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Foreword

With the rapid development of nanoscience and technology in the past decades,
nanotechnology has become a multidisciplinary and innovative field and exten-
sively merged with various fields, such as physics, chemistry, biology, medicine.

Among them, nanomaterials, nanomedicine, and nanobiotechnology gradually
strengthen and develop as emerging fields because they significantly affect our
public healthcare systems and people’s daily life. Therefore, we envision that the
application of nanotechnology will lead a revolutionary paradigm in disease
diagnostics and therapeutics.

In this book, we review the recent advances in nanomaterials, nanotechnology,
and their applications in biomedical field. In particular, the self-assembled nano-
materials are systemically discussed since their meaningful fundamental science
and potential clinical translation. Inspired by nature, the self-assembly in organism
plays a significant role in fabricating biological entities and regulating life
processes.

Interestingly, the biofunctionality in life relies on the self-assembled structures
and in most case the diverse biological function appears upon the self-assembled
structures that grow to nanoscaled size. Hence, people keep attempting to under-
standing and mimic the natural nanosized self-assembly. Beyond nature heuristic,
artificially designed self-assembled nanomaterials also obtained the considerable
development. Self-assembled nanomaterials can be modulated by intelligent stimuli
due to the intrinsic dynamic property.

With the development of the synthetic chemistry and material science, the
variable molecules can be considered as building blocks for constructing nano-
materials. The endless imagination drives the design of the novel self-assembled
nanomaterials with well-controlled nanostructures and fantastic biofunctions. So
far, the method of preparation of nanomaterials with defined parameters such as
size, shape, charge, payload, and surface chemistry has been widely investigated,
providing the necessary support for reliable application and translation. However,
when we utilize the sophisticated nanomaterials in biological environment, their
function somewhat compromises upon interaction of complexed biomolecules or
biointerfaces.
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The concept of in vivo self-assembly is newly developed by us. Generally,
by introducing exogenous molecules, they in situ simultaneously self-assembled
into well-ordered structures in living objects and reveal biological functions. The
remarkable keypoint of this concept is that the self-assembly does not initialize
outside the living objects, but “smart” self-assembled in a certain region in vivo.
Why do we need in vivo self-assembly? Compared to small molecules, nanoma-
terials exhibit excellent behavior in biomedical diagnostics and therapeutics, while
the small molecules are superior to simplicity and reliability. By leveraging
the advantages of small molecules and nanomaterials, in vivo self-assembly strat-
egy represents huge potential in fundamentals and translations. The unique
assembly-/aggregation-induced retention (AIR) effect of in vivo self-assembly
greatly improves the performance of diagnostics and therapeutics.

Given the fact that the emergence of in vivo self-assembly nanotechnology not
only in its intrinsic scientific merits but also in healthcare benefit, I truly believe that
this book provides the readers with a new sight in nanotechnology and may rep-
resent a useful reference for chemists, material scientists, biologists, and medical
doctors.

Beijing, China
January 2018

Prof. Dr. Yuliang Zhao
CAS Center for Excellence in Nanoscience,
CAS Key Laboratory for Biomedical Effects

of Nanomaterials and Nanosafety,
National Center for Nanoscience and Technology

(NCNST)
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Chapter 1
Supramolecular Self-assembled
Nanomaterials for Fluorescence
Bioimaging

Lei Wang and Guo-Bin Qi

Abstract In recent years, the construction of self-assembled nanomaterials with
diversified structures and functionalities via fine tune of supramolecular building
blocks increases rapidly. The self-assembled nanomaterials are potential
high-efficient probes/contrast agents for high-performance fluorescence imaging
techniques, which show distinguished advantages in terms of the availability of
biocompatible imaging agents, maneuverable instruments, and high temporal res-
olution with good sensitivity. Generally, the self-assembled nanomaterials show
high stability in vivo, prolonged half-life, and desirable targeting properties.
Furthermore, self-assembled nanomaterials can be modulated by intelligent stimuli
due to the dynamic nature of supramolecular materials. In this chapter, we will
summarize recent advances in smart self-assembled nanomaterials as fluorescence
probes/contrast agents for biomedical imaging, including long-term imaging,
enzyme activity detection, and aggregation-induced retention (AIR) effect for
diagnosis and therapy. The self-assembled nanomaterials will be classified into two
groups, i.e., the ex situ and in situ self-assembled nanomaterials based on the
assembly mode and the strategy for fluorescence regulation. Finally, we conclude
with an outlook toward future developments of self-assembled nanomaterials for
fluorescence bioimaging.

Keywords Supramolecular � Nanomaterials � Fluorescence bioimaging
In situ self-assembly
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1.1 Introduction

Inspired by sophisticated biological structures and their physiological processes,
supramolecular chemistry inherits the spontaneous self-assembly of building blocks
from their natural counterparts, which is driven by a variety of noncovalent inter-
actions. Since the Nobel Prize was awarded to Lehn, Cram, and Pedersen for their
pioneering works on guest-host and supramolecular chemistry in 1987, [1]
supramolecular material science has undergone significant expansion. A large
amount of materials self-assembled from functional building blocks through non-
covalent interactions, such as hydrogen bonding, p−p, hydrophobic interactions,
were designed and prepared, the structures and properties of which could be reg-
ulated by internal/external stimuli [2, 3]. Meanwhile, by emerging the modern
nanoscience and biotechnology, a new research field of supramolecular nanoma-
terials has been gradually developed and attracted wide attention for biomedicine.
Besides the traditional pre-organized nanomaterials prepared in solution, the in situ
construction of self-assembled nanomaterials in vivo becomes a promising research
field facing the structure evolution of self-assembled nanomaterials at biointerfaces.

Fluorescence is the emission of light from any substance and occurs from
electronically excited states. In excited singlet states, the electron in the excited
orbital is paired (by opposite spin) to the second electron in the ground-state orbital.
Consequently, return to the ground state is spin allowed and occurs rapidly by
emission of a photon. Based on the fluorescence phenomena and mechanism,
fluorescence imaging technique enables highly sensitive, less-invasive, cheap, and
safe detection using readily available instruments without requirements for the
expense and difficulty of handling radioactive tracers for most biochemical mea-
surements [4, 5]. To achieve desired signal output and high signal-to-noise ratio, a
variety of fluorescent nanoprobes/contrast agents have been explored and attracted
increasing attention for fluorescence imaging. To date, various fluorescent probes/
contrast agents based on organic/polymeric nanomaterials have been developed for
in vitro/in vivo imaging, which show negligible toxicity and superior capacity to
combine multiple modalities on one nanomaterial. Furthermore, supramolecular
self-assembled nanomaterials show outstanding advantages of high sensitivity and
deep insight for in vivo processes [6, 7]. In this chapter, the fluorescent
self-assembled nanomaterials were divided into ex situ construction in solution and
in situ construction in vivo (Fig. 1.1). For ex situ nanoassemblies, great efforts
should be paid for the preparation of defined superstructures and functionalities
with specific supramolecular interactions. For in situ construction of self-assembled
nanomaterials in living systems, we will focus on sophisticated responsiveness
under physiological/pathological conditions to accomplish diagnosis and/or therapy
of diseases in vitro and in vivo.

Generally, the isolated organic molecules in dilute solution are utilized to
measure the fluorescence without intermolecular interactions. However, for most
organic dyes, many of them in the supramolecular nanomaterials as nanoprobes/
contrast agents are actually in the condensed state as well as a reduction in
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fluorescence by aggregation-caused quenching (ACQ), [8] which is different from
that in dilute solution. That is, supramolecular fluorescence nanomaterials usually
show weakened or quenched fluorescence due to the ACQ effect, where the sig-
nificant collisional quenching occurs between the fluorescence molecules. To
address this issue, the supramolecular fluorescence nanomaterials should be
designed and prepared by dispersing organic dyes down to a level avoiding con-
centration quenching in the nanomatrix or introducing bulky groups to prevent the
aggregation [9, 10]. Recently, several novel systems have been developed to pro-
duce highly bright supramolecular fluorescence nanomaterials. One is the special-
ized aggregation-induced emission (AIE) and J-type aggregates. These fluorescence
molecules do not emit in dilute solution, but they give off bright fluorescence in the
condensed state. Another is dye-doped semiconducting polymer nanoparticles with
high fluorescence brightness [11]. The highly fluorescent nanosized supramolecular
nanoprobes/contrast agents were prepared by incorporating with functional polymer
matrix, which could be further modified for targeted imaging and diagnostics. In
this chapter, we will summarize recent advances in smart self-assembled nano-
materials as fluorescence probes/contrast agents for biomedical imaging, including
long-term imaging, enzyme activity detection, and aggregation-induced retention
(AIR) effect for diagnosis and therapy. The self-assembled nanomaterials will be
classified into two groups, i.e., the ex situ and in situ self-assembled nanomaterials
based on the assembly mode and the regulation strategy of fluorescence. Finally, we
conclude with an outlook toward future developments of self-assembled nanoma-
terials for fluorescence bioimaging.

1.2 Ex-Situ Construction

1.2.1 Dye-Dispersed Nanoparticles

To prevent the ACQ effect, organic dyes can be encapsulated into polymeric matrix
to form promising nanoprobes/contrast agents for bioimaging. Furthermore,

Fig. 1.1 Different classes of self-assembled nanomaterials for fluorescence bioimaging
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dye-dispersed nanoparticles could efficiently avoid photobleaching and produce
amplified fluorescence signals due to the incorporation of several dye molecules.

Generally, hydrophobic fluorescent dyes are encapsulated within hydrophobic
core of amphiphilic polymeric matrix nanoparticles (NPs) through hydrophobic
interactions, which prevents the dyes aggregation and increases the stability and
compatibility. The supramolecular strategies were widely used to prepare nano-
materials as nanoprobes/contrast agents for bioimaging in vitro and in vivo.
Generally, the amphiphilic polymers, such as poly(acrylic acid) (PAA), [12] poly
(lactic-co-glycolic acid) (PLGA), [13] and polyurethane, [14] self-assembled into
nanoparticles by precipitation method with hydrophobic core and hydrophilic outer
layer. The nanoparticles as nanomatrix were loaded with small-molecule fluor-
ophores to yield dye-dispersed polymeric NPs. Compared with small fluorescence
dye, dye-dispersed NPs could produce a highly amplified optical signal due to the
incorporation of many dyes. However, the quantity and distribution of organic dyes
in the polymeric nanomatrix are the most challenge for effectively avoiding
quenching.

It is difficult to accurately control the quantification and distribution of dispersed
dyes in self-assembled nanoparticles. Therefore, the highly ordered structure such
as micelles [15], nanofibers [16], nanowires [17], and nanotubes [18] are con-
structed through defined supramolecular interactions, where small organic dyes
could be well loaded and controlled with desirable aggregation level and optical
properties. For example, Wang and Frank prepared NIR absorbing and emission
squaraine (SQ) dyes, which have good stability and high photoresistance. They
modulated the aggregation of SQ dyes in amphiphilic phospholipid bilayers of
liposomes to achieve NIR fluorescence and PA tomography dual-modular imaging
(Fig. 1.2) [19]. The liposomes with variable mixing ratios between SQ dyes and the
liposome are typical vesicular structures with a size of 76 ± 15 nm, which is in
accordance with the dynamic light scattering (DLS) result (Size: 103 ± 14 nm,
PDI: 0.18). When doping minimal amounts of SQ (1:500), molecularly dispersed
SQ in bilayers shows remarkable fluorescence (Fig. 1.2). Interestingly, the PA
signals are enhanced with the increase of SQ dyes in the nanoconfined bilayer
region, which are due to the formation of SQ-based H-aggregates and enhanced
thermal conversion efficiency (Fig. 1.2). NIR fluorescence imaging in vivo indi-
cated that the majority of SQ � L are enriched in the area where the blood vessels
are generated. The research indicated that the importance of supramolecular mod-
ulation (monomer or aggregation) of NIR dyes loaded in the nanomatrix, which will
determine the characteristics and application of the dye-dispersed nanomaterials.
For fluorescence bioimaging, the dyes should be well dispersed in monomer states
to prevent the ACQ effect and obtain high fluorescence signals.

Besides construction of nanomatrix with highly ordered structure, doping with
ionic liquid-like salts of a cationic dye with a bulky hydrophobic counterion that
serves as spacer is another strategy to prevent undesirable aggregation for
dye-dispersed nanoparticles. In this case, the polymeric nanoparticles can be loaded
with up to 500 dyes and show higher brightness than quantum dots due to the
minimization of dye aggregation and self-quenching, which also exhibit
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photoinduced reversible on/off fluorescence switching. These dye-dispersed NPs
show absence of toxicity and can be utilized for super-resolution cell imaging with
high signal-to-noise ratio. Moreover, the fluorescence obtained from chemilumi-
nescence was applied to image hydrogen peroxide, which is overexpressed under
specific pathological condition. Lee et al. demonstrated that nanoparticles formu-
lated from peroxalate esters and fluorescent dyes can image hydrogen peroxide
in vivo with high specificity and sensitivity. The peroxalate nanoparticles can be
loaded with fluorescence dyes, where chemiluminescent reaction between perox-
alate esters and hydrogen peroxide produce light from fluorescent dyes. The emis-
sion wavelength of the peroxalate nanoparticles can be tuned by incorporating
different dyes from 460 to 630 nm. Furthermore, excellent sensitivity and specificity
for hydrogen peroxide over other reactive oxygen species are highly needed for
in vivo imaging. The peroxalate nanoparticles are demonstrated with the capability
of imaging hydrogen peroxide in the peritoneal cavity of mice during a
lipopolysaccharide-induced inflammatory response.

Proteins, such as human serum albumin (HSA) and bovine serum albumin
(BSA), are of the nanoscale in size with excellent biocompatibility. They can act as
nanocarrier to combine with fluorescent molecules via self-assembly, forming
fluorescent nanoprobes/contrast agents. HSA is a good biological nanosized carrier,
which is used to self-assemble complexes with the NIR dye [20–23]. The
self-assembled nanoparticles with high fluorescence quantum yield can be utilized
for NIR bioimaging. On the other hand, they showed photothermal effect or pho-
todynamic properties due to the NIR dyes, which can further show therapeutic
effect for cancer and so on. BSA is another protein-based nanomatrix, which can
carrier organic dyes through hydrophobic interactions to form fluorescence

Fig. 1.2 Schematic diagram of the nanoconfined SQ assemblies in phospholipid bilayer and the
utilization of these vesicles as probes for dual-modular tumor imaging in vivo. (Reproduced with
permission. Copyright 2014, American Chemical Society)
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nanoprobes/contrast agents [24]. SQ dyes are a kind of promising NIR fluorophores
with high absorption coefficients, bright fluorescence, and photostability. Wang and
Frank utilized BSA as a biocompatible carrier to obtain a highly stable
supramolecular adducts of SQ and BSA (SQ � BSA) for tumor-targeted imaging
and photothermal therapy in vivo (Fig. 1.3). SQ was selectively bound to BSA
hydrophobic domain via hydrophobic and hydrogen-bonding interactions with up
to 80-fold enhanced fluorescence intensity (Fig. 1.3a, b). By covalently conjugating
target ligands to BSA, the SQ � BSA is capable of targeting tumor sites. According
to the biodistribution of SQ � BSA monitored by fluorescence imaging, the pho-
tothermal therapy can be carried out effectively in vivo (Fig. 1.3d). The intrinsic
chemical instability and self-aggregation properties of NIR dyes in physiological
condition could be solved by protein carrier.

Fig. 1.3 a Schematic diagram of SQ dyes and BSA adducts (SQ � BSA). b Change in
fluorescence intensity of SQ (1 lM) with the addition of BSA in phosphate buffer. The
concentration of BSA was from 0, 1.1 to 12.1 lM. Excitation wavelength = 710 nm. c Molecular
structure of site-selective binding of SQ with BSA: site I in domain II. d In vivo NIR optical
imaging of nude mice bearing KB tumors at 1.5 after tail vein injection of the SQ � BSA and SQ
� BSA-FA adducts. (The arrows show the location of subcutaneous tumors)
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1.2.2 Semiconducting Polymer Nanoparticles

Semiconducting polymer nanoparticles (SPNs) emerge as a new class of promising
fluorescence probes/contrast agents with excellent optical properties [25–29]. The
advantages of SPNs include simple synthesis and separation procedures, excellent
photostability, low cytotoxicity, high quantum yield. (Fig. 1.4) [30, 31]. The
semiconducting polymer nanoparticles have been demonstrated for fluorescence,
chemiluminescence, and persistent luminescence for real-time and targeted imaging
in vitro and in vivo [30–32]. Generally, the SPNs are prepared by the reprecipitation
method. The semiconducting polymer dissolved in a ‘‘good’’ solvent is rapidly
added to an excess of ‘‘poor’’ solvent under ultrasonic dispersion. Later on, Chiu
and his coworkers developed a modified method, which is called as nanoprecipi-
tation method to obtain small and uniform SPNs with specific groups on the sur-
face. Typically, an amphiphilic comb-like polystyrene polymer (PS-PEG-COOH)

Fig. 1.4 Molecular components and preparation process of SPNs. a The host semiconducting
polymer PFODBT, PFBT, and MEH-PPV; b the matrix polymer including a PEG-grafted poly
(styrene) copolymer and PSMA; c the conjugated functional groups; d the optical partner, such as
FRET acceptor NIR775, ROS responsive dye NIR 755S, and chemiluminescent substrate CPPO
that serves as CRET energy donor; e the schematic illustration of preparation process of SPNs
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or poly(styrene-co-maleic anhydride) (PSMA) is used to functionalize highly
fluorescent SPNs (Fig. 1.4a, b) [28, 29]. Firstly, a weight ratio of 4/1 of semi-
conducting polymer to matrix was mixed in THF to form a homogeneous solution.
Secondly, the resulting THF solution was added to two fold volume of water under
ultrasonication. Finally, the organic solvent was evaporated under an inert gas
atmosphere. The SPNs have an average diameter of about 15 nm and contain more
than 80% of effective fluorophores. Moreover, this strategy produces
surface-functionalized NPs with both PEG and carboxylic groups, which ensure
good stability and high reactivity with biomolecules, such as antibodies or strep-
tavidin. By using this strategy, they prepared highly stable SPNs, which approxi-
mately 15 times brighter than the commercial quantum dots for in vivo tumor
imaging. Similarly, they attached the temperature sensitive dye Rhodamine B
(RhB), whose emission intensity decreases with increasing temperature within the
matrix of SPNs [26]. Accordingly, they employed SPN-RhB as a ratiometric
temperature sensor for measuring intracellular temperatures in a live-cell imaging
mode. The exceptional brightness of SPN-RhB allows this nanoscale temperature
sensor to be used also as a fluorescent probe for cellular imaging.

Rao and his coworkers have been worked on SPNs for several years. They have
demonstrated for fluorescence, chemiluminescence, and photoacoustic imaging in
living cells and small animals (Fig. 1.4c–e) [11, 30–35]. They report the first
example of SPNs that can emit persistent luminescence with a lifetime of nearly 1 h
after a single excitation exposure to white light and show potential for in vivo
optical imaging [32]. The SPNs show both NIR persistent luminescent and
fluorescent emissions. The persistent luminescent emission has been applied for
in vivo optical imaging in mice, which provides support for future applications in
cell tracking and molecular imaging. Moreover, they introduce fluorescence reso-
nance energy transfer (FRET) and chemiluminescence resonance energy transfer
(CRET) mechanism into SPN system to detect drug-induced reactive oxygen
species (ROS) and reactive nitrogen species (RNS), which can direct evaluate acute
hepatotoxicity [31]. Briefly, the ROS and RNS responsive motif was loaded into the
SPNs to form FRET system and CRET system with different emission wavelength,
respectively. The responsive SPNs simultaneously and differentially detect RNS
and ROS using two optically independent channels. They image ROS and RNS to
reflect drug-induced hepatotoxicity and its remediation longitudinally in mice after
systemic challenge with acetaminophen or isoniazid. Similarly, Rao and his
coworkers designed self-luminescing NIR nanoparticles by integrating biolumi-
nescence resonance energy transfer (BRET) and FRET mechanism [30]. The NIR
SPNs were prepared by nanoprecipitation using poly[2-methoxy-5-((2-ethylhexyl)
oxy)-p-phenylenevinylene] (MEH-PPV, FRET donor) and NIR775 (FRET accep-
tor) as the emitters and PS-PEG-COOH as the matrix, followed by conjugation with
a bioluminescent eight-mutation variant of luciferase (Luc8) and RGD peptide.
Three emission peaks from MEH-PPV, Luc8, and NIR775 are located at 480, 594,
and 778 nm, respectively, indicating efficient BRET from Luc8 to MEH-PPV,
followed by FRET from MEH-PPV to NIR775. Upon intravenous administration of
the SNPs into mice, strong NIR fluorescence signals were observed from the
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lymphatic networks, including neck lymph nodes, axillary lymph nodes, inguinal
lymph nodes, and lateral thoracic lymph nodes. The self-luminescing feature pro-
vided excellent tumor-to-background ratio for imaging very small tumors (2–3 mm
in diameter). The novel self-luminescing nanoparticles provided highly improved
sensitivity through bioluminescence imaging in in vivo studies, such as lymph-node
mapping and cancer imaging.

The SPNs were prepared through microemulsion method with, poly
(DL-lactide-co-glycolide) (PLGA) as matrix polymer, which is a Food and Drug
Administration approved biocompatible polymer [36]. The PLGA-encapsulated
SPNs (240–270 nm) have the terminal carboxyl groups of PLGA, which can be
further conjugated with functional groups before or after SPN formation.
Meanwhile, Liu and coworkers developed a general strategy through a single
emulsion method to fabricate a series of SPNs with PLGA as nanomatrix, which
showed emission in the range of 400–700 nm [37]. The quantum yields of the SPNs
were 4–25 folds lower than those of semiconducting polymer in THF solutions, due
to extensive semiconducting polymer aggregation in nanoparticles. Liu et al.
introduced bulky groups (POSS) to poly(fluorenevinylene) to prevent close-packing
of semiconducting polymer inside the SPNs. The reformative poly(fluor-
enevinylene) and PLGA-based SPNs showed an improved quantum yield of 19%
relative to 11% for poly(fluorenevinylene) [38]. The surface carboxyl groups of
PLGA nanoparticles were further modified with trastuzumab through coupling
reaction. The trastuzumab-functionalized SPNs were then successfully used for
specific discrimination of SK-BR-3 cells from MCF-7 and NIH/3T3 cells.

1.2.3 AIE Nanoparticles

Aggregation-induced emission (AIE) and aggregation-induced emission enhance-
ment (AIEE) mechanism have been developed by Tang, which can obtain high
fluorescence in aggregated state (Fig. 1.5a) [8, 39–47]. Tang and his coworkers
discovered that AIE was exactly opposite to ACQ effect (Fig. 1.5b). The typical
AIE fluorogenic molecules are nonemissive when molecularly dissolved but highly
emissive when aggregated due to the restriction of intramolecular rotations (RIR).
The AIE phenomenon is generally observed in molecules with rotating units such
as phenyl rings. In dilute solutions, the rotor-containing fluorogens undergo
low-frequency motions, resulting in fast nonradiative decay of the excited states and
nonemissive of fluorogens. In the aggregates, the intermolecular steric interaction
blocked the intramolecular rotations, leading to the emission of fluorogens when
absorbed energy. The AIE effect made the fluorogens ideal candidate materials for
the preparation of fluorescent nanoparticles with highly emissive fluorescent sig-
nals. In recent years, a large variety of AIE molecules have been developed, which
have propeller-shaped structures and freely rotatable peripheral aromatic moieties.
A few typical examples such as tetraphenylethene (TPE), hexaphenylsilole (HPS),
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distyreneanthracene (DSA), and TPE conjugated 2,3-bis-[4-(diphenylamino)phe-
nyl] fumaronitrile (TPE-TPAFN) are shown in Fig. 1.5c.

The AIE nanoparticles showed high stability and strong retention in living cells,
which could be utilized for long-term cell imaging for many passages. For example,
the aminated HPS derivatives spontaneously aggregated into � 220 nm nanopar-
ticles in aqueous media [48]. The nanoparticles effectively stained HeLa cells with
bright green fluorescence and enabled long-term cell tracing up to four passages.
Furthermore, the TPE based AIE nanoparticles may allow cell tracing for 10–15
passages [49, 50]. The strong retention of the AIE nanoparticles with high con-
centrations enabled visual monitoring of the cell growth, which was better than the
commercial cell tracker.

BSA and functionalized BSA were also utilized to encapsulate an AIE molecule
for bioimaging [51, 52]. For example, attaching of two TPE units with 2-2,6-bis
[(E)-4-(diphenylamino)styryl]-4H-pyran-4-ylidene-malononitrile can afford an AIE
molecule (TPE-TPA-DCM), which was imparted AIE characteristics by conjuga-
tion of AIE active TPE. The TPA-DCM in THF was added to BSA aqueous
solution under sonication followed by crosslinking with glutaraldehyde, forming
TPE-TPA-DCM-loaded BSA nanoparticles with bright fluorescence [51]. The
TPE-TPA-DCM BSA nanoparticles can enter MCF-7 cells and accumulate in
tumor for in vitro and in vivo imaging. Furthermore, the BSA was functionalized
with arginine–glycine–aspartic acid (RGD) peptide to yield fluorescent probes for
specific recognition of integrin receptor-overexpressed cancer cells.

Besides traditional conjugation of the targeting groups with AIE molecules to
afford specific cell imaging, the functionalized AIE nanoparticles could be prepared
by a precipitation strategy. The AIE molecules were encapsulated and stabilized

Fig. 1.5 a N,N-dicyclohexyl-1,7-dibromo-3,4,9,10-perylenetetracarboxylic diimide (DDPD) and
b HPS in THF–water mixtures with different water contents for fluorescence photographs of
solutions/suspensions. c Typical AIE luminogens TPE, HPS, DSA, TPE-TPAFN. (Reproduced
with permission [39]. Copyright 2011, the Royal Society of Chemistry)
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with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene
glycol)] (DSPE-PEG) [53]. The functional groups such as targeting molecules and
peptides can be introduced by co-assembly with pre-conjugated DSPE-PEG. The
typical preparation process was shown in Fig. 1.6. THF solution of AIE molecule,
DSPE-PEG2000, and DSPE-PEG5000-folate was added into water under continuous
sonication, resulting in 90 nm AIE nanoparticles with fine-tuned surface folic acid
density. The AIE nanoparticles could selectivity recognize MCF-7 from NIH3T3
cells due to the specific folate receptor-mediated endocytosis for MCF-7 cells. The
supramolecular strategy showed many advantages including convenient preparation
and well-controlled density of functional group on the surfaces.

