, articular cartilage, and bone; bone composition itself 
is also highly variant with sections ranging from compact to spongy [70]. In order to 
control cell behavior on biomimetic materials, it is important to consider mechani-
cal properties as well as chemical properties. Investigating substrate stiffness on cell 
behavior, however, has found difficulty in decoupling stiffness from other material 
properties, as altering the substrate stiffness of a native ECM material can also in-
fluence ligand availability and pore size [8, 138]. Fortunately, the use of synthetic 
hydrogel matrices has allowed scientists to overcome some of these limitations; 
synthetic hydrogels allow for decoupling of matrix stiffness and ligand density but 
they cannot overcome variations of pore size and density associated with materials 
of variant stiffness [8, 138, 142]. It has been demonstrated that substrate stiffness 
can influence a number of cell fate decisions including migration and stem cell 
differentiation. For example, stiff substrates (> 40 kPa) prove to induce osteogen-
esis, medium stiffness substrates (~ 10 kPa) induce myogenesis, and soft substrates 
induce adipogenesis and neurogenesis [27, 42]. However, surface porosity may al-
ter and attenuate the effects of substrate stiffness. To modulate substrate elasticity 
of gels, the substrate cross-linking can be modified by adjustments in molecular 
weight or weight percent [147, 148]. On gel substrates, increased elastic modulus 
decreases the porosity, which may increase cell contact area [8, 149]. However, soft 
porous substrates have much larger pores than their stiff counterparts and therefore 
allow for less cell contact area [8]. Conversely, on nonporous substrates, the cell 
contact area is preserved and all samples tend to induce osteogenesis regardless of 
stiffness [8]. This indicates that cell contact area also influences stem cell differen-
tiation and that materials used for such experiments must be well characterized to 
determine which parameters are influencing cell fate decisions. Although stiffness 
and porosity may conflict, cells patterned with high aspect ratios on soft substrates 
still tend toward osteogenesis [150]. Earlier methods approaching this problem in-
volved the combination of synthetic and native substrates [151]. By using shaded 
patterns laser-printed on transparency slides [152] or a microfluidic gradient maker 
[153], polyacrylamide hydrogels were photopolymerized with graded stiffness. Us-
ing a layer of collagen covalently linked to the top of the gradient hydrogel, cells 
are exposed to a surface with uniform molecular composition, but they can sense 
the stiffness gradient of the underlying material. Thicknesses of various layers do 
have an influence; studies have been performed to determine how deeply cells can 
sense their substratum [154, 155]. Bovine vascular SMCs cultured on these combi-
nation surfaces migrate slightly faster on softer gels than on stiffer gels; however, 
cells migrate toward and accumulate in stiffer regions [151]. Normal rat kidney 
epithelial cells, NIH 3T3 fibroblasts, and bovine pulmonary arterial ECs also show 
increased motility on soft surfaces and accumulate in stiffer regions [72, 140, 156, 
157]. Likewise, using combinations of soft and stiff materials, pieces of glass have 
been embedded in polyacrylamide hydrogels of varying thickness [146]. The thick-
ness of the overlying hydrogel determines how stiff the material appears to cells, 
due to the close proximity of the underlying glass. When cells are cultured on thick-
er hydrogels, the cells lose the ability to sense the glass, and the material appears 
more compliant. One can also vary the substrate geometry to create gradients and 
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steps in stiffness. Using this approach, the overall pore size and material density 
remain constant while the apparent stiffness is altered. This assay could be applied 
to study cell migration due to substrate stiffness with a wide range of hydrogel ma-
terials and cell types [146]. Material stiffness can also be studied in how it relates 
to cancer cell migration. Explained by metastasis, mammary epithelial cells have 
been shown to be more ignorant of material stiffness as they transition from being 
non-transformed to fully transformed [158]. These results indicate that cells sense 
both biochemical and mechanical properties of ECM mimetic materials providing 
a large set of parameters researchers can utilize to develop engineered materials to 
guide cell fate decisions.