The active DSPE-PEG2000-R (R = NH2, COOH, N-maleimide) could be also
involved in the precipitation strategy to prepare AIE nanoparticles with surface
functional groups [54–56]. As a result, the AIE nanoparticles could be
post-modified with functional peptides, proteins and so on, which was much easier

Fig. 1.6 a Schematic illustration of AIE nanoparticles preparation with DSPE-PEG as
encapsulation matrix and the HR-TEM image (b). c One- and d two-photon confocal images of
MCF-7 breast cancer cells after incubation with the nanoparticles. e Schematic illustration of the
AIE-doped DSPE-PEG with post-modification. a–d were reproduced with permission from Ref
[53]. Copyright 2011 Royal Society of Chemistry. e was reproduced with permission from Ref [8],
Copyright 2013 American Society of Chemistry
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than chemical modification of AIE molecule itself. For instance, DSPE-PEG2000

and DSPE-PEG2000-NH2 were used to co-assemble with AIE molecules
TPE-TPAFN. TPE-TPAFN-based AIE nanoparticles showed a uniform hydrody-
namic size of 30 nm with NIR emission (maximum emission: 671 nm). AIE
nanoparticles were conjugated with HIV-1 transactivator of transcription (Tat) via
carbodiimide-mediated coupling (Fig. 1.6e) affords TPE-TPAFN-based
DSPE-PEG-Tat nanoparticles. The Tat-AIE nanoparticles show higher stability
and brightness than the commercial Qtracker® 655 and realize long-term nonin-
vasive cell tracing. The Tat-AIE nanoparticles were capable of tracing MCF-7 cells
for 10–12 generations in vitro. Moreover, in vivo fluorescence imaging through
monitoring AIE nanoparticle-labeled C6 glioma cells in mouse indicated that the
Tat-AIE nanoparticles had the ability to trace cell at long-term up to 21 days.

Near-infrared (NIR) AIE nanoparticles were highly desirable for bioimaging,
especially for in vivo application as shown in the above examples, which display
nearly no spectral overlap with biosubstrate autofluorescence. In another case, the
shape-tailored organic quinoline–malononitrile (QM) with AIE characteristics is
designed and synthesized to form AIE nanoprobes with far-red and NIR fluores-
cence and well-controlled morphology (from rod-like to spherical) [57]. The
QM-based AIE nanoprobes are biocompatible and highly desirable for cell-tracking
applications. The tumor-targeted bioimaging performance is related to the shape of
QM nanoaggregates, where the spherical shape of QM nanoaggregates exhibits
excellent tumor-targeted bioimaging in vivo. Similarly, diketo-pyrrolo-pyrrole
(DPP) compounds with AIE properties are NIR emissive, which is stabilized with
DSPE-PEG-Mal to form AIE nanoparticles. The surface of DPP-based AIE
nanoparticles is further modified with cell penetrating peptide (CPP) to yield
DPP-CPP nanoparticles with high brightness, good water dispersibility, and
excellent biocompatibility for cell imaging [56].

Besides the NIR fluorescence imaging, the two-photon fluorescence imaging was
developed for high-resolution imaging in vivo [58, 59]. Liu et al. reported the syn-
thesis of ultrabright 4,7-bis[4-(1,2,2-triphenylvinyl)phenyl]benzo-2,1,3-thiadiazole
(BTPEBT)-based supramolecular AIE nanoparticles with small size (�33 nm),
which showed a high two-photon absorption cross section, superb colloidal stability,
excellent photostability, low in vivo toxicity and used for real-time intravital
two-photon imaging of blood vessels [60]. The supramolecular AIE nanoparticles
were brighter than widely used organic dyes such as Evans blue for two-photon blood
vessels labeling agent. Furthermore, the supramolecular AIE nanoparticles can be
used to visualize the major blood vessels as well as the smaller capillaries in the pia
matter with a depth of beyond 400 lm.

1.2.4 J-Aggregates

J-type aggregates of fluorophores are another straightforward solution for ACQ
effect. According to the supramolecular interactions, the H- and J-aggregates were
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developed with organic dyes. Based on the theoretical calculation and experimental
results, H-aggregates showed blue-shifted absorption and quenched fluorescence
due to the face-to-face dipole moments. However, the J-aggregates showed strong
fluorescence with red-shifted absorption. Frank and Wang have been devoted to
design supramolecular fluorescence based on perylenes by tuning the hydrogen
bonds [61, 62]. Recently, Wang et al. designed and developed a new series of bis
(pyrene) derivatives, i.e., BP1–BP4 with 1,3-dicarbonyl, pyridine-2,6-dicarbonyl,
oxaloyl and benzene- 1,4-dicarbonyl as linkers, respectively (Fig. 1.7a) [63]. In
solution, all compounds showed low fluorescence quantum yields (U < 1.7%) in
variable organic solvents due to the twisted intramolecular charge transfer (TICT).
In a sharp contrast, BP1 in the solid state was self-assembled to form J-type
aggregates with almost 30-fold fluorescence enhancement (U was up to 32.6%)
compared to that in solution (Fig. 1.7b, c). Nevertheless, H-type aggregates of BP3
and BP4 were observed with poor emissive efficiencies (U < 3.1%). Furthermore,
the morphologies of supramolecular aggregates showed that BP1 and BP2 were
dot-shaped nanoaggregates with 2–6 nm in diameters (Fig. 1.7d), while BP3 and
BP4 showed sheet-like morphologies with 5–10 nm in width and 20–100 nm in
length. The nanoaggregates of BP1 and BP2 coated with F108 surfactants showed
good pH and photostability in physiological condition. Finally, the nanoaggregates
of BP1 and BP2 were successfully employed as fluorescence nanoprobes for
lysosome-targeted imaging in living cells with negligible cytotoxicity. To expand
the application of BP derivatives, the functionalization of BP is achieved by
introducing the active groups, such as COOH, NH2, Br, N3 (Fig. 1.7e).

To obtain the NIR emission under NIR two-photon irradiation, the BP1 was
co-assembled with Nile red to form FRET two-photon fluorescence imaging

Fig. 1.7 a Molecular structures of bis-pyrene derivatives BP1-4 and b their supramolecular
packing structures. c Typical fluorescence spectra of BP1 upon aggregation and d the resulting
TEM image. e Molecular structures of functionalized BP derivatives
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contrast agents, which exhibited unprecedentedly high tissue penetration capability
(Fig. 1.8) [64]. The BP-NR showed a large d (2.4 � 105 GM) value, a NIR
emission (630 nm), and a high energy transfer efficiency (60.7%). The d value of
this co-assembled BP-NR nanoparticle is the highest one among all the reported
two-photon contrast agent materials. The BP-NR showed deep tissue penetration up
to 2200 lm in-depth in mock tissue. Finally, the low-concentrated BP-NR (0.5 nM)
was successfully applied to visualize the fine structures of aligned cartilage in the
ear of mice in vivo.

Other typical fluorescence molecular probes can form J-aggregates after modi-
fication with p-conjugated groups due to tailored p−p stacking. For example, a
series of lipidic boron-dipyrromethene (BODIPY) dyes were designed and syn-
thesized to self-assemble into J-aggregates with NIR fluorescence [65]. The
supramolecular J-type aggregates could act as imaging probes or delivery vehicles
for living cells, where the entering of J-type aggregates could be monitored directly
with fluorescence microscopy. Similarly, a CF3-linked BODIPY derivative can
form strongly luminescent J-aggregates, which is in contrast with the quenched
condensed-phase photophysics that are typical for BODIPY dyes. The J-aggregates
show narrow red-shifted absorption and emission bands, minimal Stokes shift, and
increased fluorescence rate constants. However, with the preparation of
J-aggregates, the biological imaging application should be further developed [66].
In another case, 1,4-dimethoxy-2,5-di [4-(cyano)styryl]benzene (COPV) can form
water-miscible J-aggregate nanoassemblies driven by the cooperation between p−p

Fig. 1.8 Schematic illustration and corresponding experimental results of construction of FRET
BP1-NR nanosystem and their applications for in vivo imaging
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stacking and hydrogen-bonding interactions [67]. The J-aggregates based on COPV
were highly emissive in aqueous media, which were also used as efficient
two-photon fluorescent contrast agents for bioimaging.

1.2.5 In situ Construction

Nature can modulate the biological processes in spatiotemporal way, which
involves the direct manipulation of a material, especially a supramolecular material
by a stimulus over multiple length and time scales. Inspired by nature, in situ
construction/reconstruction of nanomaterials strategy in biological conditions is
developed to execute diagnostics and/or therapeutics with signal transmutation to
solve unpredictable changes (instability) of the supramolecular nanomaterials under
complicated and multivariate physiological environments when applied in vitro and
in vivo. Some specific binding interactions, biocompatible reactions and pH,
enzyme under specific biological conditions were applied to induce supramolecular
interaction changes, such as hydrophobic interactions, resulting in in situ assembly
and signal enhancement. The in situ construction was categorized as disassembly,
assembly, and reassembly.

1.2.5.1 Disassembly

It is well known that fluorescence would be quenched when aggregates for most
fluorescence dyes. As a result, the disassembly of fluorescence dyes is a turn-on
strategy, which could be utilized for bioimaging and diagnostics (Fig. 1.9).
Hamachi developed protein–ligand interactions regulated disassembly to achieve
protein recognition with accompanied fluorescence signal changes [68–70].
Tumor-specific or tissue-selective protein biomarkers overexpressed on cell sur-
faces are important targets for basic biological research and therapeutic applica-
tions. The identification of these proteins offers direct applications in environmental
monitoring and therapeutics. They carried out specific protein detection by using
self-assembled fluorescent nanoprobes consisting of a hydrophilic protein ligand
and a hydrophobic BODIPY fluorophore (1–5 * 1–11) [71].

Wang and Chen et al. reported a co-assembled nanovesicle of two BODIPY
amphiphiles with distinct emission color. The fluorescence of both BODIPY dyes is
completely quenched and recovered upon disassembly driven by solvent variation
or cell uptake. Accordingly, the co-assembled nanoaggregates were demonstrated
for dual-color imaging of live cells. Furthermore, dual-color and ratiometric
fluorescence imaging of live cells indicated that the disaggregated dyes are local-
ized on the endoplasmic reticulum [72]. In the same group, Wang and Qiao et al.
demonstrated BP disassembly modulated by a pH-sensitive polymer nanocarrier
[73]. The BP was conjugated with hydrophilic poly(amino ester)s (as a pH-sensitive
carrier, P-BP). The P-BP could self-assemble into nanoparticles through
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hydrophobic interactions at neutral pH, where the BP aggregated as the
hydrophobic core with green fluorescence and polymer as the hydrophilic shell. As
the pH decreased, the protonation of polymer chains induced the swelling of
nanoparticles with disaggregation of BP. As a result, blue fluorescence of BP
monomer increased with decrease of green fluorescence from BP aggregates due to
the disassembly. The disassemble nanoparticles could in situ monitor pH values in
living cells.

Through protein binding, the supramolecular self-assemblies could be disas-
sembly for sensing, drug delivery, and diagnostics. The structural and functional
aspects of assemblies formed from amphiphilic dendrimers can show reversible
assembly/disassembly depending on the nature of the solvent medium [74–76].
S. Thayumanavan introduces a new approach of protein-responsive supramolecular
disassembly for detection or specific-responsive release of drugs. The amphiphilic
dendrimers self-assembled into nanomicelle with hydrophobic guest molecules in
their interiors, the stability of which is dependent on the relative compatibility of the
hydrophilic and hydrophobic functionalities with water, often referred to as
hydrophilic–lipophilic balance (HLB). The protein binds the ligands on amphiphilic
dendrimers and induces the changes of HLB, resulting in the disassembly and drug
release. In another example, a detection method for specific protein is achieved by
using this method. The ligand-tethered fluorophore/quencher pairs are encapsulated
in the micellar assemblies through noncovalent interactions, where the fluorescence
is in the “off” state. Protein-binding-induced dissociation of the ligand-fluorophore
combination away from micelles turns the fluorescence to the “on” state. Based on
the fluorescence signals, the protein can be recognized and detected. The detection
of protein can provide a unique opportunity to explore imbalances in protein
activity, which are the primary reasons for most human pathology [76].

1.2.5.2 Assembly

The in situ self-assembly is generally realized from the small molecule with
hydrophobic aggregatable units and hydrophilic responsive groups (prevent the
aggregation due to hydrophilicity and steric hindrance). The hydrophobic aggre-
gatable units self-assemble when the hydrophilic group left upon physiological
condition stimuli. The strategy was proposed by Xu and his coworkers, who are
experts on hydrogel and developed supramolecular hydrogelation inside living cells
in situ [77]. They prepared a precursor of fluorescent hydrogelator, which consists
of a fluorophore, 4-nitro-2,1,3-benzoxadiazole (NBD), and a phosphorous ester on
the tyrosine residue of a small peptide. The NBD group is a fluorophore known to
give more intense fluorescence in hydrophobic environment than in water. The

JFig. 1.9 Protein detection developed by I. Hamachi, the fluorescence probe quenched when
self-assembled in aqueous solution. The fluorescence on after disassembled due to the protein
recognition
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alkaline phosphatase (ALP) catalyzed dephosphorylation can afford a more
hydrophobic hydrogelator than the precursor, which is able to self-assemble in
water to form nanofibers and to result in the hydrogel. Therefore, the individual
hydrogelators exhibit low fluorescence, and the nanofibers of the hydrogelators
display bright fluorescence. On the one hand, the strategy allowed the evaluation of
intracellular self-assembly, the dynamics, and the localization of the nanofibers of
the hydrogelators in live cells. On the other hand, the in situ self-assembly with
enhanced fluorescence showed its potential for wash-free cell imaging method. This
approach explores supramolecular chemistry inside cells and may lead to new
insights, processes, or materials at the interface of chemistry and biology [78].

Rao and Liang reported a condensation reaction-induced hydrophobicity
increase, resulting in aggregation to form nanostructures. The condensation reaction
can be controlled by reduction or enzyme under physiological conditions with
fluorescence readout. The typical condensation reaction could be accomplished
between 1,2-aminothiol and 2-cyanobenzothiazole in vitro and in living cells under
the control of either pH, disulfide reduction, or enzymatic cleavage [79–82]. The
self-assembled nanostructures of the condensation products were fully character-
ized, which could be controlled by tuning the structure of the monomers. By
applying this condensation reaction-induced assembly, they monitored the
caspase-3/7 activity in vitro and in vivo with fluorescence imaging technique [81].
The fluorescent small molecule Cy5.5 was introduced into condensation reaction
system, and self-assembled with the condensation reaction to with the enhanced
fluorescence. The caspase-3/7 activities were imaged successfully in both apoptotic
cells and tumor tissues using three-dimensional structured illumination microscopy.

Tang et al. developed the AIE NPs for fluorescence bioimaging; furthermore,
they constructed AIE-based supramolecular aggregates in living cells, where the
AIE molecules were released from their conjunction with peptide. They combined
DEVD peptide and TPE modules to image the caspase-3 activity [83]. Later on,
they extended the AIE detection system by combining the chemotherapeutic drug
and biological evaluated chemotherapeutic effect [84]. They synthesized a func-
tionalized Pt(IV) prodrug with a cyclic arginine–glycine–aspartic acid (cRGD)
tripeptide for targeting integrin avb3 overexpressed cancer cells and an apoptosis
sensor which is composed of TPS fluorophore with AIE characteristics and a
caspase-3 enzyme specific Asp-Glu-Val-Asp (DEVD) peptide. The Pt(IV) prodrug
can be selectively and effectively uptaken by avb3 integrin overexpressed cancer
cells. Then, the Pt(IV) prodrug can be reduced to produce active Pt(II) drug and
release the apoptosis sensor TPS-DEVD simultaneously in cells. The cell apoptosis
can be induced by Pt(II) drug and detected by DEVD-TPS, which is cleaved by
caspase-3 enzyme and aggregated with fluorescence enhancement. Such noninva-
sive and real-time imaging of drug-induced apoptosis in situ can be used as an
indicator for early evaluation of the therapeutic responses of a specific anticancer
drug. The other enzymes such as cathepsin B [85, 86] and alkaline phosphatase [87]
are also used to trigger the aggregation of AIE molecule for in situ imaging.

In the Wang group, the bis-pyrene was developed for J-type aggregate with
strong emission in water. They reported supramolecular approach to realize the

18 L. Wang and G.-B. Qi



in situ formation of nanoassemblies in living cells, which involved the
pH-responsive amphiphilic carrier and aggregatable monomer BP [88].
The nanocarrier delivered the BP to the lysosomes of cells. In the acidic lysosomes,
the bis-pyrene monomers were released and self-aggregated with turn-on fluores-
cence. The bis(pyrene) derivatives (BP, aggregatable monomer) were molecularly
dispersed in the hydrophobic domains of pH-responsive amphiphilic poly(b-amino
esters) (PbAE) micelles (responsive carrier) at pH 7.4 via hydrophobic interactions.
BP was released and self-aggregated with significant fluorescence enhancement due
to the formation of aggregates at pH 5.5 in phosphate buffered solution or serum
free cell culture medium (opti-MEM). The release and aggregation of BPs with
6-fold fluorescence enhancement were accomplished within 15 s at 15 lM. Based
on unique properties of the supramolecular system, the in situ self-aggregation
process of BPs with turn-on fluorescence was successfully achieved in living cells.
First, BPs dispersed micelles were accumulated in the lysosomes. Then, the BPs
were released and self-aggregated with turn-on fluorescence upon the formation of
nanoaggregates in acidic lysosomes. They have demonstrated a supramolecular
system to achieve in situ self-aggregation in living cells. The BPs could be trans-
ferred into the lysosomes of living cells by dispersing into pH-responsive PbAE
micelles via endocytosis. In acidic environment of the lysosomes, the BPs were
released and self-aggregated in situ, which was validated by turn-on fluorescence
and TEM images of BPs nanoaggregates inside Hela cells. This designed
supramolecular strategy is a versatile platform for incorporation of aggregatable
monomers into cellular environment-responsive carrier modules, leading to in situ
self-aggregation in living objects, which will open a new avenue for highly sen-
sitive molecular diagnostics in the future.

In the same group, they utilized an enzymatic method to modulate the BP
aggregates in the living cells to achieve the real-time monitoring autophagy [89].
The intelligent building blocks (DPBP) were composed by a bulky dendrimer
carrier, a bis(pyrene) derivatives (BP) as a signal molecule, and a peptide as a
responsive unit that can be cleaved by an autophagy-specific enzyme, i.e., ATG4.
DPBP maintains the quenched fluorescence in monomer state. However, the
responsive peptide is specifically tailored upon activation of autophagy, resulting in
self-aggregation of BP residues and 30-fold enhanced fluorescence. By measuring
the fluorescent signal values, the autophagic level could be quantitatively evaluated.

1.2.5.3 Reassembly

Molecular self-assembly plays an important role in construction of a variety of
functional high-ordered nanostructures with precise arrangements in biological
systems [90, 91]. The well-defined structure and morphology impart the feature
functionality to self-assemblies. Interestingly, smart self-assemblies formed by
peptide-based building blocks showed morphology transformation upon stimuli
such as enzyme, [92, 93] pH, [94] photoirradiation [95, 96]. The advantages of each
morphology can be realized by in situ transformation in vivo for high-performance
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biological applications. For examples, drug release during the transformation with
good controllability in certain time can enhance pharmacology and drug efficacy;
[94, 97] the nanoparticles would show prolonged retention effect when they were
precisely controlled in transformation into nanofibers [93].

For instance, Giannechi reported the enzyme-responsive spherical nanoparticles
form an aggregate-like scaffold or micrometer scale assemblies when activated by
metalloproteinase. They utilized enzyme-responsive material to present an in situ
reassembly of nanoparticles [92]. First, they described an enzyme-programmed
tissue-targeted nanoparticle probe and utilized a Förster resonance energy transfer
(FRET)-based assay for monitoring particle accumulation. Generation of a FRET
signal provided evidence that the nanoparticles had undergone an enzyme directed
aggregation process in tumor tissue generating a slow clearing, self-assembled
“implant” of polymeric material within the tissue. Later on, they have utilized Alexa
Fluor 647-conjugated peptide polymeric nanoparticles as probes for whole mouse
imaging and show extended tumor retention via morphological aggregation in
response to MMP enzyme cleavage. Furthermore, they provided compelling evi-
dence that this accumulation process is due to assembly of nanometer particles into
larger-scale aggregates by employing super-resolution fluorescence microscopy
(stochastic optical reconstruction microscopy, STORM) to study tumor tissue slices
ex vivo. They observed fluorescent aggregates in targeted tumor tissues within 1 h
that were retained for at least 1 week via detailed tissue-slice analysis coupled with
whole animal NIR-fluorescence imaging. Most importantly, particles designed to
resist reaction with MMPs were cleared from tumor tissues within 1 h as observed
in both in vivo and ex vivo STORM and confocal fluorescence analysis of tissue
slices. They validated that the materials had passively diffused into the tumors
following injection and then undergone further aggregation with a size increase,
which trapped the material within the extracellular space within the tissue.

At the same time, they utilized the same strategy to target the myocardial
infarction (MI) as well for achieving prolonged retention of a material in an acute
MI via intravenous injection [93]. The nanoparticles were designed to respond to
enzymatic stimuli matrix metalloproteinases (MMPs) present in the acute MI
resulting in a morphological transition from discrete micellar nanoparticles into
network-like scaffolds. The fluorescent nanoparticle is composed of brush peptide–
polymer amphiphiles (PPAs) based on a polynorbornene backbone with peptide
sequences specific for recognition of MMP-2 and MMP-9. IV delivery allows the
enzyme-responsive nanoparticles to freely circulate in the bloodstream until
reaching the infarct through the leaky post-MI vasculature, where they assemble
and remain within the injured site for up to 28 d post-injection. For the MI
application described here, the polymer design was modified to optimize net
polymer amphiphilicity. They reduced the degree of polymerization of the hydro-
philic block and degree of conjugation of hydrophilic peptide such that the
hydrophilic weight fraction was 0.45 instead of 0.55, which increased the
responsiveness of the system by decreasing the peptide brush density within for-
mulated micelles of the same size. The in situ assembly in targeted tissue provided a
promising approach for long-term imaging and sustained delivery of therapeutics.
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Stupp’s group prepared pH-responsive peptide amphiphiles, which
self-assembled into nanofibers at pH of 7.5 and transformed into nanoparticles with
the decreasing pH [94]. By incorporating an oligo-histidine H6 sequence with
aliphatic tail on the N-terminus or near the C-terminus, they developed two peptide
amphiphiles that self-assembled into distinct morphologies on the nanoscale, either
as nanofibers or spherical micelles. Upon protonation of the histidine residues in
acidic solutions (pH 6.0 and 6.5), the nanofibers of peptide amphiphiles could
transform into nanoparticles at pH 6.0. Meanwhile, the sphere-forming peptide
amphiphiles disassembled with impaired hydrogen-bonds. Interestingly, the H6-
based nanofiber assemblies encapsulated camptothecin (CPT) with up to 60%
efficiency, a sevenfold increase in CPT encapsulation relative to spherical micelles.
The peptide amphiphiles were labeled with AF680 to image the biodistribution to
understand the effect of shape and pH-dependent assemblies on tumor accumulation
in vivo. The results indicated the high accumulation of peptide amphiphiles in
mammary tumor as determined by tumor fluorescence. Additionally, pH-sensitive
nanofibers showed improved tumor accumulation over both spherical micelles and
nanofibers that did not change morphologies in acidic environments. The study
demonstrated that the morphological transitions upon changes in pH of
supramolecular nanostructures affect drug encapsulation and tumor accumulation.

Wang et al. reported a glutathione (GSH)-based bio-orthogonal reaction that
triggers reconstruction of self-assembled nanostructures, resulting in turn-on of
dual-color fluorescence signals in living cells [98]. They prepared a cyanine-based
amphiphilic dye (BP-S-Cy) with a bis(pyrene) substitution. The BP-S-Cy was
initially self-assembled into nanoparticles with quenched fluorescence in water.
Second, upon BP-S-Cy was selectively cleaved and substituted by GSH, the
released hydrophobic BP unit self-assembled into larger nanoaggregates with
almost 36-fold fluorescence enhancement with emission maxima at 520 nm.
Meanwhile, the newly formed GSH labeled Cy (Cy-GSH) exhibited 30-fold
fluorescence enhancement at NIR region (kem 820 nm). Finally, this new GSH
triggered bio-orthogonal reaction and resultant reconstruction of self-assembled
nanostructures were validated in living cells. This smart nanoprobe was utilized to
image the GSH in living cells with dual-wavelength emission.

The understanding of formation and structure-evolutionary mechanism of
self-assembled superstructures is still a challenge. Wang and his coworkers
designed and prepared a series of supramolecular building blocks
(BP-KLVFFG-PEG, BKP) composed by an aromatic bis-pyrene motif, a
hydrogen-bonding motif, and a hydrophilic poly ethylene glycol (PEG) chain and
investigated their self-assembly processes systematically (Fig. 1.10) [99]. BP was
chosen as hydrophobic core to induce aggregation and monitor the aggregation by
fluorescence signals from BP upon aggregation. The peptide with a sequence of
Lys-Leu-Val-Phe-Phe (KLVFF) originated from the segments of amyloid b has
been proven to be a highly fibrillation by H-bonds [100]. The polymeric peptide
(KLVFF) was chosen as peptide scaffolds for inducing fiber formation. It is well
known that hydrophilic–lipophilic balance (HLB) affects the self-assembly process,
and resultant structures and morphologies of supramolecular nanomaterials [101].
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The PEG with different molecular weights (Mw = 368, 1000, 2000) was chosen as
hydrophilic chains to modulate HLB of the target molecules. The study revealed
that the hydrophobic and p−p interactions initially drove the self-assembly of BKP
into nanoparticles with J-type fashion, and the H-bonding interactions further drove
in situ spontaneous morphology transformation into nanofibers. The longer was
hydrophilic chain, the faster transformation was from nanoparticles to nanofibers.
The elucidation of BKP assemblies from the molecular level to supramolecular
nanosystems constitutes a bridge between molecular structures and their
morphologies.

Based on the above systematical investigation of morphology transformation,
the metal ions-regulated morphology transformation was proposed and confirmed
in the same group [102]. It is well known that RGD has specific binding activity to
integrin avb3, which is mainly driven by the coordination interactions between
RGD and the metal ions (Ca2+, Mg2+) at “metal ion-dependent adhesion site”
(MIDAS) [103–105]. They designed and prepared modular peptide-based building
blocks (BKR) composed by an aromatic bis-pyrene (BP) motif, a
Lys-Leu-Val-Phe-Phe (KLVFF) motif, and a divalent cation (Ca2+) binding motif
(Arg-Gly-Asp, RGD). The study demonstrated metal ion-mediated structural evo-
lution of peptide-based superstructures on specific cancer cell surfaces for inter-
fering cellular viability by applying the RGD and integrin avb3 interactions.
Actually, the BKR could light up calcium alginate beads and U87 cells through
binding with the Ca2+ on their surfaces, respectively. More importantly, BKR on
the U87 cell surfaces formed nanofibers in situ from nanoparticles and killed the
cells. The bio-inspired morphology transformation of BKR peptide on the cell
surfaces displays a great potential for cancer theranostics.

Fig. 1.10 Schematic illustration of In situ formation of nanofibers from nanoparticles of
BP-KLVFFG-PEG polymer peptide and corresponding TEM images
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1.3 Summary and Outlook

In this review, recent progress of supramolecular self-assembled nanomaterials for
fluorescence bioimaging was summarized. Supramolecular nanoassemblies as
contrast agents have many advantages compared to small molecules, such as high
stability, high sensitivity, and specificity. However, the preparation reliability of
self-assembled nanomaterials is a key issue, which is due to the difficulty in con-
trolling the supramolecular interactions. It is possible to transform the morpholo-
gies, structures, and corresponding fluorescence properties when encountering in
biointerfaces with complicated physiological condition in vivo, ascribed to the
dynamic nature of self-assembled nanomaterials.

For ex situ self-assembled nanomaterials, the dye-dispersed polymeric or
semiconducting polymeric nanoparticles have been proven to be simple and
effective supramolecular approach to construct nanoprobes/contrast agents for
general fluorescence materials. The well-controlled nanomaterials with definite
parameters such as size, shape, charge, payload, and surface chemistry are neces-
sary for reliable application. The aggregation of fluorescence units should be pre-
cisely tuned to keep high fluorescence quantum yields by incorporating bulky
groups, introducing moieties to induce intramolecular and intermolecular energy
transfer. The AIE and J-type aggregation nanoparticles take advantage of fluores-
cence increase nature during aggregation process. For all the ex situ self-assembled
nanomaterials, the stability is highly disable to face the complicated physiological
conditions. They could meet the requirement of high-performance fluorescence
contrast agents for clinical application.

On the other hand, the in situ self-assembly is much more interesting field that
draws great attention from fundamental research. The in situ self-assembly can be
intelligent to monitor the biological process, activity of biomolecules, and disease
diagnosis in vivo. More importantly, in situ self-assembly is generally achieved
under natural stimuli, such as enzyme, pH, and redox in specific physiological and
pathological region. It will help the construction of nanoprobes or release of drugs
effective in therapeutics and diagnostics due to the selective and efficient homing of
material to specific tissues and biomolecular targets. For example, the in situ
assembly showed long retention time, which was called aggregation-induced
retention (AIR) effect, resulting in high performance of imaging and treatment.
There is an extraordinary need of powerful new tools and strategies for charac-
terizing the dynamics, morphology, and behavior of in situ self-assembled nano-
materials, which can identify their specific and useful physical properties from
normal tissue. Furthermore, the design of sophisticated precursor for self-assembly
would be a large challenge for the in situ assembly with fluorescence signal
difference.

For all the self-assembled nanomaterials, further development bioimaging
applications will be mainly focused on the FR/NIR emitters with narrow band
emission. Various signal amplification strategies, such as FRET and
metal-enhanced fluorescence, could be used to further improve their brightness for
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fluorescence imaging. The biodistribution, such as liver and spleen, and their
toxicity in vivo following systemic administration of self-assembled nanomaterials
need to be evaluated through standardized, validated methods. Furthermore, the
morphology and structure transformation followed by the disassembly and excre-
tion of self-assembled nanomaterials in vivo should be paid great effort. The
self-assembled nanomaterials with disassembility and degradability with high
biocompatibility and low toxicity by systematically evaluation could be applied to
clinical diagnostics and therapeutics of diseases. By collaboration with the multi-
disciplinary researchers from chemistry, biology, and medicine, we believe that the
self-assembled nanomaterials will lead to benefits to all of us in the future.
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Chapter 2
The Self-assembly of Cyanine Dyes
for Biomedical Application In Vivo

Hong-Wei An and Man-Di Wang

Abstract The development of near-infrared (NIR) fluorescence imaging is
expected to have significant impact on future personalized oncology owing to the
very low tissue autofluorescence and high tissue penetration depth in the NIR
spectrum window. Among conventional fluorescent probes, cyanine dyes, one kind
of NIR dyes, exhibit unique advantages in molecular tracing both in vitro and
in vivo. Cyanine dye possessed desired features of J-aggregates, such as a narrow
absorption band that is bathochromically shifted relative to the monomer band, high
fluorescence intensity with small Stokes shift, and exceptional exciton transport
capability. The strong absorption of light and efficient exciton transport to analyte
traps provide these dye aggregates with an ultrahigh sensitivity. Thus, it is not
surprising that cationic cyanine dye aggregates were the dyes of choice for the
development of novel fluorescent and colorimetric sensing schemes. Moreover, the
use of self-assembled biomaterials in bioapplication could also benefit from
improved nanostructural precision. It is well knowledged to construct well-ordered
nanostructures in living objectives for reflecting certain physiological activity
which is one of the ultimate goals for supramolecular chemistry and self-assembled
functional materials. We propose a new “in vivo self-assembly” concept which
means the construction of well-ordered self-assemblies from exogenous small
molecules in bioenvironments (e.g., cells, tissues or living animals). These self-
assemblies usually possess multiple nature-mimicking biological functions. So we
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work on developing new cyanine dye self-assembly with biofunction. And we are
trying to the design of controllable cyanine dye building blocks with biofunctions,
tuning the balance of attractive and repulsive intermolecular forces, accurately
positioning self-assembly, rapid accumulation, and prediction of their self-assembly
behavior in living body.

2.1 Introduction

In the last couple of decades, the applications of fluorescent probes in biological and
biomedical fields display dramatically increasing. The widely acknowledged sen-
sitivity, designed specificity, and multiple choice of candidates for the fluorescence
have replaced radioactivity in many bioapplications, such as bioimaging of
bioactive molecules/materials [1, 2] or investigating the structure/dynamics of
biological macromolecules including nucleic acids [3, 4], proteins [4] [5]. As
concern to living subject, the deep penetration of the excitation and emission peaks
and high fluorescence quantum yield are two significant parameters for consider-
ation of fluorescence probes. The redshift of the “imaging window” to 650–1450,
where the absorption by tissues and blood is at a minimum, defines the fluorophores
as near-infrared fluorescent probes. Meanwhile, the favorable strong signal
wavelength should lie in 650–1450 [6]. Right now, most organic fluorescent probes
with near-infrared (NIR) excitation and emission profiles are divided into four
categories, which are cyanines, phthalocyanines/porphyrins/pyrroles [7] squaraines,
and BODIPYs [8]. Although these NIR dyes was found and applicated before
decades, to date, only indocyanine green was approved by FDA for medical
administration in clinical diagnostics. The biocompatibility and fluorescence
property concern of cyanine dyes inspire us to modify or derive these molecules
improving their characterizations for better use as fluorescent agent or a NIR
absorption agent [6, 9].

Among conventional fluorescent probes, cyanine dyes, one kind of NIR dyes,
exhibit unique advantages in molecular tracing both in vitro and in vivo [10]. There
are two significant considerations giving priority to NIR dyes in biomedical
applications. One is lower interference of high tissue autofluorescence from
indigenous biomolecules to NIR emission in living subjects. The other is deeper
penetration of NIR photons into tissues and less damage to biological samples.
Undoubtedly, NIR fluorescent probes will provide us a powerful tool in depth to
understand our body at a molecular level. In actual application, designed NIR
probes have been successfully employed for cancer or other serious disease imaging
or diagnosis, as well as some other clinical practices.
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2.2 Characterizations of Cyanine Dyes

2.2.1 Chemical Structure and Fluorescence Characteristic
of Cyanine Dyes

The cyanine dye is originally found probably by Williams in 1856 [11]. Then,
Williams first named this brilliant blue-shaded dye as cyanine (cyanos = blue),
which is obtained by reacting quinoline with amyl iodide. The common feature of
these cyanine dyes is that they consist of two heterocyclic units in the chemical
structure, and the two units are connected by an odd number of methine group (CH)
n (with n = 1, 3, 5, …). Until 1920, König introduced the term polymethine dyes,
which was named after the specific phenomenon that the colors of these dyes were
mainly determined by the length of polymethine chain [12, 13]. The reason is that
polymethine chains connect predominantly aromatic heterocyclic donor (D) and
acceptor (A) groups in cyanine structure [14]. And the length of polymethine chains
is the key parameter in tuning the excitation/emission profile of the dye. For
instance, the three methine protons named as Cy3 emits visible light, the five
methine protons named as Cy5 emits near-red light, and the seven ones named as
Cy7 emits in far-red region [15]. Most of these cyanine dyes performed narrow
absorption bands, high extinction coefficients (greater than 200 000 M−1 cm−1), and
weak fluorescers with quantum yields (1−18%). The in-depth understanding reveals
that the extension of the polymethine bridge presents red shifts emission and,
however, lower quantum yields [16–18]. While, the addition of cyclohexenyl
moiety at the center of the polymethine bridge or complexation with proteins is
benefit for enhancement of quantum yield and stability of these dyes attributing to
“rigidizing” the backbone [18, 19]. Otherwise, the same purpose can either be
reached by substituting various electrons donating at the N position on the
3H-indolenine rings enhancing photostability, while withdrawing groups in the
same position usually decreased stability [20]. For instance, Peng et al. synthesized
new heptamethine cyanine dyes by modifying the central chlorocyclohexenyl group
resulting in larger blueshifts (>140 nm), lower molar extinction but higher
fluorescence quantum yields [21]. On the contrary, Lee et al. react the same group
to dyes by adding a carboxyl containing moiety to the central cyclohexenyl
group. Although the newly developed dyes greatly improved the water solubility
and offering a bioconjugation site, the absorption and emission of the dyes are
redshifted with lower quantum yields [6].

2.2.2 Aggregates of Cyanine Dyes

For organic materials, construction of supramolecular J-aggregates is aroused sig-
nificant interest since the germination of supramolecular chemistry in the 1930s
[14]. In the dye chemistry, this discovery represents one of the most significant
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milestones in the history. The terms of Scheibe aggregates or Jelley aggregates
(J-aggregates) are named according to their inventors. The definitions of the above
term are bathochromically shifted (shifted to a longer wavelength) to the narrow
absorption band of dye aggregates respecting to monomer absorption band and the
nearly resonant fluorescence (very small Stokes shift) with narrow band [22–25].
On the contrary, the characters of hypsochromic aggregates (H-aggregates) are
hypsochromically shifted (shifted to a shorter wavelength) to the absorption band
respecting to monomer band and mostly in the case of low or no fluorescence [23].
Over 70 year ago, the J-aggregates inventors (Scheibe et al. [26] and Jelley [27])
independently observed the J-aggregation behavior of pseudo iso-cyanine chloride
(1,1’-diethyl-2,2’-cyanine chloride or PIC chloride, as shown in Fig. 2.1) in
aqueous solutions. They found that the absorption maximum was redshifted to ṽ =
17500 cm-1 (kmax = 571 nm) upon increasing the concentration above 103 M in
water than other solvents, such as ethanol. With higher concentration (102 M), the
absorption band became intense and sharp and hence large deviations from
Lambert–Beer law (Fig. 2.1) [28]. In addition, the sodium chloride added into water
resulted in similar phenomenon to increase the concentration of this dye. The
characteristic features of the new absorption band are that the sharpness and high
absorption coefficient. Meantime, the dyes exhibit strong fluorescence with small
Stokes shift. Time moved to 1937, Scheibe et al. had already correctly interpreted
the aggregation behavior of this dye, which attributed to desolvation upon
supramolecular polymerization. The absorption spectrum was changed due to the
adjacent molecules according to the “vicinity effect” [26]. In contrast, Jelley
observed that this dyes showed a rapid precipitation from ethanol solution upon
addition of nonpolar solvents or sodium chloride aqueous solution. The high
fluorescence was lost as the dye passes into crystalline state [27]. Both two
inventors found that the spectral change was able to reverse upon heating and
cooling, which indicated the aggregation of the dye molecules.

Fig. 2.1 Absorption spectra
of PIC chloride aggregates in
water (—) and its monomers
in ethanol (- - - -), as well as
the structure of PIC chloride
(1)
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Although the J-aggregation of cyanine dyes is particular interest, the aggregation
process from individual molecules to colloidal particles is poorly controlled. Herz
presented J-aggregation of imidacarbocyanine molecules as an example to inves-
tigate the equilibria between the monomeric and aggregated forms of dyes
according to the analysis of absorption spectra at different concentrations (Fig. 2.2)
[23]. Based on the law of mass action, the equilibrium between monomers and
aggregates can be written as follows [23]:

n cM � cJ ; ð1Þ

K ¼ CJ

Cn
M

Fig. 2.2 Dependence of absorption of benzimidacarbocyanine at 25 °C on its concentration in a
10−3 M NaOH aqueous solution. The concentration of the solution/mol l−1: (1) 0.5 � 10−6, (2) 1.0
� 10−6, (3) 5.0 � 10−6, (4) 1.0 � 10−5, (5) 1.0 �10−4, (6) 4.0 � 10−4; CM and CJ are the
concentrations of the monomeric and aggregated forms of the dye, respectively
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log ncJð Þ ¼ log nKð Þþ n log cM ; ð2Þ

where n is the number of monomers in J-aggregate, and K is the equilibrium
constant.

The relationship between log(ncJ) and logcM is plotted in linear with a slope of
n. The change in the free energy of aggregation is determined from the temperature
dependence of K.

The dyes of imidacarbocyanine in an aqueous electrolyte solution appeared n = 4
[23]. Herz hypothesized that the colloidal particles of dye molecules can be formed
under experimental conditions. The n = 4 corresponded to the single spectroscopic
unit rather than to the size of J-aggregates, because the same value of n was
obtained by both J-aggregates of cationic naphthothiacarbocyanine [29] in aqueous
solution and 1,10-diethyl-2,20-cyanine [30]. In some other studies, small values of
n were determined from spectroscopic data [23]. It should be noted that irre-
versibility of the equilibrium in monomeric and J-aggregates undetermined the
number of monomers in aggregates and the thermodynamic parameters of aggre-
gation. The fact was that particles with different size gave similar absorption
maxima. Thus, identification of small J-aggregated states or colloidal particles by
spectroscopic methods is complicated. The reversibility of the equilibrium and
colloidal stability in time in solution are the main criteria for determining the state
of dyes [31]. Since then, the growing interest in J-aggregates of cyanine dye pro-
pelled the investigation of optical, photophysical, and structural properties of
enormous an number of cyanine dyes [14]. The structure and morphology of
J-aggregates of cyanine dyes were elucidated over the past few decades.

As two of the most widely known research amphiphilic cyanine dyes, C8O3 and
its sulfo analogue C8S3 form, tubular aggregates are based on self-assembly.
During the study of C8O3, von Berlepsch et al. gained the firsthand evidence which
is the first time of tubular aggregates by cryo-TEM [32]. The structures resembling
the rope were observed that are made up by bundles of a whole different number of

Fig. 2.3 a Cryo-TEM image of a single quadruple helix. (Bar) 50 nm. b Simulated projection
image of this helix. c Corresponding three-dimensional view
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tubules. With the help of computer simulation, the structures are shown in Fig. 2.3.
As shown in the picture, the hollow cylinders are packed on a triangular lattice, and
at the same time, they are intertwined. The outer diameter of the tubules is 10 nm,
and the length of the ropelike bundles is more than hundreds of micrometers. The
thickness of the tubules’ wall was about 4 nm, which led to the deduction that
similar to a lipid bilayer, the wall is a bilayer structure of the amphiphilic dyes.

There are three forces to control the particular structure dispersion forces,
hydrophobic forces, and electrostatic forces. The highly delocalized p-electron
systems of the molecules will cause the dispersion forces. Hydrophobic forces will
form if 1,1’-dialkyl substituents occur. The delocalized positive charge of the
chromophore and ionized 3,3’-bis(x-acidoalkyl) groups, and hydrogen bonds
between the anionic acid groups will cause electrostatic forces. Up to now, it is not
yet well understood which one is the most sensitive force among these three. These
dye systems have an ability to form chiral J-aggregates from achiral molecules. And
the symmetry which is between left- and right-handed species can be spontaneously
broken.

Compared with those of C8O3, the tubules formed by self-assembly of the
sulfobutyl-substituted dye C8S3 can be well separated, and only a few bundles of
tubes are formed [33, 34]. The solvent composition and preparation conditions are
the two factors to control the C8S3 tubes’ diameter. In pure water, the diameter will
be 16 nm and in solutions which contain more than 18 vol% methanol will be
13 nm [34]. No matter which cases, the thickness of the tubes’ walls was observed
to be on the order of 4 nm, which can be thought as an evidence that it is a bilayer
wall, the same with C8O3. The double-walled tubular structure can be confirmed by
a high-resolution transmission contrast image of C8S3 aggregates which is obtained
by cryo-TEM. Fig. 2.4 shows a diagrammatic model of the double-walled tubular
J-aggregates of C8S3. Such J-aggregates could be fixed on solid surfaces, which
enabled the recording of high-resolution images of the topography and measure-
ment of the exciton fluorescence of individual J-aggregates by polarization-resolved
near-field scanning optical microscopy (NSOM) [14, 32, 33].

In this aspect, the first reported spectroelectrochemical studies of C8S3 cyanine
dye double-walled tubular J-aggregates by Stevenson’s groups fixed at an unfixed
indium tin oxide (ITO) electrode surface. With the previous electrochemical studies
of both solution-phase J-aggregates and cyanine dye monomers, the J-aggregates’
permanent redox behavior has been found. The redox behavior is similar to the
studies. The scan rate and pH both are the most important factors for the
reversibility of J-aggregate oxidation. It suggests that both electrochemical and
chemical steps are occurring in an overall electrochemical–chemical–electro-
chemical step (ECE) process mechanism (Fig. 2.5). Particularly, the original oxi-
dation which both irreversible dimerization and dehydrogenation chemical steps
tend to follow is the reason for the formation of a dehydrogenated dimer oxidation
product. Both electrochemical analysis and in situ AFM measurements indicated
that this dehydrogenated dimer product has its own unique redox activity. And that
this product is most likely surface-confined has also been indicated. The studies
about spectroelectrochemical show that the oxidation of J-aggregate is mostly
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limited by the outer wall of the tubular structure, and compared to the outer wall,
the inner wall has less oxidation than the outer wall. The excellent correlation
between J-aggregate redox potentials and spectroelectrochemical data allows us to
understand photo- and electron transfer processes in such cyanine dye J-aggregate
systems [35].

The 2-(3-cyano-4,5,5-trimethyl-5H-furan-2-ylidene) malononitrile (TCF) was
used as end groups for anionic cyanine which has high electronic delocalization,
and N-ethyl-2-methyl-quinolinium was used as end groups for cationic cyanine by
Jen’s group. As an efficient electron acceptor for dipolar chromophores, the TCF
end group, which has strong intramolecular charge transfer properties, was devel-
oped originally [36].

In a word, by designing the rational molecular, complementary salts of quino-
linium- and TCF-cyanine have been used to adjust the molecular packing of hep-
tamethine dyes in the solid state at the same time maintaining their highly
polarizable and symmetric nature. We substantiated that famous J-aggregating

Fig. 2.4 Cylindrical chiral double-walled nanotubular J-aggregates of an amphiphilic cyanine dye
molecule. a 3,3’-bis(2-sulphopropyl)-5,5’,6,6’- tetrachloro-1,1’-dioctylbenzimidacarbocyanine
(C8S3) monomer. b Schematic of the self-assembled nanotube showing the double-walled
structure with the alkyl chains at the interior of the bilayer. c Schematic showing the orientation,
b of the transition dipole of the monomer relative to the long axis of the nanotube. The gray band
demonstrates how the monomers wrap around the aggregate in both the inner and outer walls.
d Fluorescence spectra of the monomer’s solution and the aggregate’s solution showing the
narrowed and redshifted transitions typical for J-aggregates. The two main aggregate fluorescence
peaks can be assigned to separate exciton transitions for the inner and outer walls
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cationic cyanine can be used as structure-directing countercations for anionic
cyanine. The most typical material is PIC. Our results show that when the phenyl
substitution is at the center of conjugation backbone, it can suppress the potential
H-type aggregation efficiently and strengthen the stability of J-type supramolecular
aggregate structures. The first crystal structure of a complementary reported by us
has a highly polarizable heptamethine backbone. It shows that both cationic cyanine
and anionic cyanine in the complementary salt form a cooperative self-assembly.
And it leads to a highly ordered J-aggregate-like molecular packing. This study
designs a useful strategy to modify the aggregation and ion-pairing properties of
highly polarizable cyanine with long conjugation length. Such rational design can
give us the testification that the cyanine dyes have highly beneficial applications in
biomedicine, optics, and other technologies [37].

The previous work developed a carrier system that consists of water-soluble
neutral poly(phenylacetylene) and bore amphiphilic aza-18-crown-6 ether pendants
(poly-1) to encapsulate the anchiral cyanine dye: 3,3-diethyloxadicarbocyanine
iodide (O-5). In acidic water the dyes formed supramolecular J-aggregates inside
the hydrophobic cavities of carriers. The chiral amino acids, such as L-or
D-tryptophan (Trp), are capable of interacting with exterior crown ether pendants
based on specific host–guest interactions. The host polymer predominantly formed
one-hand helical formation. In the helical cavity of the polymer, the encapsulated
cyanine aggregates generated optical activity, which was demonstrated by induced
circular dichroism (ICD) in the achiral cyanine chromophore region. Meantime, the
supramolecular chirality induced by the cyanine aggregated exhibited “memorized”

Fig. 2.5 Depiction of the overall ECE mechanism for C8S3 J-aggregate oxidation and
subsequent dehydrogenated dimer (DHD) formation
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ability, which displayed opposite configuration after inversion of the templet
polymer helicity (Fig. 2.6) [38].

The smallest possible cyanine dye aggregate is a dimer, which as a simple fact
was significant in helping us determine how cyanine dye aggregates interacted with
the DNA template. By using DNA templets with appropriate length and sequence, a
helical aggregated cyanine dye dimer can be assembled literally one dimer at a time.
This allows the photophysical and spectroscopic properties to be studied at each
step during the process. Other dye aggregates are difficult to study because the
number of dye molecules incorporated into the supramolecular structure is little and
has no control. It presents a molecular model of three DiSC2(5) dimers that are
assembled in the minor groove of DNA, which reflects the intimate relatives of the
dye molecules and the DNA template. From this model, while the ethyl substituents

Fig. 2.6 Schematic illustration of one-handed helicity induction in poly-1 upon complexation
with D-Trp, subsequent supramolecular helical aggregate formation of achiral O-5 within the
helical cavity of poly-1 in acidic water, and memory of the supramolecular chirality after helicity
inversion of the poly-1 by excess L-Trp. The helix senses of poly-1 are assigned on the basis of the
Cotton effect signs of the ICDs of analogous helical polyacetylenes and their helical senses
determined by atomic force microscopy (AFM) observations
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project out of the groove, the exchange process that the sulfur atoms on the dye
project into the minor groove occurs at the same time. This orientation causes that
the curvature of the dye more closely matches the curvature of the groove [39]

2.3 Biomedical Applications of Cyanine Dyes

2.3.1 Biosensors for Bioactive Molecules

In the biomedical applications, the advantages in fluorescence and exciton transport
properties of cyanine dye aggregates have been developed. For example, the cya-
nine J-aggregates can be efficiently quenched by minute amounts of analytes for
biosensing applications [40]. Moreover, the pronounced color changes upon
aggregation/disaggregation, or structural reorganization have been utilized in
biosensor for recognition of a variety of biomacromolecules, including DNA, [40]
polypeptides, and polysaccharides. All of these applications benefit from the
enhanced solubility in aqueous solution of cationic cyanine dyes.

According to the literature, they devised a molecular-pairing technique, by
which the amino acids are converted into isoindole derivatives (isoindole-amino
acids) by reacting with orthophthalaldehyde (OPA) and alkyl thiols. Then,
2-Mercaptoethanesulfonic acid (MES) was added into the reaction system and
offered an anionic charge which was tetherd to the isoindole unit.

Introducing aromatic and anionic groups into cyanine molecules was expected to
enhance interactions with cationic molecules. By mixing the amino acids, OPA, and
MES in water, the isoindole-amino acids were immediately obtained. The results
were confirmed by fluorescence detection and new appeared absorption band at
333 nm. In the case of isoindole-Lys, both two amino groups are converted into
isoindole units. The conclusion was confirmed by twofold increase of absorbance
compared to that of the other amino acids. Employed cyanine dye as a functional
molecular counterpart, the addition of cyanine dye to aqueous isoindole-amino acids
led to an immediate color change from pink to reddish pink or orange. This phe-
nomenon was depended on the chemical structure of amino acids (Fig. 2.7).
However, the color change cannot be observed in the mixture of various amino acids
and cyanine dye in the absence of OPA and MES. Thus, the reason for the color
change was original from the interactions between isoindole-amino acids and dyes.
The tendency to form H-aggregates of dyes is highly dependent on the chemical
structure of the used amino acids. For further usage, this extended molecular-pairing
approach enables to amplify and translate the molecular information of biomolecular
components into spectroscopic and morphological information. The extended
application of this approach will be a wide combination of biofunctional molecules.
Besides aggregation property of cyanine dyes themselves or their derivatives
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provided characteristics, their co-assembly to small biomolecules and the assembly
process may give more significant molecular information [41].

For instance, previous reports have provided J-aggregates from 3,30-
disulfopropyl-5,50-dichlorothiacyanine (Tc) and 3,30-disulfobutyl-5,50-diphenyl-
9-ethyloxacarbocyanine (Oc) in the aqueous solution containing NaCl, Mg(NO3)2,
D/L-tartaric acids, asparagine, proline, DNA, and proteins (such as lysozyme,
trypsin, RNase, and gelatin). In contrast to imidacarbocyanine and oxacarbocya-
nine, which are monomeric building blocks, thiacarbocyanine dyes exhibit speci-
ficity in their dimeric building blocks in J-aggregates. The J-aggregates formed in
the presence of chiral additives are confirmed by sigmoidal kinetics with halftimes
of 10–1000 s, resonance fluorescence, and large CD amplitudes being up to 2° for
Tc. Generally, the induced CD signals of the J-aggregates of both dyes are bisignate
and the sign corresponds to that of the additive. The chirality information transfers
in the course of J-aggregation [42].

The supramolecular self-assembling cyanine is also used to investigate the
DNA–drug interactions during high-throughput screening [43]. Supramolecular
self-assembling cyanine and spermine binding to genomic DNA and the spermine
competitively inhibited the self-assembling cyanine upon DNA scaffolds as
reported signal by decreased fluorescence from the DNA–cyanine J-aggregate. The
sequence of DNA exposure to cyanine or spermine was critical in determining the
magnitude of inhibition. Moreover, methanol potentiated spermine inhibition by
>tenfold. And they also demonstrated the reversibility of DNA–drug interactions by
increasing concentration of cyanide that overcame spermine inhibition. Cyanine
might be a safer alternative to the mutagenic ethidium bromide for investigating
DNA–drug interactions.

Zhou’s group [44] firstly demonstrated the supramolecular self-assembly of
cyanines could be used to develop fluorescent enzymatic assays. They synthesized a

Fig. 2.7 A schematic representation of the extended molecular pairing technique. Premodification
of amino acids promotes the molecular association with the cationic cyanine dye, which develops
into hierarchical nanostructures
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covalent compound of the short-peptide Asp-Glu-Val-Asp (DEVD) and a cyanine
(DEVD-cyanine).