18.4  Utilizing Single-Cell Patterns to Regulate Spreading, 
Shape, and Cytoskeletal Tension

While the previous section discussed biomimetic materials that recapitulate in vivo 
ECM properties, this section discusses the implementation of patterned ECM for 
the creation of single-cell patterns that can be implemented to induce a desired 
cellular response. Culturing cells on engineered surfaces that present an array of a 
patterned ECM protein in a user-controlled, well-defined geometry against a bio-
logically inert background has proven to be a viable method to create a more ho-
mogenous cell population during in vitro culture [159, 160]. These surfaces not only 
allow for the manipulation and investigation of individual cells but also, through 
arraying, allow for the generation of a large population of single cells to be inves-
tigated simultaneously [109, 159–161]. Culturing cells on ECM patterns of vary-
ing size or geometry allows for a high level of control over many cell properties 
including the extent of spreading [159, 162], shape [163, 164], and adhesion site 
arrangement with respect to size, spacing, and shape [120, 165–168]. Manipula-
tion of these properties has been implemented to influence cell morphology [163, 
164], cytoskeletal organization [169], the distribution of intracellular components 
(nucleus, centrosome, Golgi apparatus) [163], and cell polarity [163, 164], and to 
manipulate the extent of cytoskeletal tension generated in cells in order to modulate 
their behavior [159, 160, 162, 166]. For example, modulation of the extent of cell 
spreading was used to regulate hepatocyte function [162] and to direct lineage-
specific MSC differentiation [159]. Similarly, regulation of cell shape, while main-
taining a constant spread area, was implemented to guide lineage-specific MSC 
differentiation [160]. Variations of contact area and cell shape influence stem cell 
differentiation independently. Cells with large spread areas lead to greater osteo-
genesis [37] or myogenesis [18], while those with restricted cell spreading lead to 
greater adipogenesis [37] or chondrogenesis [18]. However, differences in lineage 
commitment are also seen in different shapes with the same spread area. Cells with 
high aspect ratios tended toward osteogenesis or neurogenesis, while those with the 
same spread area but an aspect ratio closer to one tended toward adipogenesis [37]. 
Additionally, cells of matching spread area with concave shapes and protruding 

J. H. Slater et al.



55318 Biomimetic Surfaces for Cell Engineering

features also tend toward osteogenesis, while their rounded counterparts tended to-
ward adipogenesis [23]. Protruding features create a cusp that allows for anchorage 
of many stress fibers, resulting in a potential increase in contractility and isometric 
cell tension than those with rounded features [170, 171]. Increased cellular ten-
sion alters cell signaling through force-mediated pathways [37] which act largely 
through myosin II isoforms [42]. Force-mediated differentiation is also the center 
of the “differential adhesion hypothesis” which suggests that different cell lineages 
have different numbers and compositions of adhesion proteins [172]. Cells cultured 
on substrates of matching elastic moduli and shape can differentiate into distinct 
mature lineages through use of different adhesive ligands [43]. Collagen induces 
greater neurogenesis, while laminin induces greater adipogenesis [173]. Surface 
chemistry alters cell fate as adhesive proteins ligate different integrins resulting in 
the activation of different signaling cascades [15, 43]. Cell shape, tension, substrate 
elasticity, and adhesive ligands are all able to dictate stem cell lineage commitment 
individually, under different conditions. However, these various factors may have 
some crosstalk. Therefore, biochemical and biophysical cues must work synergisti-
cally to create microenvironments to induce lineage-specific stem cell differentia-
tion [174].

In addition to stem cell differentiation, patterned surfaces that regulate single-cell 
properties have been implemented to regulate cell proliferation. Cell–cell interac-
tions were originally thought to arrest cell proliferation as cells plated at low density 
proliferated, while high-density populations arrested proliferation [37]. Although 
accurate, this observation overlooked the ability of low-density populations of cells 
to spread, while high-density populations cannot [37]. In cells with restricted spread 
area, having multiple cell–cell interactions arrested proliferation [36]. However, 
cells with restricted spread area but only one cell–cell interaction proliferated [39] 
revealing a regulatory role for cell–cell interactions in proliferation. Cell–cell in-
teractions regulate proliferation first through rearrangement of cell cytoskeleton, as 
adherens junctions serve as cytoskeletal anchorage points for the similar to adhe-
sion sites for cell–substrate interactions [175]. Likewise, these adherens junctions 
stimulate signaling cascades some of which, inclusive of RhoA [36], PI3K [38], and 
Rac1 [175], are known to induce proliferation. Wells that restrict cell spreading can 
be created by using capillary action to wick a polymer precursor solution between a 
PDMS master and a functionalized surface [36, 38, 39]. The precursors are thermal-
ly polymerized and the PDMS master removed to reveal wells. To alter the shape of 
the wells, new PDMS must be fabricated, either using replica molding or traditional 
photolithography [176]. Wells with simple geometries will collect one cell per well 
with passive seeding. For complex patterns where passively seeded cells will over-
populate the pattern, small electrodes can be included to act as electrical traps and 
ensure the collection of the desired number of cells [36]. Similar to observations 
of high and low plating density [37], cells cultured on adhesive surfaces tend to 
proliferate when spread, but arrest proliferation when cell spreading is restricted 
[25, 177]. Similar to cell spreading area, restricting adhesive area also arrests pro-
liferation [24, 44]. Adhesion sites not only act as the interface between surfaces and 
cells but also aid in tension generation, and activate kinases [178], such as focal 
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adhesion kinase [25, 179, 180] and src [181] under high adhesive states and stimu-
late cell proliferation. The ability to modulate cell behavior through regulation of 
cell spreading or shape stems from differences in the amount of cytoskeletal tension 
generated in cells as dictated by the pattern size or geometry [159, 160]. While the 
specific force-sensitive proteins that regulate cytoskeletal tension-mediated control 
over intracellular signaling remain elusive, it is known that RhoA’s influence over 
ROCK-mediated myosin contraction of actin stress fibers is the main regulator of 
tension generation [159], and cells with higher levels of intracellular tension display 
larger adhesion sites [159, 160, 182], more prominent actin stress fibers [159, 160, 
182], increased JNK and ERK activation [160], and elevated Wnt signaling [160]. 
These results indicate the importance of cytoskeletal tension in determining cell 
behavior and that modulation of cellular tension can make cells more sensitive to 
[160] or override soluble signals [159]. Following this train of thought, a new bio-
mimetic, cell-derived patterning technique was recently developed that allows for 
direct recapitulation of the morphology or adhesion site arrangement of user-chosen 
cells of interest [109]. Rather than implementing simple geometries, cell-derived 
patterning implements images of the cells of interest as templates for pattern for-
mation resulting in direct recapitulation of the shape, adhesion site arrangement, 
and cytoskeletal architecture of user-chosen cells of interest [109]. As single-cell 
patterns become more sophisticated, tighter control over cell shape, adhesion, and 
cytoskeletal tension will allow for more thorough investigations of these properties 
on cell fate decisions and potentially lead to biomimetic surfaces that allow for di-
rect control over cell phenotype.

18.5  Surfaces that Mimic Cell Surfaces

Another prevalent signaling source that regulates cell fate is communication be-
tween cells in close proximity: juxtacrine signaling. These signals are transmitted 
through interactions of transmembrane or membrane-bound proteins on adjacent 
cells. Tight junctions between adjacent epithelial cells serve as highly imperme-
able adhesions and help separate fluids on the apical side from the underlying basal 
membrane, thereby promoting cell polarization and control over soluble factor 
transport [183]. Cadherins, cell–cell adhesion proteins that are intracellularly linked 
to actin, are responsible for forming adherens junctions between adjacent cells 
that mediate cell–cell recognition, maintain structural integrity, and assist in some 
forms of cell migration [184]. More specialized juxtacrine signals include immu-
noglobulins and their ligands, such as major histocompatibility complex (MHC)/T 
cell receptor (TCR) complexes between T cells and their target antigen presenting 
cells (APCs) [185], and gap junction proteins, such as connexins used in synaptic 
communication between neurons [186]. Each of these communication modalities 
has been shown to initiate signaling cascades within cells leading to changes in 
cell morphology or differentiation states [187–191] and each bring their own set of 
challenges when attempting to model them in vitro. A major challenge in designing 
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a system that mimics the surface of a cell at a cell–cell junction is the presentation 
of the membrane proteins that regulate junction formation such that their function 
is preserved. This is due, in part, to the fact that many of these membrane proteins 
contain extracellular, transmembrane, and intracellular domains, and therefore may 
misfold and lose functionality when on a surface. To address this issue, a variety 
of conjugation methods have been developed to present truncated versions of these 
membrane proteins such that their activity is preserved and active domains remain 
accessible [192–195]. As an alternative, synthetic lipid-based membranes have also 
been developed to more closely mimic the presentation of these proteins in vivo 
[190, 196–198].