The DEVD-cyanine due to its acknowledged sequence was specifically recog-
nized and hydrolyzed by the caspase-3 and caspase-7 in 96- or 384-microwell plate
reactions (Fig. 2.8). The catalytically released cyanine self-assembled on scaffolds
of carboxymethylamylose (CMA) and carboxymethylcellulose (CMC) resulting in a
J-aggregate displaying bright fluorescence at 470-nm emission wavelength. The
fluorescence intensity increased with enzyme and substrate concentrations or reac-
tion time and exhibited classical saturation profiles of a rectangular hyperbola. And
the reaction kinetics was linear between 1 and 20 min and saturated at 60 min. The
affinity constant (km) for DEVD-cyanine was � 23 µM, close to those of previously
reported values for other DEVD substrates of caspase-3. So the method of cyanine
dye supramolecular self-assembly can be used to detected protease activity.

Fig. 2.8 Schematics of DEVD-cyanine 3 and hydrolysis by caspase-3 and caspase-7. This cartoon
depicts the chemical coupling strategy of the deprotected DEVD tetrapeptide to aminocyanine 2a
resulting in 3 (downward-pointing arrow). The enzymatic reaction (upward-pointing arrow) shows
the hydrolysis of 3 through caspase-3 and caspase-7 proteolysis. The amino and carboxyl groups
involved in the chemical and enzymatic reactions are circled. The schematic does not indicate any
type of equilibrium existing between the chemical coupling reaction and the enzymatic reaction
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2.3.2 Bioimaging and Diagnosis for Diseases

The modest photostability and ionic character of cyanine dye aggregates limit their
scope for applications. Ongoing efforts in the research of cyanine dyes are focused on
exploiting their value in biomedical applications [14]. Although amphiphilic cyanines
possess many desirable properties, it has to be noted that these chromophores are
without active biofunction. Recently, the challenge is developing the new cyanine dye
aggregates with biofunction.

2.3.2.1 Cyanine Dye Nanovesicles for Tumor Bioimaging

Cyanine dye nanovesicles with defined structures and properties through precise
self-assembly based on single building block would be a desirable contrast agent for
bioimaging [45, 46] Meanwhile, it is still a challenge to obtain the nanovesicles
derived from cyanine dye itself for bioimaging due to the certain water solubility
(hydrophilicity). We have developed the p-conjugated bis(pyrene) building blocks,
which prefer to self-aggregate in water due to large p-conjugation and strong
hydrophobicity [47]. We introduced a bis(pyrene)-extended conjugated cyanine dye
(BP-Cy) for constructing a well-organized nanovesicle with perfect chemical and
photostability.

BP-Cy self-assembled into vesicular structure in DMSO/H2O mixed solution,
which was imagined by transmission electron microscope (TEM) (Fig. 2.9). The
thickness of the wall is 4.2 ± 0.7 nm, and the diameter of these nanovesicles is 46.6
± 6.0 nm, which matches to the length of two molecules packed in a head-to-head
mode [46]. Moreover, the BP-Cy nanovesicles were also observed by scanning
electron microscope (SEM), which showed uniform nanoparticles in low magnifi-
cation with a size of 59.9 ± 9.8 nm. The morphology of BP-Cy nanovesicles in situ
was further observed by the atomic force microscope (AFM) instead of that in the
dry state. The solution of BP-Cy nanovesicles was dropped on a mica substrate, and
the flattened hollow nanovesicles with the diameter of 191.6 ± 33.2 and the height
of 11.1 ± 2.3 were recorded (Fig. 2.9). The noteworthy shape changes on a hard
substrate that further confirms the hollow structure of BP-Cy nanovesicles. To the
best of our knowledge, the vesicular cyanine dye-based aggregates can only be
observed in the presence of surfactant by template-induced structural transition
effect [48]. We constructed cyanine dye-based vesicular nanostructures without any
other inducing templates for the first time.

The NIR BP-Cy nanovesicles could be potential PA contrast agents in buffer
solution, which showed high photostable. The almost stable UV–vis and PA signals
of BP-Cy nanovesicles in water under continuous excitation at 790 nm for 180 min
by UV2600 spectrometer and multispectral optoacoustic tomography (MOST) with
280 W/cm2 for 60 min (Fig. 2.10), respectively confirmed the high stability. The
self-assembled BP-Cy nanovesicles contribute to the high photostability due to the
relative inert environment compared to small molecules in solution [49]. It is worth

44 H.-W. An and M.-D. Wang



mentioning that the BP-Cy nanovesicles are much more stable than the commercial
available ICG, which is regarded as the gold standard of PA contrast agent.
Furthermore, photothermal experiment exhibited that the BP-Cy nanovesicles
maintained 76.9% temperature increase of the third time compared to first time
upon photoirradiation (Fig. 2.10). However, the parallel experimental value of ICG
was 48.8%, indicating the much higher photostability of BP-Cy nanovesicles than
ICG. On the basis of photostability results, the followed PA experiments were
carried out on BP-Cy nanovesicles and ICG, as a reference. The PA spectrum of
BP-Cy nanovesicles showed peak at 790 nm, which was identical to the UV–vis
spectrum, indicating the solid correlation between absorption and PA intensity [50].
The photoacoustic intensity as a function of the molecular concentration of the ICG
and BP-Cy nanovesicles exhibited a good linear relationship (R2 = 0.98 (ICG) and
0.99 (BP-Cy nanovesicles, Fig. 2.10) [51]. The PA signals were ascribed to 16.2
times higher photothermal conversion efficiency. The BP-Cy nanovesicles are also
very stable in various biological environments, e.g., PBS with different pH and cell
culture media, which is more stable than the contrast agent ICG.

Fig. 2.9 Morphologies of BP-Cy nanoaggregates. a TEM images of BP-Cy vesicles with
negative staining. The expansions indicate the thickness of the bilayer membrane and the diameter
of the vesicle in each case. b SEM images of BP-Cy nanoaggregates. c Schematic space-filling
model for the vesicle. d AFM height images of BP-Cy nanoaggregates incubated on freshly
cleaved mica surface at room temperature for 20 min. e Cross-sectional analysis along the dark
line 1-1’ in (d)
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With the high PA intensity and superb stability of BP-Cy nanovesicles, the
BP-Cy nanovesicles were utilized as contrast agents for PA imaging to demonstrate
the advantages. The long-term cell tracing was carried out with PA imaging by
using human breast cancer MCF-7 cells [52, 53]. PA imaging of MCF-7 cells
treated with BP-Cy nanovesicles and ICG, respectively, at different generations was
recorded by the MOST. The results are that PA intensities of MCF-7 cells are 9.6
times higher than those of ICG-treated group at the first generation. Moreover, the
PA intensity decreased to*3% after continuous culture till the 6 generation and the
parallel experimental till 3 generation treated with ICG. The results clearly indi-
cated the noble cell tracing ability of BP-Cy nanovesicles over ICG dyes. The cell
imaging based on BP-Cy nanovesicles with high stability for long time was carried
out in agar-based phantom by using MCF-7 cells. The Tp1/2, which was defined as
the time interval for PA signals decreased to half of the original ones, of BP-Cy
nanovesicles incubated cells was longer than 5 d. As a reference, the Tp1/2 of
ICG-treated cells was 0.5 d.

Fig. 2.10 a Photostability of ICG, BP-Cy monomer, and BP-Cy aggregate under continuous
illumination by 790 nm. b The UV and PA spectra of BP-Cy aggregate in H2O/DMSO (v/v =
99:1). c The PA signal produced by BP-Cy aggregate (red line) and ICG (blue line) was observed
to be linearly dependent on the molecular concentration (R2 = 0.99). d The heating/cooling curves
of BP-Cy and ICG solution for continuous 3 times. The energy input from lasers was 490 mW at
790 nm
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To demonstrate the advantages of the BP-Cy nanovesicles as a high-performance
PA contrast agent, we carried out the PA imaging of tumor-xenografted mice based
on the BP-Cy nanovesicles (Fig. 2.11). For this, BP-Cy nanovesicles were
administered systemically into MCF-7 tumor-bearing mice via tail vein injection.
To our interest, the PA signals at tumor site were monitored and collected upon
700–850 nm excitations (Figs. 2.11) [54]. After 2-h administration, the PA signals
were clearly observed in the tumor region, which was further increased from 2 to
12 h and reached a maximum at 12-h post-injection. After that, the PA signals
decreased to a detectable level until 72 h. As a control group, tumor-xenografted
mice were treated with ICG in the same condition, and the PA signals only retained
for 12 h with the maxima at 2 h. The continuous PA intensity in vivo could be
attributed to the high accumulation and long retention of BP-Cy nanovesicles in
tumor compared with ICG molecules (Fig. 2.11) [55]. Importantly, high photo- and
chemical stability in tumor site is necessary for long time in vivo imaging.

Owing to their intrinsic structural characteristic, the cyanine dyes preferentially
self-assembled into lamellar or tubular superstructures. We tailored the p-scaffolds
of cyanine dyes and for the first time reported their vesicular self-assembly without
templates, to the best of our knowledge. Interestingly, compared with the monomer

Fig. 2.11 In vivo PA imaging of mice. a In vivo model mice for PA imaging injected with ICG
and BP-Cy aggregate (20 lM, 200 lL) via tail vein and detected under laser irradiation (700–
850 nm). b The quantification of normalized PA signals from the tumor injected with ICG (blue
line) and BP-Cy aggregate (red line) for different time intervals and corresponding PA images of
tumors (c)
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and analogue ICG molecules, the stable nanovesicles show significantly improved
PA signal intensity and half-life in vitro and in vivo. We have constructed a
supramolecular NIR-absorbing cyanine dye-based aggregate as a long-term PA
imaging contrast agent. Our results demonstrated that supramolecular strategy can
effectively improve the photophysical properties of building blocks, which are
highly demanded for the bottom-up fabrication of functional materials and devices.
We believe that this hollow nanostructure can be potentially employed as a platform
for delivery of various bioactive molecules for extensive biomedical applications.

2.3.2.2 Cyanine Dye Nanoemitters for Cancer Diagnosis

Supramolecular assemblies have been considered as a powerful approach to fab-
ricate artificial architectures for biomedical applications, such as bioimaging [56,
57], drug delivery [58], and tissue engineering [59–62]. However, for application in
biological system, the interaction with the complex physiological environment
always led such transformation uncontrollable. Thus, the ingenious design of the
building blocks and the triggered factor for self-assembled nanomaterial fabrication
are still now a challenging. We developed a new bioorthogonal reaction as an
activator for converting the cyanine dye nanoemitters from “inert” to “active” states
with binary fluorescence developed for tumor diagnostics in vivo. The new
molecule included covalently two emissive cyanine (Cy) and bis(pyrene)
(BP) motifs, which self-assembled into nanoemitters in “inert” states with quenched
fluorescence due to aggregation-caused quenching (ACQ) [63, 64].

When meeting GSH, the cyanine (Cy)-based dye was selectively separated.
The GSH was spontaneously reacted with Cy moiety through bioorthogonal
reaction, and the rest of the moiety composting with hydrophobic BP consequently
grow to larger aggregates accompanying dual-color fluorescence signals turned-on
(Fig. 2.12). Especially, the enhancement of dual-color fluorescence exhibited
30-fold for GSH-labeled Cy at NIR region (kem = 820 nm) and 36-fold for BP
aggregates at 520 nm. This highly sensitive bioimaging system is successfully
applied in vivo imaging of GSH with dual-wavelength emission. As a result, the
self-assembled nanoemitters 1 spontaneously exhibits binary emissions for
high-performance tumor imaging in vivo. We believe that this bioorthogonally
deciphered strategy opens a new avenue for designing variable smart biomaterials
or devices in biomedical applications.

2.3.2.3 Cyanine Dye Nanopaticles for Bacterial Bioimaging

A central problem in imaging bacterial infections is to develop targeting strategies
that can deliver large quantities of imaging probes to bacteria. This has been
challenging because most present imaging probes target the bacterial cell wall and
cannot access the bacterial intracellular volume [65–68]. In contrast, we developed
a new cyanine dye nanoparticle through specifically structure-recognition
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peptidoglycan mechanism. This new nanoparticle is unprecedentedly sensitive and
specific in bacterial infections imaging in vivo.

We introduced alkyl chain-modified N-alkyl side chains based on the hep-
tamethine core for the construction of a well-organized NIR-absorbing nanoparticle
1. Molecule 1 shows a main absorption band at 700 nm and an additional less
intense absorption band at 790 nm with the fluorescence dramatically quenched in
H2O. This result suggested molecule 1 changed to aggregated state in H2O. We
systematically studied the optical property of molecule 1 from monomeric state to
aggregate state in DMSO gradually changed to H2O. The absorption band becomes
broader with a shoulder peak at a longer wavelength around 850 nm. Meanwhile,
the fluorescence of molecule 1 was dramatically quenched upon addition of H2O.
The molecule 1 (10 mM) aggregates self-assembled into micelle structures in the
DMSO/H2O mixed solution (v:v = 1:99), which was visualized using a transmis-
sion electron microscope (TEM). The results indicated that the nanoparticle 1
showed particulate structures with a size (49.1 ± 4.0 nm), which well corresponded
to the results obtained by dynamic light scattering (DLS) measurement (59.8 ±

11.6 nm).
Peptidoglycan is a polymer consisting of sugars and amino acids that forms a

mesh-like layer outside the plasma membrane of most bacteria [69, 70]. The peptide
chain can be cross-linked to the peptide chain of another strand forming the 3D
mesh-like layer [69]. The nanoparticle 1 can specifically recognize the peptido-
glycan, then it disassembles into molecule 1 which blocks in hydrophobic cave of

Fig. 2.12 Schematic illustration of a new GSH-based bioorthogonal reaction that enables to
decipher the nanometers of cyanine (Cy)-based dye (1) resulting in turn-on of dual-color
fluorescence signals with a large shift excitation/emission profiles in living cells
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peptidoglycan, turning-on red fluorescence. The molecule 1 instills durability 3D
mesh-like layer of peptidoglycan that can limit the intermolecular interactions by
altering the steric and/or ion-pair properties of the molecule 1 (Fig. 2.13).

The peptidoglycan layer is substantially thicker in Gram-positive bacteria (20 to
80 nm) than in Gram-negative bacteria (7 to 8 nm). Peptidoglycan forms around
90% of the dry weight of Gram-positive bacteria but only 10% of Gram-negative
strains. Thus, peptidoglycan is the primary determinant of the characterization of
bacteria as Gram-positive [69, 70]. So the nanoparticle 1 can image Gram-positive
bacterial infections in vivo with unprecedented sensitivity and specificity.

The in vivo applicability of the nanoparticle 1 was subsequently tested in
immunocompetent mice that had myositis in the right-hind limb induced by
intramuscular injection of Gram-positive bacteria (S. aureus and S. epidermidis)
and the control group of Gram-negative bacteria (E. coli, S. marcescens and
P. aeruginosa). Two days after intramuscular inoculation with five bacteria
respectively, mice were intravenously injected with the nanoparticle 1. After an
additional 2 h, fluorescence imaging was performed with an IVIS Lumina II
imaging system. The nanoparticle 1 yielded strong bacteria-specific signals in rats
after intravenous administration. A strong NIR fluorescence (NIRF) signal, attrib-
uted to the nanoparticle 1, was observed for Gram-positive bacteria (S. aureus and

Fig. 2.13 Schematic illustration of the mechanism that the cyanine dye nanoparticle specifically
targets and detects infections of Gram-positive bacteria
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S. epidermidis) (Fig. 2.14). In contrast, no NIR signal was observed for
Gram-negative bacteria (E. coli, S. marcescens and P. aeruginosa) (Fig. 2.14). The
heart, spleen, normal muscle, and bowel showed no fluorescence signal above
background levels. The nanoparticle 1 was able to discriminate Gram-positive
bacteria infection from Gram-negative bacteria-induced sterile inflammation
in vivo.

Here, guided by recent advances in clinically relevant optical imaging tech-
nologies, we explore NIR cyanine dye nanoparticle to specifically target and detect
infections caused by Gram-positive bacteria. We show that NIR optical imaging
with a Gram-positive bacteria-specific NIR cyanine dye nanoparticle can detect
both invasive infections real time in vivo. We conclude that NIR cyanine dye
nanoparticle has a high potential for enhanced noninvasive diagnosis of infections
with Gram-positive bacteria and is a promising candidate for early-phase clinical
trials.

2.4 Summary and Outlook

From a supramolecular perspective, it is remarkable that the exact aggregate
structure of the first J-aggregate, that is, PIC aggregate, is still a matter of debate
75 years after its discovery and will remain a topic of future research. For
biomolecular science, water solubility is of relevance, and thus, it is not surprising
that cationic cyanine dye aggregates were the dyes of choice for the development of
novel fluorescent and colorimetric sensing schemes, for example, by the connection
of cyanine dyes to peptides or by DNA-templated J-aggregation. The strong
absorption of light and efficient exciton transport to analyte traps provide these dye
aggregates with an ultrahigh sensitivity. The challenges are developing new bio-
functional self-assembled supramolecular systems. The use of self-assembled

Fig. 2.14 Fluorescence imaging of bacterial infection in vivo. Schematic illustration of imaging
of infected sites in the leg muscles (injected with Gram-positive bacteria: S. aureus and S.
epidermidis, and Gram-negative bacterial: E. coli, S. marcescens and P. aeruginosa)
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biomaterials in drug delivery and cancer therapy could also benefit from improved
nanostructural precision. In addition, the native matrix provides spatiotemporal
control of bioactivity, chemical composition, and mechanical properties as tissues
develop or cells mature. It is postulated that the controlled growth or templated
assembly of such carriers should lead to more consistent performance in vivo. One
vision for the future of supramolecular biomaterials would seek to more closely
mimic both the structural and functional aspects of native extracellular matrix.

References

1. Stephens DJ, Allan VJ (2003) Light microscopy techniques for live cell imaging. Science 300
(5616):82–86

2. Medintz IL, Uyeda HT, Goldman ER, Mattoussi H (2005) Quantum dot bioconjugates for
imaging, labelling and sensing. Nat Mater 4(6):435–446

3. Lilley DMJ, Wilson TJ (2000) Fluorescence resonance energy transfer as a structural tool for
nucleic acids. Curr Opin Chem Biol 4(5):507–517

4. Royer CA (2006) Probing protein folding and conformational transitions with fluorescence.
Chem Rev 106(5):1769–1784

5. Stennett EMS, Ciuba MA, Levitus M (2014) Photophysical processes in single molecule
organic fluorescent probes. Chem Soc Rev 43:1057–1075

6. Pansare VJ, Hejazi S, William JF, Robert KP (2012) Review of long-wavelength optical and
NIR imaging materials: contrast agents, fluorophores, and multifunctional nano carriers.
Chem Mater 24:812–827

7. Ghoroghchian PP, Frail PR, Susumu K, Park T-H, Wu SP, Uyeda HT, Hammer DA,
Therien MJ (2005) Broad spectral domain fluorescence wavelength modulation of visible and
near-infrared emissive polymersomes. J Am Chem Soc 127(44):15388–15390

8. Luo S, Zhang E, Su Y, Cheng T, Shi C (2011) A review of NIR dyes in cancer targeting and
imaging. Biomaterials 32:7127–7138

9. Ogawa M, Kosaka N, Choyke PL, Kobayashi H (2009) In vivo molecular imaging of cancer
with a quenching near infrared fluorescent probe using conjugates of monoclonal antibodies
and indocyanine green. Cancer Res 69(4):1268–1272

10. Guo Z, Park S, Yoon J, Shin I (2014) Recent progress in the development of near-infrared
fluorescent probes for bioimaging applications. Chem Soc Rev 43(1):16–29

11. Williams CG (2013) XXVI—researches on chinoline and its homologues. Trans Royal Soc
Edinburgh 21(3):377–401

12. König W (1922) Über die Konstitution der Pinacyanole, ein Beitrag zur Chemie der
Chinocyanine. Berichte der deutschen chemischen Gesellschaft (A and B Series) 55(9):3293–
3313

13. König W (1926) Über den Begriff der Polymethinfarbstoffe und eine davon ableitbare
allgemeine Farbstoff-Formel als Grundlage einer neuen Systematik der Farbenchemie. J für
Praktische Chemie 112(1):1–36

14. Würthner F, Kaiser TE, Saha-Möller CR (2011) J-aggregates: from serendipitous discovery to
supra-molecular engineering of functional dye materials. Angew Chem Int Edit 50:3376–3410

15. McRae EG, Kasha M (1958) Enhancement of phosphorescence ability upon aggregation of
dye molecules. J Chem Phys 28(4):721–722

16. Jones RM, Bergstedt TS, Buscher CT, McBranch D, Whitten D (2001) Superquenching and
its applications in j-aggregated cyanine polymers. Langmuir 17(9):2568–2571

52 H.-W. An and M.-D. Wang



17. Jones RM, Lu L, Helgeson R, Bergstedt TS, McBranch DW, Whitten DG (2001) Building
highly sensitive dye assemblies for biosensing from molecular building blocks. Proc Natl
Acad Sci 98(26):14769–14772

18. Baldwin RL (1996) How Hofmeister ion interactions affect protein stability. Biophys J 71
(4):2056–2063

19. Stoll RS, Severin N, Rabe JP, Hecht S (2006) Synthesis of a novel chiral squaraine dye and its
unique aggregation behavior in solution and in self-assembled monolayers. Adv Mater 18
(10):1271–1275

20. Alex S, Basheer MC, Arun KT, Ramaiah D, Das S (2007) Aggregation properties of heavy
atom substituted squaraine dyes: evidence for the formation of j-type dimer aggregates in
aprotic solvents. J Chem Phys A 111(17):3226–3230

21. Wojtyk J, McKerrow A, Kazmaier P, Buncel E (1999) Quantitative investigations of the
aggregation behaviour of hydrophobic anilino squaraine dyes through UV/vis spectroscopy
and dynamic light scattering. Can J Chem 77(5–6):903–912

22. Egorov VV (2002) Nature of the optical transition in polymethine dyes and J-aggregates.
J Chem Phys 116(7):3090–3103

23. Herz AH (1977) Aggregation of sensitizing dyes in solution and their adsorption onto silver
halides. Adv Colloid Interface Sci 8(4):237–298

24. Fidder H, Knoester J, Wiersma DA (1991) Optical properties of disordered molecular
aggregates: a numerical study. J Chem Phys 95(11):7880–7890

25. Rousseau E, Koetse MM, Van der Auweraer M, De Schryver FC (2002) Comparison between
J-aggregates in a self-assembled multilayer and polymer-bound J-aggregates in solution: a
steady-state and time-resolved spectroscopic study. Photochem Photobiol Sci 1(6):395–406

26. Scheibe G, Kandler L, Ecker H (1937) Polymerisation und polymere Adsorption als Ursache
neuartiger Absorptionsbanden von organischen Farbstoffen. Naturwissenschaften 25 (5):75–
75

27. Jelley EE (1937) Molecular, nematic and crystal states of I, I’-diethyl-w-cyanine chloride.
Nature 139:631–632

28. Kopainsky B, Hallermeier JK, Kaiser W (1981) The first step of aggregation of pic: the
dimerization. Chem Phys Lett 83(3):498–502

29. Ballard RE, Gardner BJ (1971) The J-band of 1,1[prime or minute]-diethyl-9-methyl-4,5;4
[prime or minute],5[prime or minute]-dibenzthiacarbocyanine chloride. J Chem Soc B Phys
Org (0):736–738

30. Michelbacher E (1969) Abklingzeitmessungen an Pseudoisocyanindiäthylchlorid mit einem
Phasenfluorometer mit 200 MHz-Lichtmodulation. Zeitschrift für Naturforschung A, vol 24

31. Shapiro BI (2006) Molecular assemblies of polymethine dyes. Russ Chem Rev 75:433–456
32. Hv Berlepsch, Bottcher C, Ouart A, Burger C, Dahne S, Kirstein S (2000) Supramolecular

structures of j-aggregates of Carbocyanine dyes in solution. J Phys Chem B 104:5255–5262
33. Eisele DM, Knoester J, Kirstein S, Rabe JP, Vanden Bout DA (2009) Uniform exciton

fluorescence from individual molecular nanotubes immobilized on solid substrates. Nat
Nanotechnol 4(10):658–663

34. Didraga C, Pugžlys A, Hania PR, von Berlepsch H, Duppen K, Knoester J (2004) Structure,
spectroscopy, and microscopic model of tubular carbocyanine dye aggregates. J Chem Phys B
108(39):14976–14985

35. Lyon JL, DrM Eisele, Kirstein S, Rabe JP, Bout DAV, Stevenson KJ (2008)
Spectroelectrochemical investigation of double-walled tubular j-aggregates of amphiphilic
cyanine dyes. J Phys Chem C 112:1260–1268

36. Liu S, Haller MA, Ma H, Dalton LR, Jang SH, Jen AKY (2003) Focused microwave-assisted
synthesis of 2,5-dihydrofuran derivatives as electron acceptors for highly efficient nonlinear
optical chromophores. Adv Mater 15(7–8):603–607

37. Za Li, Mukhopadhyay S, Jang S-H, Brédas J-L, Jen AK-Y (2015) Supramolecular assembly
of complementary Cyanine salt j-aggregates. J Am Chem Soc 137:11920–11923

2 The Self-assembly of Cyanine Dyes for Biomedical Application … 53



38. Miyagawa T, Yamamoto M, Muraki R, Onouchi H, Yashima E (2007) Supramolecular helical
assembly of an Achiral Cyanine dye in an induced helical amphiphilic Poly(phenylacetylene)
interior in water. J Am Chem Soc 129:3676–3682

39. Hannah KC, Armitage BA (2004) DNA-templated assembly of helical Cyanine dye
aggregates: a supramolecular chain polymerization. Acc Chem Res 37:845–853

40. Whitten DG, Achyuthan KE, Lopez GP, Kim O-K (2006) Cooperative self-assembly of
cyanines on carboxymethylamylose and other anionic scaffolds as tools for
fluorescence-based biochemical sensing. Pure Appl Chem 78:2313–2323

41. Shiraki T, M-a Morikawa, Kimizuka N (2008) Amplification of molecular information
through self-assembly: nanofibers formed from amino acids and cyanine dyes by extended
molecular pairing. Angew Chem-Int Edit 120:112–114

42. Slavnova TD, Görner H, Chibisov AK (2011) Cyanine-based j-aggregates as a
chirality-sensing supramolecular system. J Phys Chem B 115:3379–3384

43. Achyuthan KE, Whitten DG, Branch DW (2010) Supramolecular self-assembling Cyanine as
an alternative to ethidium bromide displacement in DNA–drug model interactions during high
throughput screening. Anal Sci 26:55–61

44. Zhou Z, Tang Y, Whitten DG, Achyuthan KE (2009) New high-throughput screening
protease assay based upon supramolecular self-assembly. ACS Appl Mater Interfaces 1
(1):162–170

45. Huynh E, Lovell JF, Helfield BL, Jeon M, Kim C, Goertz DE, Wilson BC, Zheng G (2012)
Porphyrin shell microbubbles with intrinsic ultrasound and photoacoustic properties. J Am
Chem Soc 134(40):16464–16467

46. Hong G, Zou Y, Antaris AL, Diao S, Wu D, Cheng K, Zhang X, Chen C, Liu B, He Y,
Wu JZ, Yuan J, Zhang B, Tao Z, Fukunaga C, Dai H (2014) Ultrafast fluorescence imaging
in vivo with conjugated polymer fluorophores in the second near-infrared window. Nat
Commun 5(4206):1–8