18.6  Biomimicry of Cell–Cell Contacts on Substrates

These methods involve passive adsorption or covalent linking of a protein or pro-
teins of interest onto a substrate with controlled concentration and/or spatial pre-
sentation. One of the most straightforward methods to pattern protein is µCP [176]. 
An elastomer stamp, typically PDMS, is fabricated by curing against a photolitho-
graphically generated master. The surface of the stamp is inked with the desired 
protein solution, rinsed, dried, and brought into contact with the substrate, creating 
a pattern of protein matching the features on the stamp [176]. Successful pattern-
ing resolutions of several microns [199] up to several nanometers have been re-
ported [200]. The nature of this method often promotes the use of truncated proteins 
containing only the extracellular domains of the original construct linked to an Fc 
region derived from an antibody; this minimizes the possibility of generating mis-
folded or inactivated ligands. The included Fc region allows for controlled and spe-
cific binding to the target surface as long as an Fc binding protein, such as Protein 
A or Protein G, is present. This methodology has been implemented to examine N-
cadherin, E-cadherin, Neurexin, and many other extracellular domains of cell–cell 
contacts [194, 196, 201, 202]. In some cases, the spatial organization of multiple 
proteins in cell–cell junctions has been shown as a necessary precursor to some sig-
naling cascades; therefore, it is often of interest to generate surfaces that allow for 
spatial patterning of multiple proteins in close proximity with each protein confined 
to its own pattern. Multiple rounds of µCP have been employed to spatially pat-
tern multiple proteins to examine competitive effects or spatial display on cell–cell 
junction formation and cell activation [199]. For example, patterns of poly-l-lysine 
for neuron adhesion have been patterned along with the juxtacrine factors L1 or 
N-cadherin, which are essential for axon and neuron development, to compare the 
effects of both [203]. Additionally, laser-based methods have been implemented to 
pattern multiple proteins [107, 204, 205]. These approaches utilize digital masks 
to control laser position during patterning rather than the physical masters needed 
for µCP, allowing for quick changes to pattern design. Additionally, complex and 
image-derived patterns can be achieved [107, 204]. All of the aforementioned pat-
terning methods are fundamentally limited for use in cell–cell contact studies since 
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the patterned proteins are not mobile as would occur in a cell membrane in their 
non-ligated states.

One major limitation of many patterning methods is the inability to mimic the 
more complex functionalities of membrane-associated proteins at cell–cell junc-
tions. At these junctions, receptor–ligand pairs not only respond to each other but 
also often undergo conformational or spatiotemporal changes made possible by the 
fluidity and support of a lipid bilayer. Supported lipid bilayers (SLBs) are biologi-
cally inspired lipid-based surfaces that can mimic the fluidity of the cell membrane 
[206]. SLBs allow for the exploration of directed accumulation and dissipation of 
membrane-bound proteins involved in cellular processes, such as cadherin-depen-
dent directed cell adhesion and migration [196], T cell activation [190, 199], and 
other membrane-dependent events. In the simplest lipid bilayer system, two separate 
chambers of an aqueous phase (most often a saline buffer solution) share an edge 
containing a small aperture (100 µm–1 mm) upon which the membrane will be de-
posited. The first synthetic lipid bilayers were created by “painting” a lipid solution 
(typically a suspension of phospholipids in some nonpolar organic solvent, such as 
decane) over the aperture [207]. This “painting” can be accomplished using a small 
painter’s brush or by generating a lipid suspension over the entire aqueous phase 
and subsequently lowering and raising the aqueous phase about the aperture; each 
cycle performed in this way adds an additional monolayer to the membrane. Inclu-
sion of electrodes within the saline chambers allows for the measure of changes in 
an electrical resistance of the membrane when a current passes through aperture. In 
this way, the lipid membrane—often referred to as black lipid membranes due to 
their appearance under the microscope—can be probed to investigate the adsorption 
of a variety water-soluble macromolecules. Although not all additions affect the re-
sistance of the membrane, this is a common method to test for successful membrane 
modification, especially for ion-permeable additions such as channel proteins. The 
implementation of black lipid membranes is somewhat hindered due to their rela-
tive instability and to the limited scope of analytical tools available when compared 
to other methods utilizing synthetic membranes. SLBs address these shortcomings 
and often provide a much broader range of applications. SLBs are most commonly 
produced by the deposition and subsequent fusion of unilaminar or multilaminar 
lipid vesicles on the surface of a well. A variety of methods to generate SLBs ex-
ist as well as substrates on which to generate them [208–211], but they all share 
the same important features. To generate an SLB, the supporting surface must be 
smooth, clean, and hydrophilic. Contaminants or defects on the surface not only 
complicate characterization of the membranes but also compromise the integrity 
of the membranes themselves. As with the black lipid membranes, SLBs have a 
liquid phase on either side. Once the supported membrane has formed, a thin layer 
of water is suspended between the substrate and membrane. The depth of this layer 
typically falls between 20 and 40 Å [212]. As a result, the incorporation of trans-
membrane proteins with membrane protrusions larger than 20–40 Å may lead to 
contact between the protein and substrate, potentially resulting in misfolded intra-
cellular or extracellular domains. To address this issue, SLBs have been generated 
on substrates functionalized with a polymer scaffold [213, 214]. The scaffold serves 
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as a cushion for the bilayer and provides a less rigid contact surface for proteins sus-
pended within the membrane. Phospholipids chemically cross-linked to the poly-
mer cushion can provide additional stability for supported bilayers. Much of the 
novelty of supported bilayer systems is generated from the plethora of compositions 
and chemistries available. Within the cell membrane, diversity is present not only in 
the associated proteins but also in lipid composition and organization. This diversity 
is necessary for cellular activity, and its organization plays roles in processes span-
ning from cell division to apoptosis. As a result, synthetic membranes must often 
involve the incorporation of lipids based on the process being studied. Lipids have 
been designed specifically for facilitated incorporation of truncated proteins. One 
example is biotin-conjugated lipids, commonly called “biotinylated” lipids. Biotin, 
also vitamin H or coenzyme R, is a cell-derived metabolic cofactor involved in 
several critical metabolic pathways. Its use in synthetic membranes, however, stems 
from a high non-covalent binding affinity to the protein avidin. Functionalizing a 
lipid with biotin and fusing the target protein with avidin facilitate the incorporation 
of select proteins to the cell membrane. The same outcome can be achieved through 
incorporation of metal-chelating lipids, such as nitrilotriacetic acid, which binds 
ionic nickel. A histidine-tagged protein can then form a non-covalent attachment to 
nickel allowing for tethering of the His-tagged protein to the membrane [215, 216].