47. Wang L, Li W, Lu J, Zhao Y-X, Fan G, Zhang J-P, Wang H (2013) Supramolecular
nano-aggregates based on Bis(Pyrene) derivatives for lysosome-targeted cell imaging. J Phys
Chem C 117(50):26811–26820

48. Barni E, Savarino P, Pelizzetti E, Rothenberger G (1981) Synthesis, surface activity and
micelle formation of novel Cyanine dyes. Helv Chim Acta 64(6):1943–1948

49. Guo Z, Park S, Yoon J, Shin I (2014) Recent progress in the development of near-infrared
fluorescent probes for bioimaging applications. Chem Soc Rev 43(1):16–29

50. Krumholz A, Shcherbakova DM, Xia J, Wang LV, Verkhusha VV (2014) Multicontrast
photoacoustic in vivo imaging using near-infrared fluorescent proteins. Sci Rep 4(3939):1–7

51. Wang K-R, An H-W, Rong R-X, Cao Z-R, Li X-L (2014) Synthesis of biocompatible
Glycodendrimer based on fluorescent perylene bisimides and its bioimaging. Macromol Rapid
Commun 35(7):727–734

52. Li K, Qin W, Ding D, Tomczak N, Geng J, Liu R, Liu J, Zhang X, Liu H, Liu B, Tang BZ
(2013) Photostable fluorescent organic dots with aggregation-induced emission (AIE dots) for
noninvasive long-term cell tracing. Sci Rep 3(1150):1–10

53. Wang Z, Chen S, Lam JWY, Qin W, Kwok RTK, Xie N, Hu Q, Tang BZ (2013) Long-term
fluorescent cellular tracing by the aggregates of aie bioconjugates. J Am Chem Soc 135
(22):8238–8245

54. Zhang D, Qiao Z-Y, Mayerhoeffer U, Spenst P, Li X-J, Würthner F, Wang H (2014)
Nano-confined Squaraine dye assemblies: new photoacoustic and near-infrared fluorescence
dual-modular imaging probes in vivo. Bioconjug Chem 25(11):2021–2029

55. de la Zerda A, Liu Z, Bodapati S, Teed R, Vaithilingam S, Khuri-Yakub BT, Chen X, Dai H,
Gambhir SS (2010) Ultrahigh sensitivity carbon nanotube agents for photoacoustic molecular
imaging in living mice. Nano Lett 10(6):2168–2172

56. Ye D, Liang G, Ma ML, Rao J (2011) Controlling intracellular macrocyclization for the
imaging of protease activity. Angew Chem Int Edit 50(10):2275–2279

54 H.-W. An and M.-D. Wang



57. Wang H, Wang S, Su H, Chen KJ, Armijo AL, Lin WY, Wang Y, Sun J, Kamei K, Czernin J,
Radu CG, Tseng HR (2009) A supramolecular approach for preparation of size-controlled
nanoparticles. Angew Chem Int Edit 48(24):4344–4348

58. Yao Y, Xue M, Chen J, Zhang M, Huang F (2012) An amphiphilic pillar [5] arene: synthesis,
controllable self-assembly in water, and application in Calcein release and TNT adsorption.
J Am Chem Soc 134(38):15712–15715

59. Williams RJ, Smith AM, Collins R, Hodson N, Das AK, Ulijn RV (2009) Enzyme-assisted
self-assembly under thermodynamic control. Nat Nanotechnol 4(1):19–24

60. Li LL, Qi GB, Yu F, Liu SJ, Wang H (2015) An adaptive biointerface from self-assembled
functional peptides for tissue engineering. Adv Mater 27(20):3181–3188

61. Zhang S (2003) Fabrication of novel biomaterials through molecular self-assembly. Nat
Biotechnol 21(10):1171–1178

62. Zhang S (2003) Fabrication of novel biomaterials through molecular self-assembly. Nat
Biotechnol 21(10):1171–1178

63. An HW, Qiao SL, Hou CY, Lin YX, Li LL, Xie HY, Wang Y, Wang L, Wang H (2015)
Self-assembled NIR nanovesicles for long-term photoacoustic imaging in vivo. Chem
Commun 51(70):13488–13491

64. van Bünau G, Birks JB (1970) Photophysics of aromatic molecules. Wiley, London 1970.
704 Seiten. Preis: 210s. Berichte der Bunsengesellschaft für physikalische Chemie 74
(12):1294–1295

65. Leevy WM, Gammon ST, Jiang H, Johnson JR, Maxwe DJ, Jackson EN, Marquez M,
Piwnica-Worms D, Smith BD (2006) Optical imaging of bacterial infection in living mice
using a fluorescent near-infrared molecular probe. J Am Chem Soc 128:16476–16477

66. Smith BA, Akers WJ, Leevy WM, Lampkins AJ, Xiao S, Wolter W, Suckow MA,
Achilefu S, Smith BD (2010) Optical imaging of mammary and prostate tumors in living
animals using a synthetic near infrared Zinc(II)-Dipicolylamine probe for anionic cell
surfaces. J Am Chem Soc 132(1):67–69

67. Welling MM, Paulusma-Annema A, Balter HS, Pauwels EKJ, Nibbering PH (2000)
Technetium-99 m labelled antimicrobial peptides discriminate between bacterial infections
and sterile inflammations. Eur J Nucl Med 27(3):292–301

68. Ning X, Lee S, Wang Z, Kim D, Stubblefield B, Gilbert E, Murthy N (2011)
Maltodextrin-based imaging probes detect bacteria in vivo with high sensitivity and
specificit. Nat Mater 10:602–607

69. Schleifer KH, Kandler O (1972) Peptidoglycan types of bacterial cell walls and their
taxonomic implications. Bacteriol Rev, 407–477

70. Weidenmaier C, Peschel A (2008) Teichoic acids and related cell-wall glycopolymers in
gram-positive physiology and host interactions. Nat Rev Microbiol 6(4):276–287

2 The Self-assembly of Cyanine Dyes for Biomedical Application … 55



Chapter 3
Self-assembled Nanomaterials
for Bacterial Infection Diagnosis
and Therapy

Li-Li Li

Abstract Self-assembled nanomaterials are composed of building blocks through
non-covalent interaction and spontaneously arranged into well-ordered nanostruc-
tures with defined functions. The well-organized arrangement and the two-/
three-dimensional nanostructure of the architectures endow the nanomaterials
abundant excellent biofunctions for bacterial infection detection and therapy
applications. Beyond nature-inspired sources, the hybrid artificial nanomaterials
including inorganic nanoparticles, nanosized small synthetic molecules assemblies,
self-assembled multilayer polymers are reviewed in this chapter. In addition, the
design concept, assembled driving forces, nanostructural effect, antimicrobial
mechanism, detection methods are also discussed and summarized. As the
promising field, in vivo self-assembled nanomaterials with specific stimuli-
responsiveness and surprised biofunctions are also included in this chapter to
explore and fabricate fascinated self-assembled nanomaterials.

3.1 Introductions

Self-assembled nanomaterials represent a classic of non-covalent interactions
induced self-assemblies with well-organized nanostructures. The self-assembled
process can be divided into kinetic- and thermodynamic-controlled assembly in a
spatial and temporal manner. Inspired by nature, the self-assembly in organism,
which ubiquitously built biofunctional networks, plays a significant role during the
bioregulation process. It can be said that bio-system is constructed and evolved by
self-assembly-induced biofunctional innovation. Hence, people are trying to reveal
and imitate natural self-assemblies, spontaneously devoting themselves to under-
stand the mechanisms. Beyond nature heuristic, artificially designed self-assembled
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nanomaterials also obtained the considerable development during the past decades.
All the efforts contributed a lot in bacterial infection diagnosis and therapy in the
purpose of early detection and less drug resistance [1].

With the development of the synthetic chemistry and material science, the
molecular building blocks, which can be considered for antimicrobial or detection
agents, are promising with peptides, nucleotides, biopolymers, proteins,
photothermal/photodynamic agent, or even inorganic nanomaterials. The endless
imagination drives the development of the design of the novel self-assembled
nanomaterials with well-controlled nanostructures and fantastic biofunctions.
Surprisingly from natural antimicrobial sources, such as antimicrobial peptides
(AMPs) [2–4], cationic natural polymers [5, 6], natural photothermal/photodynamic
molecules [7–9] , sophisticated molecular structures are analyzed and modified as
building blocks for self-assembly with enhanced antimicrobial efficiency. Besides
direct bacteria killing, self-assembled materials with well-ordered assembly surface
multilayers nanostructures exhibited an excellent antifouling and anti-biofilm prop-
erty, which indirectly contribute to bacterial inhibition as a surface defense [10, 11].
Of course, other than organic self-assembled nanomaterials, some hybrid inorganic
nanomaterials present a strong growth tendency due to their unique antimicrobial
mechanisms with fewer side effects through a self-assembled modification [12]. To
defense human bacterial infection, antibiotic plays an irreplaceable role in history;
however, the server antibiotic-resistance risk highly reduced the lifetime of newly
developed antibiotic [13]. Here, some chemist gives us an enlightenment that
self-assembly of such modified small antibiotic molecules might improve the
antimicrobial efficiency and even change their antimicrobial mechanism [14].

Besides antimicrobial approach, the bacterial detection also contributed to solve
the drug resistance risk by early, sensitive, and specific bacterial detection and
identification leading to the significant guiding for rational use of drugs [15].
Therein, self-assembled nanomaterials endowed stimuli-responsiveness capability
and showed wildly spread application in highly sensitive and specific bacterial
detection [16, 17] or bacterial infection bioimaging [18, 19].

In this chapter, we will introduce various self-assembled nanomaterials inves-
tigated in the latest 5 years used for bacterial infection diagnosis and therapy,
including nature sourced and artificially made building blocks. The design concept,
assembled driving forces, nanostructural effect, antimicrobial mechanism, detection
methods will be reviewed in the following part. Especially, we will outlook a
recently improved promising field: in vivo self-assembled nanomaterials to better
understand the development of self-assembly.

3.2 Self-assembled Peptides for Antimicrobial Therapy

As constructed units, natural amino acids are 20 types to compose peptides and
proteins. All the amino acids are similar in structures but different with side groups.
Hence, the amino acids can be divided into polar/nonpolar, positively/negatively
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charged, hydrophobic/hydrophilic, aliphatic/aromatic classes based on the side
chains. Besides, except glycine, extra 19 amino acids are chiral molecules. Such
variation endows the arrangement of amino acids into huge numbers of peptides or
proteins with different biofunctions. Of course, the diversified arrangements are
mainly divided into primary structure (e.g., sequences, length, and cyclizing),
secondary structures (e.g., a-helix, b-sheet, turns, and coiled coils), and tertiary
structures (e.g., geometric shape). As the building blocks for self-assembled
nanomaterials, the driving force during the self-assembled process of peptides is
weak interactions including hydrogen bonds, hydrophobic affinity, p−p stacking,
electrostatic interaction, and van der Waals interactions [20], which are sensitive to
pH, temperature, ions, ionic strength, light, etc. As a self-assembled precursor,
peptides can be assembled into various kinds of supramolecular nanosized archi-
tectures based on design, such as nanotubes [21–23], nanofibers [24–26],
nanovesicles [4, 27], nanosheet [28], or hydrogel nanonetworks [29–31]. With
modification, peptide hybrid also can assemble into multilayer structure [32, 33] on
surface with antibacterial or antifouling functions. Commonly, the antimicrobial
properties of these peptide-based nanoassemblies are attributed to rich of cationic
for bacterial membrane interference [34]. Besides, the specific structure inspired
from nature also contributed to bacterial membrane disruption, such as
cell-penetrating peptides [35, 36], lipopeptides [37, 38]. The typical peptides,
antimicrobial peptides (AMPs), originally produced by invertebrate, plant, and
animal species are amphipathicity, cationic charged, and suitable size for inserting
into membrane by “barrel stave,” “carpet,” or “toroidal pore” mechanisms com-
panied with metabolic inhibition [39]. Based on these speculated mechanisms, the
nanoassemblies from peptides or modified peptides can be architected and built
with enhanced antimicrobial property.

3.2.1 Design and Antimicrobial Mechanism
of the Peptide-Based Nanomaterials

In this section, we summarized the design concept and antimicrobial mechanism of
the peptide-based nanomaterials. Here, the main functional domains of the building
blocks are antimicrobial peptides (AMPs), which can be divided into a-helical,
b-sheet, and extended structures [40]. These AMPs are an integral part of the innate
immune system and play a role of host defense from invading pathogenic bacteria.
Because of the better presentation in the drug resistance, AMPs are now been seen
as potential alternatives for antibiotics [41]. Although AMPs vary in sequences,
length, and secondary structure, all the peptides adopted a distinct membrane-bound
amphipathic conformation. However, the disadvantages of AMPs are short half-life,
hemolysis, high expensive, etc; people attempt to overcome these shortages; one of
the strategies is nanosized construction of these AMPs [42]. Therein, the
self-assembled AMPs perform with nanotubes, nanospheres, nanofibrils, nanotapes,
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nanosheets, hydrogel nanonetworks, and other ordered structures extremely stabled
AMPs and enhanced membrane interactions [38, 43].

To further understand the antimicrobial mechanisms, we initially introduced the
action modes of AMPs. Insight of the physical features of AMPs, cationic charge
and significant proportion of hydrophobic residues are the general two features. The
positively charged property promotes selectivity of the negatively charged micro-
bial cytoplasmic membranes over zwitterionic mammalian membranes, and the
hydrophobic residues facilitate interactions with fatty acyl chains [44]. The action
modes for disruption of the integrity of the microbial cytoplasmic membrane are
toroidal pore-forming, carpet model, barrel stave, electroporation, non-lytic mem-
brane depolarization, anion carrier, oxidized lipid targeting, non-bilayer interme-
diate, charged lipid clustering, membrane thinning/thickening, disordered toroidal
pore-forming [37, 45] (Fig. 3.1).

Besides membrane disruption mechanism, some other antimicrobial mechanisms
have now been known similar to antibiotic, such as target key cellular process
(DNA and protein synthesis, protein folding, enzymatic activity, and cell wall
synthesis) [39]. Interestingly, some findings reveal that AMPs in nature display
multiple modes of action to increase the antimicrobial efficiency and evade resis-
tance [46].

Fig. 3.1 Action modes of the AMPs during disrupting of microbial cytoplasm membrane
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Through the nanoscaled peptide-based self-assembly, the concentrated cationic
locally and well-ordered secondary structures arrangement significantly induced
“proton sponge” and “multivalence” effect in source of the nanostructures [47–49].
Consequently, the multiple antimicrobial mechanisms all contributed to the
enhancement of the antimicrobial property. Of course, the nanoassembly also can be
used as stimuli-responsive AMPs carriers to increase the half-life, molecular release
specificity, and usage efficiency of AMPs [50–53]. Right now, some mechanism of
nanostructures is unknown and still needs exploring, but the excellent antimicrobial
property and lower drug resistance of the nanomaterials support us an efficient
approach for antimicrobial agents design using nanotechnology.

3.2.2 Supramolecular Peptide Amphiphilic Self-assembles
as Antimicrobial Agents

The most important design element of peptide amphiphiles (PAs) is amphiphilic
nature of the molecules, similar with the lipid or surfactant. The amphiphilicity of
PAs results from hydrophobic tails (e.g., alkyl, Fmoc residues, cholesterol) and
hydrophilic head (e.g., Arg-rich peptide sequence, TAT) [43, 54, 55], or amphi-
philic b-hairpin structure [31, 45]. The second design element is the short sequence
directly adjacent to the hydrophobic segment, which is usually composed of
hydrophobic amino acids with strong intermolecular hydrogen bonding interac-
tions. Depending on the basic design, the PAs enable to form self-assembled
nanostructures from 1D to 2D or 3D [56]. The third design element is additional
positively charged amino acids to increase the cationic-rich property. These pep-
tides can be triggered to self-assembly with modulation of pH and ionic strength to
realize kinetic growth [40, 57]. The final element for molecular design is the
incorporation of different functional domains (e.g., epitopes, enzymatic cleavage
sites, disulfide bond) that can be tailored under certain conditions without changing
geometry [32, 58] of nanomaterials or triggered to form nanostructures [36, 59].

The driving forces for PAs growth arise from three major non-covalence
interactions: hydrophobic interactions, hydrogen bonding, and electrostatic inter-
actions [60]. The assembly behavior in water is normally in a kinetic way from
tapered shape of a cluster to sheet-like structure of a group PAs and finally linked
together through an intermolecular hydrogen bonding, which determines the
interfacial curvature, resulting nanofibrous, nanotubes, nanosheets, nanoparticles,
etc. Some of them, such as nanoparticles or nanofibrous, will step-by-step from
nanosized structures into 3D hydrogel networks eventually [4].

As for antimicrobial applications, the PAs are normally designed with highly
positively charged building blocks to enhance the membrane interference [61].
Other than the monomer of AMPs, the assembled PAs called multidomain peptides
(MDPs) with characteristics of cationic and amphiphilic property can be formulated
into soluble supramolecular nanostructures [62] (Fig. 3.2).
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A typical example is a general formula of Kx(QL)yKz [63]. The superstructure of
such a sequence of peptides is stabled by intermolecular hydrogen bonding and
hydrophobic interactions between the (QL) repeating units and electrostatic
repulsion between K residues. This supramolecular PAs assembly strategy provides
us a platform for antimicrobial agent design with balance of structure, stability,
cytotoxicity, and antimicrobial activity. Another example is supramolecular
assembly of host defense peptides (HDPs) by modifying an alkyl tail endowed with
amphipathicity [38] or utilized natural self-assembled candidates [64]. The
well-ordered arrangement of the HDPs with nanofibrous superstructure significantly
amplifies the negligible antimicrobial activity of HDPs monomers to pronounced
effect. Of course, the amphipathicity of HDPs can also be adjusted by aromatic tag
[65] or cholesterol [43, 54] to induce nanovesicle/nanoparticle superstructures with
enhanced membrane destabilization and disruption.

The approach of gelatinization of cationic peptides is considered to be effective
way for enhancement of antimicrobial activity, such as b-hairpin hydrogel [31, 47]
and Fmoc-peptide cationic hydrogel [40]. The mechanism of actions of such
hydrogel is debatable; the membrane permeation or disruption of this 3D polyca-
tionic network seems to be the common theme. Otherwise, other strategy also
supported the antimicrobial activity is in source of the soluble peptides diffused
form hydrogel other than its surface interactions [31].

Although the mechanisms for the assemblies above still need better under-
standing, unquestioned fact is that self-assembly approach significantly strengthens
the antimicrobial activity, which seems to be promising direct for antimicrobial
agent design.

Fig. 3.2 Assembled PAs with different nanostructures. A Self-assembled cationic peptide
nanoparticles. Chemical structure of the designed peptide amphiphiles (a). The micelle formation
simulated with molecular modeling (b). TEM images of different bacterial strains: S. aureus (c), E.
faecalis (d), and C. neofomans (e) after treatment. B b-Hairpin peptide hydrogel. The folding and
self-assembly process (a) and antibacterial activity with live/dead stain kit (b, c)
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3.2.3 Multilayer Self-assembly of Hybrid Peptides
for Surface Antimicrobial Defense

Insight of the nature, multilayered regulation of protein families including defen-
sins, cathelicidins, and C-type lectins constructed the intestinal antimicrobial
defense [10]. Thus, as effected approaches, layer-by-layer (LBL) and multilayer
assembly obtain considerable development for surface modification. As an
important field, artificial surface modifications with antifouling, anti-biofilm, and
antimicrobial property through multilayer regulation are significant in microbial
resistance.

A most usual way is incorporation of AMPs or HDPs into amphiphilic polymer
multilayers. One antimicrobial action is controllable release of peptides with con-
tinuing antimicrobial activity [50, 51]. The others are adhering and capturing
microbial on the polyelectrolyte multilayers and following high-efficient bacterial
killing through surface covalence or locally released peptides [33, 66]. In addition,
other than direct microbial killing, a gentle approach is to protect the modified
surface from microbial adhesion and anti-biofilm formation [32, 67]. Commonly,
peptides are covalent coupling onto polymers and the hybrid polymer–peptides
supramolecular assembly with well-organized superstructure on the surfaces.

3.3 Polymer Assemblies with Antimicrobial Activity

Polymer chemistry included a hung polymer family with wide range of application
in biological fields. Focusing on microorganisms, polymer exhibits unique char-
acteristics than traditional small molecules as antimicrobial agents or bacterial
detection agents. With antimicrobial activity, antimicrobial polymers (also named
as polymeric biocides) are an area with growing attention. In the health care and
hygienic field, biocides polymers are incorporated with other bactericide and can be
used for contact disinfectants in many biomedical applications [68].

Here, we just summarized polymers which can self-assemble into nanostructure
with antimicrobial activity. Therein, biomimic polymers [34, 69], copolymers with
amphiphilicity [70, 71], and hyperbranched polymer [72, 73] are mostly involved.
The candidates for self-assembled antimicrobial polymers include natural source
(e.g., chitosan [74, 75], peptidopolysaccharides [76], hyaluronic acid [77]) and
artificial made (e.g., polyethylenimine [78], poly(amidoamine) [72], polycarbonate
[70, 79], polymethacrylates [69, 80]). With delicate design, various supramolecular
nanostructures from zero-dimension (0D) to three-dimension (3D) can be con-
structed through the solution or interfacial self-assembly of amphiphilic polymers,
such as micelles, fibers, tubes, vesicles, rod, membranes, and gels. The antimi-
crobial mechanisms are different according to charge, shape, size, etc., factors,
specifically for instance: “anion sponge” membrane suctioning ability through
cationic hydrogel [34], distinctive assembled nanosphere and nanorod with efficient
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electrostatic interaction with microbial cell walls and membranes [42], nanosized
micelles with highly dynamic biodegradable capability enable to lysing bacterial
membrane [81]. In summary, polymer itself or hybrid with antimicrobial agents
would produce a kaleidoscope effect during self-assembly with combined multiple
antimicrobial interactions, which show a potential increase in antimicrobial activity,
less microbial resistance, excellent biocompatibility and easy to quantity
production.

3.3.1 Self-assembled Polymers as Antibacterial Agents

The widely accepted theory for antimicrobial polymers was highly positively
charged with bacterial membrane disruption. Additionally, the selectivity toward
cationic polymers to microbial cells is also a consideration based on different lipid
composition and surface components (Fig. 3.3). As seen, the cytoplasmic mem-
branes of mammalian cell are asymmetric and show neutral (zwitterionic) lipid in
the outer leaflet of the membranes. In contrast, bacterial and fungal cell membranes
exhibit negatively charged component and cover different structural cell walls.
Thus, the synthesized polymers and collected natural polymers are always with
cationic functionalities [82]. To enhance the antimicrobial activity, AMPs, antibiotics,
etc., can emerge simultaneously with polymers through encapslulating [72, 73].

Fig. 3.3 Selectivity of polyelectrolytes to bacteria over mammalian cells. a Illustration of cell
membranes of mammalian cells, bacterial cells, and fungal cells. b Selective interactions of
cationic polymers to different membranes
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Other considerations of using polymeric carriers are reducing the toxicity of drugs
to human cells and enhancing bacterial targeting. Therefore, the strategies are
emerged, such as the nanosized polymer assembly and copolymerization to modify,
etc. For development, both antimicrobial and biocompatible polymers are essential
for widespread systemic evaluation.

3.3.1.1 Structural Design of Cationic Polymers

Unlike small molecule antimicrobial agents, polymers exhibit a typical architecture
divided into homopolymers, copolymers with random and block forms, telechelic
polymers, zwitterionic polymers, branched polymers, and networked polymers [83]
(Fig. 3.4). For structural analysis, it is implied that facial amphiphilicity and
hydrophobic content are two significant factors strongly correlated with antimi-
crobial activity and selectivity. Meantime, the amphiphilicity refers to as
hydrophobic/hydrophilic balance, which is influenced by various chemical and
physical features of the molecules. Therein, facial amphiphilic secondary structure
of the polymer induces helix structure leading to an efficient antimicrobial property
similar with some AMPs. Otherwise, higher hydrophilic or dense cationic of the
polymers is preferred for binding to cells, but hydrophobic domains are essential for
breakthrough cell walls and inserting into bilayer core. Consequently, structural
design of antimicrobial polymer is necessarily required.

Firstly, most commonly reported polymers are random copolymers with
unspecified sequences. In their structures, charged and hydrophobic moieties are
randomly isolated along the polymer backbone. For antimicrobial, random polymer
usually includes functionalized poly(methacrylate)s, poly (vinyl ether)s, poly(phe-
nylene vinylene)s, poly(carbonates)s, poly(norbornene)s, poly(methacrylamide)s,

Fig. 3.4 Polymeric architectures with antimicrobial activity
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poly(b-lactam)s [83–85]. Secondly, for homopolymers, there are two typical types:
(i) brush-like architecture containing facially amphiphilic repeat units on the
backbone; (ii) “same-centered” architecture having the repeat units of hydrophobic
moieties accompanied with charged moieties. For example, poly(ethylene imine)
with functional carbonates was an amphiphilic homopolymer candidate with
antibacterial activity against Gram-positive bacteria [78]. Thirdly, block polymers
exhibit strong partitioning between hydrophobic and hydrophilic region along the
polymer backbone with a controllable hydrophobic/hydrophilic balance. Usually,
these kinds of polymers should self-assembly into well-ordered nanostructures with
critical micelle concentration (CMC). For instance, Du’ group developed amphi-
philic triblock copolymers, which self-assembled into water-dispersible and
biodegradable polymer micelles with good antibacterial activities [86]. Fourthly,
telechelic polymers are composed of non-biocidal repeating units and reactive end
groups, such as block/graft copolymers, star, hyperbranched, or dendritic polymers.
The advanced architectures of these polymers are able to built based on these units
and groups [87, 88]. Poly(oxazoline)s can be prepared with biocidal end groups and
an NHs function at the starting end as a telechelic antimicrobial polymers [89].
Fifthly, zwitterionic polymers are novel charged polymeric antimicrobials bearing
an equal number of anionic and cationic groups. Yang and coworkers designed and
synthesized well-defined pegylated polymers with tertiary amines for antimicrobial
applications [90]. Sixthly, branched polymer includes dendrimer, hyperbranched,
brush, or star structures, which is benefit for adsorption and binding to microbial
membrane. For instance, branched poly(N-isopropylacrylamide) modified with
vancomycin induced a coil-to-globule transition can efficient binding to
Gram-positive bacteria with a cell wall inhibition property [73]. Seventhly, net-
worked polymers show a 3D network hydrogel structure, such as peptidopolysac-
charides hydrogel, and appear as a broad-spectrum antimicrobial activity attributed
to the membrane suctioning ability [76].

3.3.1.2 Nanosized Self-assembly Architectures

Anyhow polymer architectures, with appropriate hydrophobic and hydrophilic
balance induced amphiphilicity, polymer chains can self-assemble into advanced
nanostructures. Some studies indicated that self-assembly of polycations might
bring more enhanced activity due to immensely localized mass and positive charge.
Lipid similar micelles or liposomes exhibited an easier membrane fusion capability
[91]. Besides, complex nanoparticle design endows self-assembled polymers
extended properties, such as stimuli-responsiveness, transformers ability, biomimic
property. Of course, ingenious design of nanostructure can also enhance biocom-
patibility. With layer-by-layer microcapsules design based on chitosan, substitution
and hyaluronic acid showed a synergistic effect for high-efficient bacterial killing
[92]. Core–shell supramolecular assembly with gelatin and red cell membranes
realized a biomimic property reducing immune clearance and a “on-demand”
bacterial infection antibiotic delivery [93]. A dynamic self-assembled micelles from
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polycarbonate polymers acquired a desirable microbial membrane facilitating
membrane disruption [81]. An amphiphilic poly(amidoamine) dendrimers are
enabled to form nanosized particles with antibacterial activity [72].
Enzyme-responsive hyaluronic acid nanocapsules containing polyhexanide pre-
sented pathogenic bacterial response biocide release for antibacterial therapy [94].
A fluorescent conjugated oligomer–DNA hybrid hydrogels are represented to
antimicrobial regulation property by bacterial DNase hydrolysis [95].

3.3.2 Polymer Self-assemblies Coating As
Infection-Resistant Surfaces

The antimicrobial activity is important for polymer design; however, as surface
protection from microbe the antiadhesion and anti-biofilm are higher demanded [10,
96]. This is because that bacteria are easy to adhere to surfaces of materials and
eventually formed bacterial biofilm for their protection. In this situation, most
efficient biocides lost their chance to contact with bacterial cells. In this field,
polymers are superior due to the easy synthesis, high-efficient inactivation, con-
venient to modify on surfaces, etc. Here, layer-by-layer assembly and hydrogel
formation through polymers are discussed. In addition, smart self-assembly cases
are also included stimuli-responsiveness.

Inspired by mussel, antimicrobial multilayer are assembled on poly(te-
trafluoroethylene) with catechol-functionalized poly(ethylenimine)and hyaluronic
acid in a well-controlled manner [77]. Through an electrostatic LBL self-assembly,
quaternized chitosan and soy protein isolate were alternately assembled with a
nanofibrous manner, which endowed an inhibition of bacteria [75]. Porous organic
frameworks (POFs) were developed to form a durable antibacterial polymer coating
through quaternary pyridinium-type porous aromatic frameworks (PAFs) [97]. PEG
and polycarbonate diblock copolymers and polydopamine were co-coated onto
silicone surface with multilayer constructions enabled to prevent biofilm formation
[70]. The polycationic hydrogel based on dimethyldecylammonium chitosan
exhibits an “anion sponge” interaction on surfaces by attraction of sections of
anionic microbial membrane into the internal nanopores of the hydrogel [34, 76]
(Fig. 3.5). Polycarbonate and poly(ethylene glycol) in situ assembled hydrogel
surface coating vis Michael addition showed a broad antimicrobial and antifouling
property [79]. With polycation-bearing catechol and poly(methacrylamide)-bearing
quinone inducing nanogels self-assembly, the surface coating was obtained by
nanogels arrangement with anti-biofilm and antiadhesion ability [98]. Through a
host–guest supramolecular self-assembly of cationic poly(phenylene vinylene)
derivative, the antibacterial activity can be controlled on demand during surface
modification [99].

Interestingly, the surface modification sometime needs an adaptive ability, which
can be well designed by polymer assemblies. For instance, thermo-sensitive poly
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(N-isopropylacrylamide) assembled modified polymer brushes were endowed with
a temperature-response switch capability from bactericidal to cell-repellent [100].
For tissue engineering application, the switch form antifouling to cell adhesion can
also be realized by enzymatic response polymer self-assembly [32].

3.4 Hybrid Metal/Inorganic Nanomaterials as Bactericide

The metal/inorganic nanomaterials with antibacterial activity usually include
Ag+/AgNPs and TiO2 as antibacterial agents hybridizing with organic materials
(e.g., polymers, antibiotics, peptides, inorganic salt) and organic antibacterial agents
(e.g., antibacterial polymers, antibiotics, antimicrobial peptides, photodynamic/
photothermal agents) hybridizing with inorganic nanomaterials (e.g., silica/silicon
nanoparticles, carbon nanotubes, graphene oxide, ferric oxide, gold and copper
nanoparticles). Besides, the famous ion: Ag+ and oxidation: TiO2, the investigation
reveals that some cationic such as Ca2+, N+, F+ and oxidation such as alumina,
Ag/Sn/Zn/Pt mixing with Ar+ on polished titanium also exhibit efficient antibac-
terial effect [101].

Fig. 3.5 Surface coating with polycationic hydrogel with microbe membrane suctioning ability.
A Schematic diagram of the “anion sponge” model. B Photograph of the hydrogel-coated
substrate. C The morphology of the coating by SEM images. D Morphology of various pathogens:
P.aeruginosa (a), E. coli (b), S. aureus (c), and F. solani (d), in contact with the hydrogel coating
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Insight of the antimicrobial mechanism of Ag nanoparticles, people find that
oxidized silver nanoparticles have antibacterial activities but zero-valent nanopar-
ticles do not, which implies that the antibacterial activities of AgNPs mainly depend
on the levels of chemisorbed Ag+ on the particle’s surface [102]. Thus, for
nanoparticles, AgNPs antibacterial ability exhibits a size dependence behavior. That
is, smaller particles size has higher activities on the basis of equivalent silver mass
content [103]. Of course, the particles size of AgNPs not only contributes to
antibacterial activity but also effects on biosafety (e.g., cytotoxicity, inflammation,
developmental toxicity, and genotoxicity) [104]. Besides, good antibacterial
activity of AgNPs is dependent on optimally displayed oxidized surfaces, which
should be present in well-dispersed medium. Other than size, the shape of AgNPs
additional affects their antibacterial activities. For instance, truncated triangular
AgNPs with a {111}c lattice plant display a strong biocidal action compared with
spherical and rod-shaped NPs [105]. Although a fact has been obtained that Ag+

shows strong inhibitory, bactericidal effect, and antibacterial activity with broad
spectrum, the detailed mechanistic study was rare since Kim group supplied that
antibacterial mechanism of Ag+ was in source of DNA lost its replication ability
and protein became inactivated after Ag+ treatment [106].

The mechanism of the other famous candidate, TiO2, is widely recognized with a
photocatalytic reaction, which is straightforward. Upon absorption of photons,
electrons of TiO2 are excited from the valence band to the conduction band, cre-
ating electron–hole pairs. These charge carriers’ photodecompose the
surface-adsorbed chemicals; in this process, some radicals or intermediate species
(e.g.,�OH, O2−, H2O2 or O2) play important roles for antibacterial activity [12].
When interacting with bacterial cells, these radicals or intermediate species promote
peroxidation of the polyunsaturated phospholipid component of the lipid membrane
inducing major disorder in bacterial cell membrane [107]. For photocatalysis
improvement, TiO2 nanomaterials can be doped with Ag, Sn, Zn, Pt, etc., or surface
implanted with Ca2+, N+, F+, etc., [101, 108].

For synergistic interactions, metal, inorganic, and organic components would be
hybrid for an improvement of the antibacterial activity or a decrease of the cytotoxic to
mammalian cells. In addition, some excite applications of these hybrid are as the
bacterial detection sensitizers assistant withwell-employed devices (e.g., microfluidic
chips, micro-NMR) [109, 110] and technologies (surface-enhanced Raman scattering
(SERS), electrochemical system, surface plasmon resonance (SPR), Raman spec-
troscopy, PCR quantitative identification, mass spectrometry, etc.) [111, 112].

3.4.1 Ag Nanoparticles Dispersive into Self-assembled
Nanostructures for Synergistic Bacterial Inactivation

A wide application for Ag nanoparticles is concentrated in nanostructures decorated
with AgNPs for in vitro or in vivo surface protection. In this fields, nanofibers
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[113, 114], hydrogel [115, 116], layer-by-layer self-assembly [117, 118], or
nanoparticles arrays [118, 119] can be used as scaffolds to directly disperse Ag
nanoparticles or mineralize to form monodispersive AgNPs. With a synergistic
interaction, highly dispersed AgNPs display a long-term antimicrobial activity
inside nanoassembled structures. Although the biosafety of the AgNPs in vivo
application is still in dispute, these self-assembled AgNPs hybrid nanomaterials
display significant roles in biomedical surface protection both for medical instru-
ments and tissue engineering (Fig. 3.6).

There are some typical examples reported in recent 5 years. The peptide
nanofibers as scaffold have been successfully applied in tissue engineering; hence,
nucleation/growth of well-ordered AgNPs into peptide-based nanofibers exhibited
excellent antibacterial properties [113, 114]. Hydrogels always seemed as good
candidates for surface modification. The self-assembled nanocomposites consisted
of polymeric [115] or amino acids [116]-based hydrogel and dispersive AgNPs
enable to be well spread on surfaces to form an antifouling and antibacterial surface
coating. Cooperated with cationic polymers, which is superior in selective adhesion

Fig. 3.6 Hybrid nanostructures decorated with silver nanoparticles. A AgNPs on peptide
nanofibers with morphology (a), antibacterial activity to E. coli (b, c), and structure illustration (d).
B DNA-directed AgNPs on graphene oxide (Ag@dsDNA@GO) with structure illustration (a),
bacterial killing ability (b), morphology of bare GO (c), Ag@dsDNA@GO composite with
diameter of Ag of *18 ± 3 nm (d), and *5 ± 1.8 nm (e). C Silver-decorated shell cross-linked
knedel-like polymer nanoparticles with three silver-loaded variants. The structure illustration of the
nanoparticles and antimicrobial activity in mouse model (a) and TEM images of particles
morphology (b)
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of bacteria cells, the cationic polymer hybrid AgNPs with LBL or multilayers
nanostructures on surface appeared as a highly efficient bacterial killing strategy
because of the synergistic effect [117–119]. For water-dispersible applications, the
AgNPs decorated polymer vesicles/micelles [120], graphene oxide [121], carbon
nanotubes [122], or silicon nanowires [123] were well considered as the hybrid
carrier to immobile and disperse AgNPs.

3.4.2 Others Hybrid Nanoassembles as Antibacterial Agents

One of the optimized strategies for AgNPs was hybrid with other metal nanostruc-
tures, such as silver-coated copper [124] and magnetic nanoparticles [125, 126], silver
heterodimers [127], and Ag@Co-nanocomposites [128]. Of course, besides silver,
other metal/inorganic hybrid nanomaterials also display significant role as antibacte-
rial agents. For instance, TiO2 hybrid arrays [129], reactive oxygen species located in
mesoporous inorganic nanomaterials [130], core–shell assembled complex with
polymers [131–133] /proteins [134, 135] /peptides [136] /amino acids [137] are all
demonstrated to be the efficient antibacterial strategies. Especially, Au nanoparticles
hybrids exhibit typical photothermal capability for thermal bacterial killing [138, 139].
Here, we exampled some typical cases. One is self-assembly of polyphenol-based
core/shell nanostructures, which strongly inhibited E. coli growth while exhibited no
obvious normal cell toxicity [132]. A visible-light-controlled drug-release TiNTs array
was constructed with decorated Au nanoparticles, hydrophobic octadecylphosphonic
acid (ODPA), and AMPs, by which the antibacterial activity can be active by
visible-light irradiation [129]. By high loading efficacy of mesoporous organosilica of
reactive oxygen species and nitric oxide, these sunlight-triggered nanoparticles
showed synergistically antibacterial activity based on sliver-free ability [130]. An
interesting example was that fabricating shape-selective thermal killing nanoassem-
blies via Au nanoparticles, silica, and colloid antibodies hybrids [139].

With complex supramolecular self-assembly, many hybrid nanomaterials will be
assembled synergistically with enhanced antibacterial efficiency. In addition,
well-controlled arrangement of each antibacterial element has been demonstrated to
contribute more to antibacterial activity. With dramatic development of various
antibacterial nanomaterials, we believe that hybrid nanomaterials could occupy an
important place in future.

3.5 Photodynamic Antibacterial Agent Assembled
Nanomaterials

Normally, photodynamic therapies (PDT) are dependent on the photosensitizers,
such as porphyrin derivatives, BODIPY derivatives, cationic phenothiazine dyes,
and anthraquinone vat dyes. The mechanism of these photosensitizers is easy to
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understand, which can be light-activated to reduce reactive oxygen species
(ROS) in aqueous phase resulting in a chemical inactivation of bacteria [140]. As
known, the lift time of ROS was short and the interaction distance has exact
demands [141]. And the aggregation of these molecules may dramatically decrease
their photodynamic capability [142]. For high effective photodynamic therapy,
self-assemble of the molecular derivatives or decorated those into assembled
structures are effective strategies. Concretely listed, there are modified molecules
endowing amphiphilicity [7, 143–145], supramolecular assembly [146], and poly-
mer conjugation for self-assembly [147–150]. Here, we exampled typical cases for
better understanding. Through a host–guest interaction to form supramolecular
assemblies of porphyrin derivatives (TPOR, with four positive charges), the
supramolecular photosensitizers acquired greatly improved antibacterial efficiency
[146]. When encapsulated Cp6 into charge-conversion polymeric nanoparticles, the
complex nanosystem showed acidic-induced charge conversion in bacterial infec-
tion site for efficient accumulation and then photodynamic inactivation for therapy
[150].

3.6 Antibiotic Assembly with Enhanced Antibacterial
Efficiency

The wide application of antibiotic is small molecules. However, the antibiotic
resistance and superbug appearance are now becoming intensive. The usage of
antibiotic is facing severe challenges. To avoid the over usage of antibiotics, the
traditional drug delivery strategy by assembled nanomaterial supply is a solution.
The hydrophilicity of the antibiotic other than usually displayed hydrophobic drugs
demands a higher need for control release. Thus, water-soluble proteins or polymers
with multilayers self-assembly or stimuli-responsive release property can be con-
sidered, such as gelatin core–shell nanoparticles with bacterial toxin responsive
release capability [93], multilayer nanogel [151, 152] or gelatin sponges [153], and
dendrimer-based multivalent platform [154]. More deserved attention strategy is
that via molecular modification, antibiotic could self-assembly into nanostructure
with enhanced antibacterial efficiency, which attributes to structure effect and
multivalence effect [14, 155, 156]. The first antibiotic gelator reported was van-
comycin–pyrene from Xu’ group [14]. They speculated that polymer-like assembly
structures of the hydrogel enhanced the local concentration on the bacterial cell
surface, which led to a lower molecule usage comparing with vancomycin against
bacteria. The amphiphilic tobramycins self-assemblies not only maintain their
antibacterial activity but also can boost the innate immune response [157].
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3.7 Self-assembled Nanomaterials for Bacterial Detection

Bacterial detection approaches in vitro are involving directly bacterial cell detection
[158] and bacterial relative enzymes, proteins, lipopolysaccharides, DNA, RNA,
etc. and molecules detection [95, 159–161]. Extended to in vivo bacterial infection
diagnosis, the biomarkers not only involved in bacterial themselves [15, 162, 163]
and bacterial infectious microenvironments [142, 164], but the host-specific
immunity response-related molecules, such as interleukin [165], caspase-1 [36].
The optimized specificity of all the methods in vitro is bacterial DNA/RNA
detection and identification, by which the strains of different bacteria cell can be
defined [166]. In addition, for convenient application in food safety and clinical
screening, the colorimetric/fluorescence visualized detection methods are more
popular [19, 167]. For in vivo applications, the pathogen detection methods are
limited, mostly concentrated in bioimaging. Therein, the technologies for bacterial
detection are divided into two parts: in vitro and in vivo applications. In vitro
electrochemical/optical spectroscopy techniques are normally used for detection
[168–172]; magnetic technique is superior for trapping and separation [162, 173–
175]; PCR technique is preferred for identification [176, 177]. However, for living
body, the in vivo imaging technologies are welcomed, such as in vivo imaging
system (including bioluminescence and fluorescence imaging) [178, 179], pho-
toacoustic tomography (PAT) [36, 142], and positron emission computed tomog-
raphy (PET/CT) [180, 181]. Thus, to enhance sensitivity and specificity for
bacterial detection based on these technologies, self-assembled nanomaterials
enable to be designed as biosensors [160, 169, 170], bacterial tracers [15], imaging
probes [179, 182], etc. In this section, we will summarize different kinds of
self-assembled nanomaterials for bacterial detection in vitro and in vivo to overlook
the materials’ development in this field.

3.7.1 Polymer-Based Assemblies to Detect Bacteria

Polymer science in bacterial detection presents a promising development recently.
Besides for sensitive bacterial detection technology development [110, 111, 169],
bacterial sensors with nanomaterials are also important for contributing to enhance
the sensitivity, specificity, and identification [109, 179, 183, 184]. In different with
small molecular tracers, which are specific targeting to bacterial membrane (in-
cludes membrane-bound enzymes and membrane-bound receptors), intracellular
enzymes, DNA synthesis, and translational machinery [15], polymeric
self-assembled nanomaterials are endowed with multiple interactions to increase
specificity, responsive release signal molecules to amplify the imaging signals, and
bacterial infectious microenvironment specificity to identify bacterial species. The
triggered factors involve bacterial cytotoxins [185], negative-charged bacterial
membranes [17, 169, 186], bacterial lipopolysaccharides (LPS) [187], extracellular
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enzymes [160, 188, 189], and pH [190]. For example, agarose hydrogel network
self-assembled fluorescent dye vesicles [185] and red cell membrane-coated gelatin
self-assembled nanoparticles [93] can be triggered to release the carried contents by
bacterial cytotoxin, especially pore-forming toxin secreted by some strains with
hemolysis during infections. The development of PDA/phospholipids/lysine vesi-
cles with different pentacosadiynoic acid (PCDA) contents showed a different
specificity to bacterial strains based on electrostatic interaction with lysine and
bacterial membranes for detection [17]. Using peptide functionalized polydi-
acetylene liposome with fluorescence probe inserted, the quenched fluorescence can
be selectively turned on after interaction with LPS or bacterial surfaces [159]
(Fig. 3.7). For bacteria sensing, polymersomes assembled by hyaluronic acid-b-
poly(e-caprolactone) copolymers enable to hyaluronidase responsive to release the
fluorescence cargos with an amplified signal [188]. Dependent on the acidic
environment induced by bacterial infection, a sensitive pH-responsive polymeric
micelle consisting of poly(ethylene glycol-b-trimethylsilyl methacrylate) was built
for sensitive and selective bacterial detection [190].

Fig. 3.7 Polymer-based liposomes as a sensor for bacterial LPS. A Structures of lipid (a),
polymyxin (b), and the two peptide amphiphiles (c) and (d). B The confocal luminescence image
of the E. coli DH5a after incubating with liposomes. C The luminescence intensity profile of the
confocal image
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3.7.2 Metal/Inorganic Hybrid Assemblies as Bacterial
Sensor

The hybrid assemblies as bacterial detection biosensor can be divided into two
styles—one is surface assemblies to modified sensor devices [171, 191], and the
other is complex assemblies dispersed in solution [172, 192]. The surface modifi-
cation approach for detection is aimed to specific recognization of bacterial cells or
DNA, etc. and amplified the readout signals by metal/inorganic nanomaterials, for
example, for electrochemical sensor, graphenes, and Au nanoparticles hybrid
assembly with bacterial affinity molecules to capture cells with signal amplification
[191, 193, 194]. For instance, a supramolecular enzyme–nanoparticle was fabri-
cated, by which the colorimetric readout can be enzyme-amplified [160] (Fig. 3.8).
Additionally, Au nanoparticles hybrid hairpin-structured assembly can be triggered
to detect DNA sequence with enhanced SERS signals [171]. It is implied that using
a monolayer graphene oxide self-assembly sheet, the field-effect transistor sensor
devices can be highly sensitive and selective detected bacteria [195]. Besides, the
typical example for bacterial sensor in solution was that based on self-assembled
DNAzyme labeled DNA probes with SWNT conjugates, the bacteria detection can
be visualized readout by colored product in solution [196]. Another case was a
“light-up” supramolecular nanoprobe assembled by pyrene-labeled peptide
amphiphiles hybrid with silver ions [197].

3.7.3 Others Self-assembled Probes

The platforms as probes for bacterial detection are normally dependent on
fluorescence or colorimetric signal readouts. Thus, the stimuli-responsive strategies,

Fig. 3.8 Au hybrid supramolecular enzyme–nanoparticles for colorimetric bacteria sensing. a The
illustration of enzyme-amplified sensing of bacteria. b The photograph of the colors and c kinetic
absorbance responses upon addition of different concentration of bacteria cells
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such as aggregation-induced emission (AIE) characteristics, FRET effect, light-up
with cleavage of the fluorescence quenchers, structural insert-induced light-up,
deassembly induced turn-on, enzyme-assisted fluorescence signal amplification, are
widely considered [19, 198, 199]. For instance, through target binding, an assembly
of multiple DNA components can be used for specific detection of bacterial proteins
[200]. A supramolecular platform based on self-assembled monolayers (SAMs) had
been implemented in a microfluidic device for anthrax detection [201].
Interestingly, some strategies exhibited a novel concept, which is bacterial
interaction-induced assembly or transformers for detection. For examples, a NBD–
vancomycin conjugates showed bacterial interfacial self-assembly to form
fluorescent nanoparticles for bacterial detection [155].

3.7.4 In Vivo Self-assembly Strategy for Bacterial Infection
Diagnosis

The concept of in vivo self-assembly is newly presented recently. The essential
difference of the concept to assembly is that the self-assembly is not initially
constructed before introduced to living subjects, but “smart” self-assembled in
certain region in vivo. Why we need in vivo self-assembly? Compared to small
molecules, nanomaterials exhibit excellent behavior in sensitivity and specificity for
detection, while the small molecules is superior in reliability, stability, and bio-
compatibility. It is obvious that combining both advantages of small molecules and
nanomaterials, in vivo self-assembly strategy represents huge potential in biological
application, especially for bacterial infection imaging (Fig. 3.9). Some studies
indicated that enhanced permeability retention (EPR) effect exists in infection
[164]. However, the nanosized bacterial detection probes in vivo are rarely repor-
ted. We believe that the immune cleavage and the poor EPR effect greatly limited
the nanomaterial in vivo. Thus, the effective bacterial infection imaging probes
reported in recent 10 years are all small molecules [15, 178, 179, 202, 203].
Therein, the best detection limit was 105 colony-forming units bacterial infection
in vivo reported by Murthy group at 2011, which was published on Nature
Materials [202]. However, based on our previous study of the in vivo self-assembly,
we found that the in vivo assembly will induce high retention effect named AIR
effect, which not only enhanced molecular retention efficiency but increased
specific selectivity [204]. In this regards, we designed a bacterial-specific response
small molecule: Ppa-PLGVRG-Van, which can firstly high efficient target to bac-
teria cell walls, then the molecules were tailored by bacterial released gelatinase,
finally the molecular residues are well-ordered to assembly into J-type aggregates
with enhanced photoacoustic signals. This de novo strategy dramatically increased
the sensitivity and specificity for bacterial infection imaging and reduced the
detection limits to 103 colony-forming units, which was two magnificent lower than
reported before [142]. For extension, this strategy can also be used for noninvasive
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quantitative caspase-1 imaging intracellularly for early bacterial infection alert [36].
As a forehead self-assembly direction, we have faith that in vivo self-assembly
certainly will lead the trend of the supramolecular science during the following
years.

3.8 Conclusion Remarks

Now, we have opened an era of “molecule domestication” to fabricate various
structures, functions, and response self-assemblies for bacterial infection diagnosis
and therapy. Facing the huge challenges of task risks, self-assembled nanomaterials
might explore a promising way. Insight of nature, biological subjects spontaneously
regulated their biofunctions through nature tailored molecular assemblies and dis-
assemblies to adapt the change of environment for evolution process. Inspired by
nature, the stimuli adaptability molecular assembly or even regulated the “smart”
assembly units to self-assembly in vivo can be fabricated by integrating the
structures and biofunctions together to better biomimic nature. The exciting
odyssey begins; all of us need interdisciplinary cooperation and unremitting efforts
to promote the self-assembly biomaterials for bacterial infection diagnosis and
therapy application.

Fig. 3.9 In vivo self-assembly with enhanced photoacoustic signal for bacterial detection.
a Highly sensitive and specific bacterial infection imaging based on Ppa–peptide derivatives. This
strategy enables both image bacterial infection site with 3D reconstruction and identifies different
bacterial infection (such as gelatinase positive/negative strains and sterile myositis). b Quantitative
analysis of caspase-1 inside living cells as an early bacterial infection alert. c The mechanism
illustration of aggregation-induced retention (AIR) effect by chlorophyll–peptide-based
nanoassemblies
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Chapter 4
Enzyme-Instructed Self-assembly
of Small Peptides In Vivo for Biomedical
Application

Zhentao Huang and Yuan Gao

Abstract With the development of technology, there have developed many
methods to treat diseases. Among them, precision medicine is in an urgent need for
public healthcare. In the past several decades, the rapid development in nan-
otechnology significantly improves the realization of precision nanomedicine.
Comparing to well-established nanoparticle-based strategy, in this chapter, we
focus on the strategy using enzyme-instructed self-assembly (EISA) in biological
milieu for biomedical application. Generally speaking, the principles of designing
small molecules for EISA require two aspects: (1) the substrate of enzyme of
interest; (2) self-assembly potency after enzymatic conversion. This strategy has
shown its irreplaceable advantages in nanomedicine, specific for cancer treatments
and Vaccine Adjuvants. Up to now, all the reported examples rely on only one kind
of enzyme-hydrolase. Therefore, we envision that the application of EISA strategy
just begins and will lead a new paradigm in nanomedicine.

Keywords Nanotechnology � Enzyme � Self-assembly � Biomedical application

4.1 Introduction

Supramolecular chemistry focuses on the intermolecular bond and the structures
and functions of the supramolecules, while the molecular chemistry is based on the
covalent bond [1]. The molecular self-assembly is a branch of supramolecular
chemistry [2]. The macrobehavior of molecular self-assembly is to form gels.
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Although molecular gels have been studied for over 170 years, the discovery and
design of small molecules forming gel have still drawn great attention of many
scientists due to their potential applications in tissue engineering drug release [3, 4]
and drug release [5, 6]. As we all know, for biological applications, one of the most
important problems is to find biodegradable materials to realize controlled drug
release. Compared to polymers gels, the small molecule gels could resolve this
problem because that they consist of biocompatible components and are held
together by noncovalent force, which make them easier for the body to degrade.
Therefore, the research on the small molecule gels is rapidly developing.

4.2 The Development of Small Molecular Gels

According to Flory, a gel has a continuous structure with macroscopic dimensions
that is permanent on the time scale of an analytical experiment and is solid-like in
its rheological behavior below a certain stress limit. In another words, the gels
consist of two parts, the gelators and the solvent. Generally speaking, the gels have
quite a few gelators, usually within the range of 0.1–10 wt%. When the gel formed,
in the macroscope, the solvent is immobilized and can support its own weight and is
not flowed. The simplest test is to turn the test tube upside down and observe it
flows or not. In the microscope, the gel forms many nanofibers, which are twisted
and traps the solvent by surface tension [7, 8]. To molecular gels, there already have
many studies on mechanisms of gelators, [9, 10] different types of gelator, [11, 12],
and their applications [13, 14]. Considering the difference of the solvents, the gels
can be simply classified into organogels and hydrogels, which have different
applications.