18.7  T Cell Activation Using Biomimetic Surfaces  
for Cell–Cell Contacts

The activation of T cells using biomimetic surfaces that mimic APCs is of great 
interest in immunology. One of the goals of this research is developing a method to 
prime T cells in order to jump-start the immune system of patients who are unable 
to sufficiently mount the appropriate response to an infection [217, 218]. T cell ac-
tivation itself occurs naturally when migrating T cells encounter an APC presenting 
antigen on extracellular MHC [219]. T cells bind MHC with TCR, and this binding 
triggers a T cell activation event leading to the release of various chemokines and 
growth factors, thereby initiating an immune response. Theoretically, new thera-
pies could be developed for patients involving transplantation of activated T cells, 
assisting the patient’s immune system and promoting natural defenses against a 
particular pathogen. Although many of the steps and components involved in this 
process have already been elucidated [220, 221], the exact mechanisms by which 
the process initiates and proceeds are not well understood. Immediately upon bind-
ing antigen presenting MHC, both the T cell and APC begin a process of actin-
mediated accumulation of various membrane receptors to the binding site [221]. 
This site has been characterized into two distinct regions that form a bull’s-eye-like 
pattern. The inner region, referred to as the central supramolecular activation com-
plex (cSMAC), contains the TCR/MHC complex, as well as other associated pro-
teins, and is surrounded by an outer region, the peripheral SMAC (pSMAC), which 
contains the ligand/integrin complex ICAM-1/LFA-1 (APC/T cell) used for T cell 
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adhesion to the APC [198, 220–222]. It has been shown that both regions play a 
role in T cell activation, and that certain components are relocated from the cSMAC 
to the pSMAC during the activation process. In recent years, several groups have 
used various methods to study various elements of the complex juxtacrine signaling 
that occurs during T cell activation. Using a μCP technique on a solid substrate, it 
was demonstrated that the organization of pSMAC components, the ligand–recep-
tor pair CD80 (APC)/CD28 (T cell) had a major influence on the strength of a 
T cell response [199]. An Fc-coupled activating anti-CD28 was stamped onto the 
substrate in controlled patterns. The spacing of these patterned followed the scale of 
patterns typical of cSMAC and pSMAC spacing within the immunological synapse 
[199]. It was shown that when TCR and CD28 on the T cell were activated and 
IL-2 secretion was observed only when CD28 was deposited in regions analogous 
to a pSMAC, indicating spatial presentation of these ligand/receptor pairs plays 
a role in T cell activation. It was then shown that the stiffness of the substrate on 
which these ligand–receptor pairs were presented had a positive correlation with 
IL-2 secretion within the 10–200-kPa range [223]. Building on these findings, it 
was hypothesized that the mechanism dictating the spatial dependence of these li-
gands was the lateral mobility of proteins in the membrane involved in downstream 
signaling, such as Lck [224]. Using a BCMN method [225] to control presentation 
of an anti-CD3 activating antibody, it was shown that controlling the concentration 
of the ligands present during the immunological synapse formation also plays a role 
in the strength of an immune response, as seen by increasing expression of IL-2 and 
CD69 [226]. Later, another group designed an SLB system for high-throughput sin-
gle T cell activation by creating a chip with an array of nanowells of approximately 
30 μm [190]. Within these SLBs, they utilized biotin chemistry to incorporate anti-
CD3 and MHC and incorporated ICAM-1 using a his-tag. T cells deposited in these 
nanowells formed T cell activation complexes, and the group was able to observe 
the process of this activation on an SLB. The ability to mimic cell surface fluidity 
and molecular composition adds another layer of control in generating biomimetic 
surfaces for cell engineering. These cell-surface mimetic materials will continue to 
increase our knowledge of how cell–cell interactions regulate cell fate, potentially 
impacting many areas of cell engineering.

18.8  Summary

The implementation of biomimetic surfaces to regulate cell function is still in its 
infancy. While a multitude of environmental factors that regulate cell function ex-
ist, it still remains a mystery as to which ones dominate basic cell function. From 
a fundamental biology perspective, biomimetic materials have shed light on which 
factors regulate cell fate decisions and will continue to provide insight into these re-
lationships. From a cell engineering perspective, there are many environmental fac-
tors that can be recapitulated in in vitro environments, but knowing which ones to 
utilize for specific applications remains difficult. As biomimetic materials advance 
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further, new insights into both fundamental biology and cell engineering applica-
tions will be discovered leading to revolutionary new treatments and in vitro models 
for disease management.
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