4.2.1 The Development and Characteristic of Organogels

The organogels are called “p-gelators” which are soft materials. The “p-gelators”
derive from gelators with more than one aromatic p-unit, which has contributed to
self-assembly and easier to from gels. Besides, duo to their delocalized p-electrons,
p-systems often have some special properties such as electronic conductivity and
luminescence [15, 16]. The p-systems have great applications in organic electronic
devices by coating if the size and shape of aggregates can be controlled. And one
possible way is to use the weak force such as hydrogen bonding and p-stacking
interactions to realize self-assembly. In organogels, the solvents can almost be any
common organic solvents as far as recent studies. Simply speaking, gelation is a
balance between crystallization and solubilization. Therefore, to a given solvent, a
molecule requires functionality that will provide both of them. Mostly, the gelators
of organogels have some functional groups such as hydroxyl and carboxylic acid,
which has been proved to be essential for gelation because that they are capable of
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forming hydrogen bond. And an aromatic core is another characteristic of organ-
gelators because the presence of an aromatic core can help p−p stacking. The
organogels can be triggered by light, pH, temperature, ionic strength, and other
factors.

Just like many scientific discoveries, we are not planned to enter into the field of
organogels. It was found by Y.-C. Lin during a photochemical investigation [17]. In
this experiment, the 3-b-cholesteryl-4-(2-anthryloxy) butanoate (CAB) can turn
organic solution to gel at very low concentrations (less than 2 wt%). Then, the
scientists focus on searching for the simpler organogelators. The molecules with
only one aromatic group and one linking chain had achieved little success. And the
molecules with one aromatic group and two linking chain has been proved to
successfully form organogels in many organic solutions [18]. And with the
developing of the investigation, some conclusion has been drawn:

(1) H-bond is not inevitable if other packing contribution dominated such as p–p
interactions and London dispersion forces [19].

(2) the interactions of charge—transfer among gelators can help to stabilize gels
[20].

(3) thixotropy can be induced by adding a small concentration of a second mole-
cule with poor ability to form gel, which is similar to the gelator in structure.

(4) the temperature and solubility of the gelator in organic solvent have great
influence on the fraction of the gelator within the gels [21].

(5) what determines the shape, the dimension, and the Tgel (the sol$gel transition
temperature) values are the properties of the liquid mixture, rather than the
individual components [22].

4.2.2 The Development and Characteristic of Hydrogels

With the development of organogels, the limitation is obvious when applied to
biomedicalfield. Andwater is the unique solvent tomaintain life forms and is themost
abundant substance in the body of life. In 1921, Hoffman reported a first small
molecule hydrogelator, the compound dibenzoyl-L-cystine, which could form gel at
0.1 wt% concentration in macroscope [23]. And about 100 years later, Menger and
co-workers applied modern physical methods such as X-ray crystallography and
electron microscope to examine the hydrogel of dibenzoyl-L-cystine [24]. And they
revealed the microstructure of hydrogels. Besides, they found that aromatic moieties
have great improvement on intermolecular interaction in water. Although there are
many principles of supramolecular hydrogelation, the first gel is an accidental dis-
covery of a particular molecule that forms a gel in a solvent. Just like organogels, it
usually gains hydrogels of peptides in accident when the researchers invest the oli-
gomeric peptides [6, 25]. And it can be concluded that the small molecules
self-assembly is a universal phenomenon, rather than particular process. Therefore, it
will be meaningful to explore the supramolecular hydrogels. Essentially, the
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hydrogels formed by the self-assembly of small organic molecules are different from
organogels and polymer hydrogels. The polymeric hydrogels originated from a ran-
dom cross-linked network is a strong covalent bond. As to hydrogels, the molecular
self-assembly is forced by weak and noncovalent interaction among hydrogelators in
water, which make the hydrogels more ordered.While simple swelling usually makes
a polymeric hydrogel, a stimulus or a triggering force is necessary to bias thermo-
dynamic equilibrium for initiating the self-assembly process or phase transition to
obtain a supramolecular hydrogel. Therefore, there are many forms of stimuli or
triggers for manipulating the weak interactions. The methods can be divided into
physical methods (such as changing the temperature, applying ultrasound, or mod-
ulating the ionic strength) and the chemical methods (such as pH change, chemical or
photochemical reactions, redox, and catalysis). Among them, the change of pH is the
simplest method to gain hydrogel because a small amount of acid or base easily and
rapidly can lead to a large pH shift via a diffusion-limited process. However, con-
sidering the biomedicine applications, themethods of great change of the environment
(such as all the physical methods and the change of pH) may be useless. And the
methods based on chemical reaction are promising. Chemical reactions can yield new
products which have great different properties from reactants and turn the solution to
gel. In polymeric hydrogels, click chemistry, [26] redox reactions, [27, 28] Michael
reaction, [29] acid–base reaction [30], and ligation reaction [31] have already been
developed. To supramolecular hydrogels, there are still much less attention.
Considering that self-assembly is themolecular foundation of life, and soft andwet are
another two obvious characteristics of most types of cells, it is not surprising that
catalysis and enzymes are attracting increased attention and are achieving many
unexpected successes in the generation and applications of supramolecular hydrogels.
The typical experiment is reported by Xu group [30]. They synthesized the hydro-
gelator with good water solubility by the replacement of a carboxylate group with a
hydroxyl group. By the hydrolysis of the carboxylic ester bond, it turned to be high
hydrophobic and formed the gels, which is much stable over a wide pH(1–14) range.
And this may be a possible application in designing a robust system of prodrug. Then,
the group of Hamachi reported that the “retro-Diels-Alder” reaction can be used to
trigger morphological transformation of supramolecular nanostructures, which trig-
gered by heating [32]. Due to the complex environment in cells, the enzyme has
greater advantages than other triggers on self-assembly.

4.2.3 The Development of Enzyme-Instructed Self-assembly

In 2015, the announcement of Precision Medicine Initiative (PMI) envisioned the
new era of medicine to develop individualized care [33]. The establishment of PMI
indicates that there are still many incurable or lack of effective treatment for a lot of
diseases, especially cancer. The improvement in cancer treatment is calling for the
urgent advances in new technology, such as nanotechnology. About three decades
ago, the blossoming bionanotechnology has made remarkable progresses in
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precision medicine [34–36]. When it starts, in this field, the major efforts are to
fabricate multi-functional nanoparticles to realize diagnostic and therapeutic effect
[37]. The vital concept is to carry out and maximize the targeting capability of
nanoparticles while leaving the rest of body unaffected [38, 39]. Up to now,
nanoparticle based on cancer theranostics has made tremendous progress which has
been thoroughly reviewed [40–42]. Nevertheless, the nanoparticle-based strategy
still remains in a dilemma. Before real application in market, there are a list of
unavoidable issues to be solved, mainly including (1) the quality control of
multi-step fabrication process; (2) the difficulty in clearance of nanoparticle; (3) the
poor ability of penetration into the tumor because of the size of nanoparticle; (4) the
high risky off target on account of frequent mutation of cancer cell surface proteins,
and (5) the delivery efficiency of nanoparticle [43–45]. In contrast, the bottom-up
strategy, which can generate nanomaterial directly in cancer cells rather than
delivery the nanomaterial to cancer cells, has drawn more and more attentions in
recent ten years [46]. Apart from the achievement of the in vivo formation of
quantum dots for bio-applications, [47] one kind of nanomaterial which uses
enzyme to activate self-assembly process of small molecules [48] has already been
demonstrated the great potential applications ranging from cancer diagnosis to
therapy or their combination (so-called theranostics). In this chapter, we summarize
the recent progress on the EISA and classify the enzymes underlying enzymatic
reactions in details. At the same time, if the readers have interests in various
application of EISA, there are a few excellent reviews on the topic of
supramolecular self-assembly for potential anticancer therapeutics for further
reading, [49–51] which emphasize on supramolecular hydrogels as molecular
biomaterial, the intersection of supramolecular chemistry, biomedicine science, and
the biological functions of prion-like nanofibrils of small molecules, respectively.
We just pay our attention to the biomedical application of EISA based on the
difference of enzymes.

4.3 The Characteristic and Advantages of EISA
on Cancer Theranostics

EISA is the multi-step process to form special functional structures, in which
amphiphilic molecules undergo certain transformations usually triggered by enzymes
before they stack with each other [48]. As a ruler, the formation of self-assembled
objects can be kinetically controlled, which may be potential application on control
drug release. In addition, there is still emerging example under mechanical control
directed by catalytic action [52] or non-equilibrium transient state [53]. These
structures of hydrogels display a variety of micromorphologies such as nanoparticles,
nanofibers, ribbons, and so on [54–56]. And the different morphologies depend on the
specific geometry of certain building blocks–molecular structures. Although it is
different morphologies, all of them share some same features, such as the
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intermolecular interactions which are noncovalent including hydrogen bonding,
aromatic–aromatic interaction, electrostatic attraction, and other weak Van derWaals
forces [57]. For example, the hydrogen bonding and aromatic-aromatic interaction
are directional force, which eventually determine the diameter of nanoparticles, the
infinite length along the prolate axis, well-defined width of nanofibers or tubes,
repeated unit with fixed length in helical ribbons [58]. Among the various process of
self-assembly, the unique feature of EISA is the involvement of enzymatic reactions
[59]. In other words, all of the EISA is triggered by enzymes, and the difference lies in
the types of enzyme. Enzyme-instructed self-assembly is quite common phenomenon
but much critical process in living systems. As we known, the enzyme-catalyzed
processes can regulate the formation of intracellular vesicles, the dynamics of cellular
skeletons formed by F-actins and microtubules (MT). Further, the dynamic cellular
transformations are largely dependent on enzymatic regulations, such as the disas-
sembly and reformation of cell membrane, F-actin and MT during the mitosis, cell
movement, and so on [60, 61]. Inspired by nature, the strategy using enzyme to
instruct self-assembly to synthesize small molecules has already been developed a
decade ago [62]. According to the reported documents, it is necessary to design a
suitable hydrophilic substrate which is so-called precursor, just like as hydrogelator.
By means of enzymatic reaction, such a precursor can be easily turned into corre-
sponding amphiphilic form [63]. The generating amphiphilic molecules will
self-assemble once its concentration reached the critical assembly/aggregation con-
centration (CAC) and yield various nanostructures eventually.

Considering the application in living system, EISA is irreplaceable process,
specifically for mammals. For mammals, the basic physiological conditions remain
almost constant. Therefore, this situation is improper to adopt usual sol-gel tran-
sition, which generally requires external physical or chemical stimuli including pH,
temperature, and ionic strength. Comparing to them, EISA is not only the
isothermal process but also performs in physiological condition, which means not
necessary to change the environment. Based on these biocompatible features, the
establishment of EISA makes it has great advantages to construct self-assemblies in
biological milieu.

The main advantages of the application of EISA in cancer theranostics can be
summarized as follows:

(1) The material can be easily synthesized by regular chemical methods. The
precursor is mainly peptides and the derivative of peptides. And the different
functional amino acid can be easily purchased by commercial channels. Then,
the synthesis of peptides depends on the solid phase peptide synthesis (SPPS),
which can be easily obtained at a large scale with high purity. Besides, the
peptides can be simply modified because of the existence of the amino and
carboxyl groups.

(2) The clearance can simply realize. Because the formation of the material is based
on the noncovalent interactions, the self-assembly process can be reversible to
disassemble to release the original small molecules into biological environment,
which get cleared via reticuloendothelial system (RES).
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(3) The adequate penetration into the tumor can be got because of the size of
precursor. Compared to the shallow penetration of nanoparticle into tumor,
which is limited by interstitial pressure, it is much easier for small molecules
(precursor) to penetrate deep inside of tumor and even tumor cells by means of
passive diffusion or active transportation. Besides, there are more choices to
design the appropriate precursor to get better ability of penetration into tumor.

(4) The delivery efficiency is quite sufficient. The EISA depends on the
over-expression of certain enzyme rather than cell surface receptor or vascular
leakage, which indicate that it can increase the opportunity of entering cells.
Because that overexpressed enzyme is the intrinsic component in tumor cells,
ideally, the enzyme-instructed self-assembly will proceed only in tumor cells
and get small molecules accumulated. When the concentration is over CAC, the
intracellular concentration of small molecules would reach millimolar level and
the self-assembly occurs, which can satisfy the need of preloaded or
post-delivered therapeutic agents.

(5) Further, this strategy owns the potential to target “undruggable” targets or
“untargetable” features of cancer cells and provides opportunities for simulta-
neously interacting with multiple targets [48]. EISA can greatly enrich the ways
of release of drugs and enhance the solubility of some drugs.

Although there are as many as thousand kinds of enzymes in cells, the types of
enzyme to trigger self-assembly is limited. Here in this chapter, we would like to
elucidate the progress on the enzyme-instructed self-assembly in vivo for biome-
dicine application in the order of enzyme.

4.4 The Application of EISA Strategy in Cancer
Theranostics

The EISA of small molecules has been proven to be a promising method in
selective inhibition of cancer cells. However, just as everything has two sides, the
EISA also have some problems and limitations to solve. One of the problems is that
the inhibitory concentrations of those self-assembling molecules remain too high
compared to traditional pharmaceuticals due to its high CAC [64]. And lack of
understanding of the interaction between potential protein targets and the in situ
assemblies or aggregates, as well as the limited techniques to identify and char-
acterize the interactions between nanoscale assemblies of small molecules and
proteins, remained another inevitable obstacle for further advances of EISA [65].
Therefore, it demands more researchers and scientists to work on it. The application
of this concept in biomedicine was just getting started. Next, we introduce in detail
the supramolecular self-assembly induced by different kinds of enzymes. For the
convenience of readers, we summarize some important parameters of EISA in
living cells and animals, such as concentration and incubation time in recent
reported documents to more intuitively compare with each other. (Table 4.1)
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Besides, we rearrange the chemical structures of the precursors to directly distin-
guish the difference among them and easy to name them in this chapter
(Scheme 4.1).

4.4.1 Hydrolysis of Esters

4.4.1.1 Phosphatase

As early as in 2004, a pioneer work finished by Yang and Xu reports the first
example of enzymatic formation of supramolecular hydrogel [62]. It is a new way
to turn the solution into gel using an enzyme (alkaline phosphatase) without further
external stimuli. Though limited biological applications were envisioned at that
time, the concept in this work has led the later-on tremendous development in this
field. With proper design of the small molecules (hydrogelator precursors), it is
possible to realize the hydrogelation in physiological conditions [59] and develop

Table 4.1 EISA in living cells and animals

Compound 1 2 3a 4b 5c 6 7 7 8 9 10 11f

Cell Conc./lM 500 500 500 500 500 500 500 500 30 0.2 0.2 500

Time/hour 12 12 0.5 0.5 0.5 0.5 24 3 24 48 48 7

Ref 73 71, 68, 67 68 74e 74 76 80

Cont’d

12 13 14d 15d 16d 17 18 19a 20 21 22 23 24

20 200 200 200 2 0.2 1 lCi 0.02 wt% 2500 2500 2 10 0.2 wt%

20 24 8 8 8 8 1/3 18 72 72 24 1 24

83 77 84 86 85 87 88 90 89 103

Cont’d

Compound 7 20 21 22 23 24

Animal Dose 100 mg/Kg 36 mg/Kg 36 mg/Kg 5 nM 200 lM 1 wt%

Time 48 h 6d 6d 24 h 24 h 14d

Ref 74 g 88 90 89 103
ainside cells
bmembranes
coutside cells
dGlogi
e7 (500 *** g/mL) co-assembly with Indocyanine Green (10 *** g/mL)
fcell surface
g7 co-assembly with ICG(10 mg/Kg)
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applications in various directions ranging from drug controlled release, controlling
cell fate, tissue engineering, and so on.

Later the Xu group reports the use of phosphatase to confer a hydrogel of
paclitaxel derivative. The paclitaxel derivative is made from paclitaxel and a pep-
tidic self-assembly motif linked by a succinic acid. Once the paclitaxel derivative is
dissolved in water, phosphatase could initiate the self-assembly process and yield

Scheme 4.1 Chemical structures of each compound numbered
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the formation of numerous nanofibers that result in a supramolecular hydrogel in
macroscope (Fig. 4.1). Upon slow hydrolysis reaction, the hydrogel serves as a
platform for controlled release of paclitaxel with adjustable release rates. Overall,
this design provides a powerful method to create molecular hydrogels of clinically
used therapeutics without compromising their bioactivities [66].

Then in 2012, the Xu group reported a method to image EISA of a small
molecular (See Scheme 1 compound 3) inside live cell [67] (Fig. 4.2). Aided with
[31] P NMR and rheology, they demonstrated that enzyme-trigged conversion of
the precursor (compound 3) to a hydrogelator results in the formation of a hydrogel
via self-assembly in vitro. Therefore, the same process is capable to perform inside
living mammalian cells. The intracellular self-assembly is dependent on both the
concentration of the precursor and the activity of protein tyrosine phosphatase 1B.
Since the enzyme is localized on the endoplasmic reticulum (ER), it also dominates
the location for the occurrence of intracellular self-assembly. The similar phe-
nomenon is further confirmed via a co-assembly strategy to visualize the
self-assembly of non-fluorescent small molecules (compound 7) inside live cells in
another work [68]. The cell fractionation experiment points out the cellular fraction
containing ER triggers the fastest sol-gel transition, which implies the self-assembly
occurs on ER with the highest possibility inside intact cells. Further immune
co-staining shows the maximum distribution overlap between self-assemblies and
ER tracker instead of lysosome or Golgi tracker. Although significant effort has
been paid including correlated light and electron microscopy (CLEM), it remains
difficult to identify the unambiguous fibrillar morphology of supramolecular
assemblies in situ due to the intrinsic background noise from cellular components,
which have similar chemical composition, the atoms of carbon, hydrogen, and
oxygen. One possible way to solve this problem could be the involvement of small
angle neutron scattering (SANS) which is the powerful technique investigating the
internal structures of soft materials [69, 70]. To fulfill the specific aim, it requires
further efforts on the correlation between SANS measurements and classical
imaging data, the balance of water and heavy water to tune the scattering length
density (SLD) mask the background from cell and so on, which demand too much
and hard to realize.

Fig. 4.1 Schematic representation of phosphatase-triggered self-assembly of a derivative of taxol
and its microstructures and the histogram of the IC50 [66] Adapted with permission from Ref. [66].
Copyright 2009 American Chemical Society
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Following the discovery of the intracellular supramolecular self-assembly, the
Xu group tested a serial of different fluorophores labeled self-assembly motif
against HeLa cells (Scheme 4.1, compound 3, 4, 5, 6) [71]. Interestingly, the slight
structural difference among each fluorophore has great influence on the
self-assembly propensity. Besides the NBD one which can self-assemble inside
cells, DBD-derived molecules could form abundant nanofibers before in contact
with cell/phosphatase; Dansyl-derived molecules show certain degree of toxicity
and disrupt the integrity of cell membrane while Rhodamine-derived molecules fail
to form nanofibers and remain homogeneous all the time. Overall, the variant
self-assembly propensity induces the drastically different distributions of
self-assemblies in the cellular environment (Fig. 4.2).

It is worth mentioning that the very recent result from the Xu group demon-
strated a novel way to localize supramolecular assemblies to sub-cellular organelles.
The attachment of a triphenylphosphonium to the self-assembly motif acquired
targeting capability to intracellular mitochondrial, which eventually can selectively
kill cancer cells via disrupting the cells’ powerhouse [72]. This rational design
shows the potential bioactivity of intracellular self-assembly via interacting with
specific sub-cellular organelles.

Fig. 4.2 Illustration of the distinct spatial distribution of the small molecules in a cellular
environment because of their different propensities of self-assembly before or after dephospho-
rylation [71] Adapted with permission from Ref. [71]. Copyright 2017 American Chemical
Society. Copyright 2013 American Chemical Society
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Although the kinetics of the formation of molecular assemblies is one of
important features of cells, it received little attention to develop anticancer thera-
peutics. In 2016, the Xu group designed a serial of tetrapeptide derivatives with
same sequence but a different number of phosphorous esters within the molecule.
A detailed comparison showed that the variation of phosphorous esters was able to
regulate the rate of supramolecular self-assembly although both the enzymatic
dephosphorylation and the final hydrogelator are exactly the same (Scheme 4.1,
compound 1 and 2) [73].

Besides the cell experiments, the Chen group further applied the
phosphatase-instructed self-assembly to an animal study. They adopted ICG (in-
docyanine green) to nanofibers formed by compound 7 to achieve co-assemblies for
cancer theranostics [74]. As the first example, they form tumor-specific ICG-doped
nanofibers in vivo, which is capable to manipulate the spatiotemporal distribution
of ICG in mice. As a result, the prolonged retention of therapeutic agent inside
tumor eventually improves the cancer theranostics.

Since the D-peptides are presumably resistant to most of enzymes, a serial of
valuable studies demonstrates that the formation of the nanofibers via enzymatic
dephosphorylation is independent from chirality. That means D/L enantiomers
undergo the quite similar enzymatic self-assembly process. Overall,
D-peptide-based EISA could achieve both bio-stability and additional desired
functions simultaneously. (See Scheme 4.1 compound 8 [75], 9, 10 [76] and 13
[77]) Very recently, the Xu group reported that the D-peptidic nanofibrils can serve
as multifaceted apoptotic inducers to target cancer cells in situ. With ALP as the
catalyst, D-peptidic nanofibrils which formed in situ on cancer cells presented
autocrine proapoptotic ligands to their cognate receptors in a juxtacrine manner, as
well as directly clustered the death receptors, which eventually activate extrinsic
death signaling for selectively killing cancer cells [78]. In another study, they
co-cultured a group of cancer cells and stromal cells with a D-peptidic derivative.
Based on differential EISA formation of fluorescent, non-diffusive nanofibrils, the
significantly higher activity of ALP on cancer cells than stromal cells was con-
firmed. The inherent and dynamic ALP activity was determined by drug-sensitive
or drug-resistant cancer cells and even with or without hormonal stimulation [79].

4.4.1.2 Carboxylesterase

It is well known that the cisplatin is one of the most successful therapeutic agents for
the ovarian cancers. However, the emerging drug resistance still remains a major
problem in its chemotherapy treatment. To overcome such a disadvantage, the
combination of cisplatin with other therapies is in an urgent need. In 2015, the Xu
group firstly demonstrated that enzyme-instructed intracellular self-assembly
molecular is a new approach to boost the activity of CDDP against two
drug-resistant ovarian cancer cell lines. They synthesized small peptide precursors
(See Scheme 4.1 compound 11) as the substrates of carboxylesterase (CES). CES
efficiently cleaved the ester bond preinstalled on the precursors and initiated the
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hydrolyzed peptidic part to form nanofibers inwater via self-assembly. The precursors
are innocuous to cells at the optimal concentrations, but they double or triple the
activity of cisplatin against the drug-resistant ovarian cancer cells [80] (Fig. 4.3).

And recently, the Xu group designed peptidic precursors as the substrates of both
CES and ALP to show the combination of enzyme-instructed assembly and disas-
sembly. The precursors can turn into self-assembling molecules to form nanofibrils
upon dephosphorylation by ALP, while the following CES catalyzed cleavage of the
ester bond on the same molecules will result in disassembly of the nanofibrils [81].
Besides, they also illustrated a fundamentally new approach to amplify the enzy-
matic difference between cancer and normal cells for overcoming cancer drug
resistance by establishing cytosolic EISA catalyzed by CES. The selectivity of EISA
targeting cancer cells was validated in cancer and normal cell co-culture test [82].

4.4.1.3 Esterase

D-peptides have great applications in many areas of biology and biomedicine
because of their bio-stability. However, it is ineffective for cellular uptake of
D-peptides. To further explore the merits of D-peptides inside cells, it is essential to
develop an effective strategy to enhance the cellular uptake of D-peptides. In 2015,
the Xu group synthesized the conjugate of taurine and D-peptide which drastically

Fig. 4.3 Enzymatic transformation of the precursor (1) (compound 11) as a substrate of
carboxylesterase (CES) to the corresponding hydrogelator (2) for intracellular self-assembly. CES
efficiently cleaved the ester bond preinstalled on the compound 11 and yielded the hydrolyzed
peptidic part to form nanofibers in cancer cell [80] Adapted with permission from Ref. [80].
Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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boosts the cellular uptake of small D-peptides in mammalian cells and allows
intracellular esterase to trigger intracellular self-assembly of the D-peptide deriva-
tive, further enhancing their intracellular accumulation (Fig. 4.4). Using taurine for
EISA is a new way to promote the uptake of bioactive molecules and generate
higher-order molecular assemblies. This approach will be useful to facilitate the
transport of functional D-peptides, and other bioactive molecules through the cell
membrane into live cells for controlling the fate of cells [83].

4.4.2 Hydrolysis of Peptides

4.4.2.1 Furin

A controlled enzyme-triggered self-assembly in living cells was reported by Liang
and the co-workers in 2010 [84]. Based on the chemical reaction between
2-cyanobenzothiazole (CBT) and D-cysteine, the authors designed a variety of

Fig. 4.4 Molecular structures of precursors (compound 12) and the corresponding hydrogelators
after enzymatic transformation. (B) Taurine conjugation boosts cellular uptake of D-peptide
precursors and subsequent EISA to form nanofibers, accumulating inside cells [83] Adapted with
permission from Ref. [83]. Copyright 2015 American Chemical Society
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thiol- or amino-protected monomers via a disulfide bond and by a peptide sequence,
respectively. The protecting group of the monomers can be removed by either pH,
disulfide reduction or enzymatic cleavage in vitro and then the yielded product
self-assembled into different structural patterns.

Then, the authors attempted the enzyme-triggered self-assembly of monomers in
live cells. The direct imaging indicated that the self-assembled signals are closely
located to the furin enzyme sites–the Golgi bodies. While in control experiments
where furin inhibitor was added together with monomers, the fluorescence staining
pattern previously observed was absent, confirming that furin was responsible for
the localized condensation of monomers at the Golgi bodies.

Based on the biocompatible condensation and subsequent self-assembly, Liang
group designed a radioactive probe to self-assemble into the radioactive nanopar-
ticles (compound 18) under the action of intracellular glutathione (GSH) and furin
in living cells [85]. These as-prepared radioactive nanoparticles could concentrate
the radioactive isotopes inside cells and hamper themselves to be eliminated from
the cells due to the large size and hydrophobic property. The strategy provided a
new method to design smart probes for molecular imaging. Following the suc-
cessful strategy, Liang Group rationally designed a taxol derivative (CBT-Taxol,
compound 17) which could condensate and self-assembled into taxol nanodrugs
(Taxol-NPs) under the control of furin [86]. In vitro and in vivo studies showed that
the CBT-Taxol had a 4.5-fold or 1.5-fold increase in anti-multidrug resistance
effects, indicating this strategy could be used for overcoming multidrug resistance
(Fig. 4.5).

4.4.2.2 MMP

In 2015, Maruyama and co-workers reported the enzyme-triggered molecular
self-assembly of a low-molecular-weight gelator for novel anticancer applications.
Its precursor (ER-C16, compound 19) exhibited remarkable cytotoxicity to several
cancer cell lines and low cytotoxicity to normal cells. Cancer cells secrete excessive
amounts of MMP-7(matrix metalloproteinase-7), which converted the precursor
into a supramolecular gelator prior to its uptake by the cells. Once the
supramolecular gelators entered inside the cells, they self-assembled to form
nanofibers that greatly impaired cellular function and then caused the death of the
cancer cells (Fig. 4.6). Due to the unique cytotoxic mechanism, cancer cells will be
unlikely to acquire resistance to the present strategy [87] (Fig. 4.6).

Besides, in 2016, the Rein V. Ulijn group also has halted tumor growth by
MMP-9 triggered self-assembly of doxorubicin nanofiber depots. They demon-
strated that the fibrillar depots are formed where the MMP-9 is overexpressed. And
this will enhance the efficacy of doxorubicin, resulting in inhibiting of the growth of
tumor in mice [88].

Due to the intimate relationships between morphology of self-assembled
nanostructures and their biological performances, Wang group rationally designed a
responsive small-molecule precursor (compound 23) that simultaneously
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self-assembled into nanofibers in tumor sites in 2015. The compound 23 consisted
of P18, PLGVRG, and RGD. At first, the RGD can target to avb3 integrins,
overexpressed on cancer cell membranes. Second, gelatinase, belonged to MMP-2,
can cut the PLGVRD linker in tumor microenvironment. Therefore, the molecular
become more hydrophobic, resulting in self-assembly of the building blocks.
Eventually, the compound 23 simultaneously self-assembled into nanofibers in
tumor site, and it exhibited prolonged retention time in tumor cell that directly led to
an enhanced photoacoustic signal and therapeutic efficacy [89].

Fig. 4.5 a Chemical structures of CBT-Taxol. b Schematic illustration of intracellular
furin-controlled self-assembly of Taxol-NPs for anti-MDR [86] Adapted with permission from
Ref. [86]. Copyright 2009 American Chemical Society
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4.4.2.3 Caspase

Arguably, bio-orthogonal click chemistry (such as Staudinger ligation, azide-
alkyne, and Pictet-Spengler ligation) has already been widely applied in living cells.
In these examples, after activation, small molecules can enter cells and be
self-assembly. However, there are few successful examples in living animals
because of the more complex environment than cultured cells. Therefore, in 2014,
Rao group report a new method to direct the synthetic small molecules into
nanoaggregates in living mice. They designed a fluorescent small molecule
(C-SNAF, Compound 22) and initiated its self-assembly process via caspase

Fig. 4.6 a Cancer cell death induced by molecular self-assembly of an enzyme-responsive
supramolecular gelator and b molecular structures of compound 19 [87] Adapted with permission
from Ref. [87]. Copyright 2015 American Chemical Society

Fig. 4.7 Illustration of the mechanism of in vivo imaging by C-SNAF of caspase-3/7 activity in
human tumor xenograft mouse models [90] Adapted with permission from Ref. [90]. Copyright
2014 Nature Publishing Group
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activation (Fig. 4.7). The compound 22 comprised of two parts. One part was
D-cysteine and 2-cyano-6-hydroxyquinoline moieties linked to an amino luciferin
scaffold. The rest consisted of an L-DEVD (Asp-Gly-Val-Asp) capping sequence
and a disulfide bond. The self-assembly process required a two-step activation,
which was caspase-mediated cleavage and intracellular thiol-mediated reduction.
The strategy combined the advantages offered by small molecules with those of
nanomaterials and should find widespread use for non-invasive imaging of enzyme
activity in vivo [90].

4.5 Vaccine Adjuvants

Vaccines play a very important role in our daily life and have been widely applied
in medical fields by preventing the body against or treat the diseases through
balancing the immune response to be immunity or silence [91]. With the devel-
opment of vaccination, it probably serves as a medical intervention. The example is
the first therapeutic cancer vaccine, which was licensed in 2010 [92]. Due to the
complexity of human immune system and our lack of understanding of it, vaccine
design still is challenging. Therefore, DNA vaccines may be an ideal method,
which can generate long-term humoral and cellular immune responses [93, 94]. As
far, there have developed many delivery systems to improve the efficiency of
delivery DNA into mammalian cells, such as liposomes, [95] nanoparticles [96],
and polymers [97, 98]. Despite of the advantages of these systems, there are still
some disadvantages to overcome, including high toxicity, [99] low amount of
antigen loading [100] and reduce the bioactivity of DNA in modification [101,
102]. Therefore, EISA may be an ideal system to deliver DNA and the
self-assemblies base on EISA to produce vaccines have been studied and designed.

HIV infection is incurable so far, and developing efficient vaccines is urgent.
Yang and co-workers designed a nanovector in 2014, which can condense DNA to
result in strong immune responses against HIV [103]. This nanovector composed of
peptide-based nanofibrous hydrogel can strongly induce both tumoral and cellular
immune response of HIV Env DNA to a balanced level, which was rarely reported
in previous studies (Fig. 4.8). The nanovector shows good biocompatibility both
in vitro and in vivo, and the well-defined nanofibrous structure is significantly
important for the enhanced immune responses. These nanofibrous hydrogels are
potentially applicable to the development of efficacious HIV DNA vaccines.

And subsequently, Yang’s group reported that in suit-formed peptidic nanofibers
facilitate the induction of multiple crucial immunities against HIV DNA vaccine,
including multi-functional T cell response, broad IgG subclasses response, and V1/
V2-specific IgG response [104]. And then they reported the first co-assembly of
peptide and protein (ovalbumin, OVA) upon alkaline phosphatase (ALP) catalysis
[105]. The results show an obvious increase of the IgG production when compared
to the clinically used alum adjuvant and thus have big potential for application in
immunotherapy against different diseases as protein vaccines.
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The studies of using the peptide-based vaccines as physical carriers have showed
great potential applications. And another approach was also used for designing such
peptide-based vaccines by the previous conjunction of assembling peptide and
model antigens or proteins. Collier and co-workers deigned peptide-based assem-
bling supramolecular containing strong epitopes and demonstrated that the nano-
fiber induced strong antibody responses in mice [106–108]. MUCI proteins have a
lot of tandem repeats, bearing tumor-associated carbohydrate antigens, which is the
key problem to develop vaccines for epithelial tumors. To overcome the low
immunogenicity of the short MCUI peptide, Li and co-workers designed the
self-adjuvanting vaccine with self-assembly domains, which combined some vac-
cine candidates with a self-assembly peptide sequence. These vaccines can induce
antibodies that recognized human breast tumor cells without additional adjuvant. It
is reported that these vaccines can act through a T cell independent pathway and
may be associated with the activity of cytotoxic T cells [109].

4.6 Outlook

Despite the rapid outcomes about enzyme-activated theranostics under the EISA
strategy, it remains, as well as the whole precision nanomedicine field, lack of real
applications for improving the overall benefits for patients. Thus, there is still plenty
of room to be perfected. As of EISA, we would raise at least three aspects here.

(1) Elucidate the micromorphology of EISA in biological milieu. Various micro-
scopic techniques, such as AFM, SEM, TEM, and so on are working on very
well to study the micromorphology of EISA in vitro. However, because of the
complexity of the cell itself, it remains impossible to directly capture a vivid
snapshot of EISA with nanometer resolution in biological milieu. The attempts
on heavy atom labeling (such as Iodine or certain metal element) may be an

Fig. 4.8 Process of peptide-based nanofibrous hydrogel for enhancing immune responses of
HIV DNA vaccines [103] Adapted with permission from Ref. [103]. Copyright 2014 American
Chemical Society
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option to allow the EISA visible under environmental electron microscope. The
advancement in super-resolution fluorescent microscope may be another
potential technique to conquer this task since multi-color fluorescent probe
labeling is feasible and practical.

(2) Involve enzymes other than hydrolase, or even metabolites to instruct
self-assembly. Although there have been plenty of strategies to generate EISA,
however, all the enzymes involved in EISA monotonically belong to hydrolase
—one of six type of enzymes based on catalyzed chemical reactions in the
top-level enzyme classification. In comparison with hydrolase, some other
enzymes may be of even greater importance in cancer therapy. For example,
kinase is one of the most attractive targets in anticancer practice. This concept
has drawn numerous money for the discovery of adequate kinase inhibitor
which may eventually suppress the growth of cancer. However, more recent
studies are likely to disclose kinase as “untargetable.” Thus, if we can develop a
system which uses kinase to instruct the self-assembly in vivo, it will be of
great value helping the progress in kinase-oriented cancer therapy.
In addition to novel ways to instruct self-assembly, the precise localization
remains of great interest which is critical to eliminate false-positive/negative
results. Current EISA usually response to single stimuli such as abnormal
enzyme expression and its activity. The involvement of two enzymes to instruct
EISA process makes this strategy more delicate and potentially targetable to a
broader range of cancers [49]. Since there are plenty of known hallmarks of
cancers, a well-designed molecule which can respond to those stimulus and
perform multi-step tandem transformation before self-assemble will definitely
enhance the targeting capability and precision of EISA.

(3) Exploit the interaction between EISA and sub-cellular organelles. Most of the
enzymes are associated with certain sub-cellular organelles, e.g., the alkaline
phosphatase on the cell membrane, protein tyrosine phosphatase 1B on the
endoplasmic reticulum, furin in the Golgi. As the formation of EISA is initiated
by enzymatic reactions, the location of correlated enzyme dominates the dis-
tribution of EISA. We have realized this interesting phenomenon, but there is
little discussion on the interaction between EISA and “host” sub-cellular
organelles. The exploration on this point would be useful in controlling the cell
fate by regulating the activity of its sub-cellular organelles.

(4) Incorporation with bio-orthogonal chemistry. EISA provides an excellent
strategy for the construction of nanomaterial inside biological environment with
targeting capability. But we notice that the required CAC is somehow deviated
from the dosage of traditional drug molecules. If we covalently load drug
molecule on self-assembly motif (that is 1:1 molar ratio), there must be an
imbalance between severe overdose issue and initiation of self-assembly. To
solve this inevitable dilemma, we think the incorporation of bio-orthogonal
reaction would be a realistic solution. By linking a bio-orthogonal reaction
handle (azide, alkyne, tetrazine, and so on) to a self-assembly motif, the in situ
formed EISA material composed of those as-prepared functionalize molecule
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will spontaneously deliver and localize bio-orthogonal reaction handles.
A following therapeutic agent modified with the counter handle will efficiently
target EISA in the desired location. We envision this pathway owns several
advantages including the on/off target ratio, the adjustable dosing, and even the
application of toxin which is too toxic by itself.
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Chapter 5
Acid- and Redox-Responsive Smart
Polymeric Nanomaterials for Controlled
Drug Delivery

Zeng-Ying Qiao and Yu-Juan Gao

Abstract In cancer therapy, the lack of selectivity of anticancer drug remains a
major challenge for chemotherapy. Polymeric nanomaterials have enabled more
effective drug design and development through tumor passive and active targeted
drug delivery strategies. Considering the possible inefficient drug release at the
tumor site, stimuli-responsive chemical bonds were introduced into the polymeric
nanocarriers for controlled drug release and enhanced therapeutic efficacy toward
tumor. Numerous external and internal stimuli were applied to trigger the chemical
structure change of polymeric nanovehicles, causing microstructural rearrangement,
hydrophilic/hydrophobic balance transformation, or disassembly into single poly-
mer chains. Characteristic changes in tumor site such as pH (*pH 6.8 in tumor
microenvironment and *pH 5–6 in endosomes/lysosomes) or reductive/oxidative
gradients in cytoplasm/mitochondria have been investigated extensively as internal
stimuli for triggering drug release from polymeric nanocarriers. Therefore, it is
important to develop acid- and redox-responsive polymeric nanomaterials as
potential anticancer nanodrugs. In this review, we summarize recent progress in the
preparation of these responsive polymers and their applications in anticancer drug
delivery. We will focus on chemical structure, stimuli-responsive bond,
self-assembly property, and drug release behavior of polymeric nanomaterials,
which may offer a guide for optimal design of smart targeted nanodrugs in clinical
cancer treatment.
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5.1 Introduction

Cancer has been one of the leading causes of death in the world, and the incidence of
cancer is dramatically increasing in recent years. A group of agents with anticancer
activity that induce cell apoptosis have been a main focus of research. Advances in
chemotherapy have resulted in the development of various successful cytotoxic
drugs such as doxorubicin (DOX) and paclitaxel (PTX) [1]. However, there are still
some major challenges for traditional chemotherapy, such as the lack of selectivity
toward cells, resulting in potentially life-threatening systemic side effects [2, 3]. This
emphasizes the importance of localized drug delivery, defined as a method of
delivering a biologically active molecule to a particular site in the biological system
where its entire pharmacological effect is desired. Therefore, drug delivery systems
(DDSs) that deliver anticancer drugs selectively to the tumor sites are being explored
extensively. Nanomaterials can be valuable therapeutic options to solve this problem
due to their ability to selectively target the pathological area [4–11].

Nanocarriers are able to physically encapsulate or chemically conjugate a ther-
apeutic molecule and achieve targeted delivery of their payload to solid tumors via
the enhanced permeability and retention (EPR) effect (Fig. 5.1) [12–14]. In general,
small molecules can diffuse into normal and tumor tissues freely through the
endothelia cell layer of blood capillaries. However, nanoscaled materials cannot
pass through the capillary walls of normal tissue. Compared with normal tissues,
the capillaries in the tumor tissue are fenestrated and leaky so that nanoparticles can
retain and subsequently accumulate in solid tumor, which is called passive targeting
of nanomaterials. In order to achieve passive targeting, the nanomaterials need to be
circulated in the bloodstream for sufficient time. Therefore, the ability to avoid

Fig. 5.1 Schematic illustration of physiological characteristics of normal and tumor tissues with
respect to EPR effect for small molecules and nanomaterials
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non-specific recognition and uptake by the reticuloendothelial system (RES) is vital
to achieve longevity in the blood circulation [15–17]. The size, shape, and surface
properties of polymeric nanomaterials are important factors, which determine their
biological fate [18–23]. Once reaching the targeted tumor, nanomaterials enable
their internalization into the cells via cellular endocytosis. In this stage, a specific
ligand was usually introduced into the nanocarriers for elevating the cellular
internalization through ligand–receptor interaction with the target cells [24–28].
The active targeting of nanomaterials can realize the further accumulation of
anticancer drugs and enhance the therapeutic efficacy.

However, a major obstacle for drug nanocarriers is the inefficient drug release at
the tumor site and endosomal entrapment, which significantly reduce anticancer
efficacy. To overcome these barriers, external stimuli have been applied to trigger
drug release from nanocarriers, such as temperature [29–32], light [33, 34], ultra-
sound [35], and magnetic field [36, 37]. The effectiveness of these strategies is
easily affected by experimental method, tumor location, and size. Exploiting tumor
pathophysiology changes including pH [38–42], enzyme activity [43–47], or redox
properties [48–51] allows opportunities to develop tumor internal
stimuli-responsive nanomaterials. It is well known that there are pH gradients in the
tumor sites, and tumor extracellular pH (pHe * 6.5–7.2) is lower than that in blood
(pH * 7.4). In tumor cells, there are drastically different intracellular microenvi-
ronments such as acidic pH in endosomes and lysosomes (pHi * 5–6), reductive
microenvironments owing to high level of cysteine or glutathione (GSH) in the
cytoplasm, and oxidative microenvironment due to over-generated reactive oxygen
species (ROS) in mitochondria (Fig. 5.2). Therefore, acid- and redox-responsive
nanomaterials are reported extensively for targeted and controlled anticancer drug
delivery.

Fig. 5.2 Schematic
illustration of drug-loaded
polymeric nanomaterials and
their stimuli-responsive drug
release in intracellular
microenvironments
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Several nanocarriers including inorganic nanoparticles [52–54], liposomes [55–
60], micelles [15, 61–63], polymersomes [64–66], nanogels [6, 67–69], and poly-
mer–drug conjugates [14, 70, 71] have been explored to deliver drugs to the tumor
sites. Smart polymeric carrier is one of the simplest and most successful approaches
owing to the tunable nanoparticle sizes, diverse chemical modifications, and fea-
sible introduction of stimuli sensitivity [72, 73]. Polymeric nanomaterials also
exhibit high stability with a slow rate of dissociation due to quite low critical
aggregation concentration (CAC), allowing retention of payloads in nanocarriers
for site-specific drug delivery and release. In general, drugs are incorporated into
polymeric nanoaggregates by physical entrapment or by chemical conjugation with
hydrophilic shell, facilitating prolonged circulation in the bloodstream (Fig. 5.2).
Once nanomaterials arrive at tumor sites and enter cells through cellular endocy-
tosis, the physical stimuli (pH, oxidative/reductive potential) would induce the
structural changes of polymeric nanocarriers, resulting in rapid release of loaded
drugs and exertion of therapeutic effect on tumor cells [73–77].

In this review, the strategies to design acid- and redox-responsive smart poly-
meric nanomaterials as anticancer drug carriers are discussed. The mechanisms of
polymer disassembly and drug release in response to the low pH and reductive/
oxidative potential are fully elucidated. Then, the focus was placed on the rela-
tionship between chemical structure, stimuli-responsive bonds, self-assembly
property, and drug release behavior of polymeric nanomaterials, which may offer
a guideline for optimal polymeric nanocarrier design. Finally, we present an out-
look and possible challenges in this field of smart polymeric nanomaterials
responsive to tumor cellular pH and redox microenvironments.

5.2 Acid-Responsive Polymeric Nanomaterials

It is well known that pH difference exists in human bodies widely, and hence, pH
values can be applied as a potential trigger to realize site-specific drug delivery. In
the blood circulation and normal tissues, the pH was neutral (pH * 7.4), while the
mild acidic pH was encountered in tumor microenvironment (pH * 6.8) as well as
in the endosomal and lysosomal compartments of cells (pH * 5–6) [78–81].
Therefore, researchers developed acid-sensitive nanocarriers, which can release the
systemically administered drugs in specific sites, resulting in targeted and effective
drug delivery. In cancer treatment, acid-sensitive polymeric nanomaterials have
been extensively studied as drug delivery systems due to their attractive properties
such as prolonged blood circulation time and acid-triggered drug release in tumor
sites. Generally, the polymers self-assemble into nanoscaled micelles, vesicles,
and nanoparticles at pH 7.4, and the anticancer drugs are encapsulated into the
nanomaterials to form nanodrugs. In tumor sites or endosome/lysosome compart-
ments, the loaded drugs are released due to the destabilization and dissociation of
nanomaterials, realizing the targeted tumor treatment. In the past decades, various
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pH-responsive polymers with different groups/linkers have been reported, such as
tertiary amine group, acetal/ketal, orthoester, hydrazone/oxime/imine, β-thiopropionate,
and cis-aconityl group (Fig. 5.3).

5.2.1 Polymers with Tertiary Amine Group

The “protonation” approach is one of the most important strategies for developing
acid-sensitive polymers. The tertiary amine groups were induced into the polymer
chains, which are uncharged/hydrophobic at a pH above the pKb (pH 7.4) and
become charged/hydrophilic at a pH below the pKb. The biodegradable polypep-
tides were selected as pH-sensitive copolymer blocks due to their good

orthoester

Fig. 5.3 Acid-responsive motifs and their hydrolyzed products
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biocompatibility. Bae et al. have reported a series of poly(L-histidine) block
copolymers with tertiary amines in the pendent groups, which formed micelles by
hydrophobic interaction and loaded anticancer drug DOX at neutral pH [82–85]. As
the pH became mildly acidic (pH 6.8), the ionization of the tertiary amine causes
increased hydrophilicity and electrostatic repulsions of the polymers, leading to the
destabilization of micelles and subsequent release of the loaded drugs. The
copolymers with desirable pH sensitivity could be applied to controlled drug
delivery system that was specifically responsive to the extracellular pH of acidic
solid tumors and exhibited effective anticancer activity toward tumor cells.
Furthermore, they modified transactivator of transcription (TAT) on the block
copolymers, which self-assembled into micelles loading DOX as the model drug
[86]. The TAT was shielded during blood circulation and exposed at tumor
microenvironment to facilitate the cell internalization process. The DOX-loaded
micelle displayed effective tumor suppression activity in vivo.

Methacrylate-based block copolymers with tertiary amine were also reported as
pH-sensitive anticancer carriers [87–89]. Shen et al. have synthesized amphiphilic
block copolymers by using atom transfer radical polymerization (ATRP), and the
anticancer drug cisplatin was loaded into the pH-responsive cores of copolymer
nanoparticles [90]. After the nanoparticles were internalized by cells and transferred
to lysosomes (pH < 6), the nanoparticles dissolved due to the protonation of amine
groups, followed by the rapid release of cisplatin into cytoplasm, resulting in higher
cytotoxicity than the pH-non-responsive nanoparticles. Then, the poly(ɛ-capro-
lactone) (PCL) hydrophobic cores were added to overcome the problems of polymer–
drug carriers such as premature burst release of drugs, slow cellular uptake, and
undesirable retention in acidic microenvironment of intracellular compartments [91].

Poly(β-amino ester)s (PbAE) were originally synthesized by R. Langer et al. via
Michael addition of the diamine and diacrylate [92, 93]. A library of PbAEs was
prepared by combinatorial synthesis, and high-throughput screening approach was
explored for discovering efficient polymeric nanomaterials for gene delivery [94–
96]. Some of PbAEs were also applied as pH-sensitive nanocarriers for controlled
drug release, which have tertiary amine groups with a pKb value around 6.5 [97,
98]. Recently, Kwon et al. reported a block copolymer PEG-b-PbAE that
self-assembled into micelles at neutral pH, loading the anticancer drug DOX
(Fig. 5.4a) [99]. At pH 6.4, the loaded DOX was released quickly owing to the
increased hydrophilicity of PbAE block, which resulted in high antitumor effi-
ciency. The anticancer drug camptothecin (CPT) was also loaded into the micelles,
exhibited significantly increased therapeutic efficacy than the control polymeric
micelles of PEG-poly(L-lactic acid) (PEG-PLLA) in vivo (Fig. 5.4b) [100]. Chen
et al. also synthesized a series of PEG-b-PbAE copolymers with tunable pKb values
for intracellular drug delivery [101].

In order to enhance the anticancer efficiency of PbAE copolymers, the targeted
moieties were incorporated. Wang et al. developed a series of poly(RGD-co-β-
amino ester) copolymers via one-pot synthesis method which was simple and
reliable (Fig. 5.5a) [102]. The copolymers formed nanoparticles at pH 7.4 in
aqueous solution with hydrophobic microdomains in the interior and targeting RGD
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on the surfaces, and DOX was loaded into copolymer nanoparticles by hydrophobic
interactions. After the DOX-loaded nanoparticles with RGD were delivered into
αvβ3 positive U87 cells efficiently, the triggered release of DOX in intracellular
acidic compartments results in the obvious cytotoxicity of U87 cells. Furthermore,
PEG-grafted PbAEs were also synthesized, which could self-assemble into
micelle-like nanoparticles at neutral pH, and natural cyclopeptide RA-V and
near-infrared (NIR) fluorescent probe squaraine (SQ) were loaded into the poly-
meric nanoparticles (Fig. 5.5b). The RA-V-/SQ-loaded nanoparticles could deliver
RA-V into cancer cells by cellular endocytosis and release the cargos in lysosome
efficiently, resulting in the mitochondria disruption and subsequent tumor cell
apoptosis in vitro and in vivo [103].

Except for the physical encapsulation of anticancer drugs, the polymer–drug
conjugates were also investigated widely. Lee et al. prepared a glycol chitosan
grafted with tertiary amine groups, photosensitive drug chlorin e6 (Ce6), and PEG
(Fig. 5.6) [104]. At pH 7.4, the polysaccharide–drug conjugates self-assembled into
nanoparticles with hydrophobic cores in which Ce6 was encapsulated and

Fig. 5.4 a Structure of PEG-b-PbAE block copolymer and their self-assembly into micelles at pH
7.4, which were completely dissociated at weakly acidic extracellular pH. Reproduced with
permission from Ref. [99]. b CPT-encapsulated micelles under neutral pH and rapid release of
CPT at pH 6.4 for tumor targeting imaging and therapy in vivo. Reproduced with permission from
Ref. [100]

5 Acid- and Redox-Responsive Smart Polymeric … 121



autoquenched. When the nanoparticles reached the more acidic surface of the tumor
cell (pH 6.8), the protonation of tertiary amine groups induced the dissociation of
nanoparticles, and the Ce6 molecules were exposed. Under NIR laser irradiation,
the singlet oxygen is generated in tumor site, inducing the cell apoptosis effectively.
The conjugate provided targeted high-dose cancer therapy while ensuring the safety
of normal tissues. In cancer treatment, peptide drugs have attracted increasing
attention. Wang et al. designed cytotoxic peptide (KLAKLAK)2 (named as
KLAK)-conjugated PEG-PbAEs [105]. The self-assemble polymeric nanoparticles
consisted of PbAEs as hydrophobic cores and PEG as hydrophilic shells, which

Fig. 5.5 a Self-assembly of poly(RGD-co-β-amino ester) copolymer and its acid-triggered
dissociation for efficient drug delivery. Reproduced with permission from Ref. [102].
b Co-encapsulation of RA-V and SQ in PEG-grafted PbAE micelles for tumor therapy and
imaging
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could stabilize the nanoparticles and protect KLAK peptide from enzyme degra-
dation. The chemotherapeutic drug DOX was loaded into the nanoparticle cores,
and the drugs were released in mild acidic condition such as endosome or lysosome.
The co-delivery of KLAK/DOX and their acid-triggered release resulted in the
enhanced anticancer effect in vitro and in vivo. Similarly, the autophagy-inducing
peptide Bec1 was conjugated onto the PEG-PbAE backbone to gain P-Bec1, and

Fig. 5.6 a Chemical structure of pH-responsive polysaccharide–drug conjugate. b Polysaccharide–
Ce6 conjugate undergoes autoquenching at neutral pH, and upon reaching the acidic microenvi-
ronment of tumor, protonation of polymer occurs and singlet oxygen is generated to kill tumor cells.
Reproduced with permission from Ref. [104]
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dissociated P-Bec1 can escape from lysosomes and effectively induce autophagy,
leading to autophagic cell death [106].

The pH-responsive polymers with tertiary amine groups widely studied in bio-
medicine fields because of their fast protonation–deprotonation transition and high
pH sensitivity. The pKb values of copolymers can be tuned across a wide range by
changing the compositions and chemical structures of the tertiary amine moieties.
However, the existence of positive electricity on amine groups may cause the
binding of negatively charged protein in blood circulation, leading to undesirable
clearance or blotting in blood and high acute toxicity in vivo. Therefore, the proper
surface modification was important for enhancing the compatibility of polymeric
nanomaterials.

5.2.2 Polymers with Acetals/Ketals

Polymers with acid-cleavable bonds were developed extensively as drug carriers,
which are stable at neutral pH and hydrolyzed quickly in acidic condition. Frechet
et al. synthesized linear-dendritic block copolymers containing PEG hydrophilic
chain and pH-sensitive cyclic acetals modified dendrimer block (Fig. 5.7) [107,
108]. The copolymers self-assembled into micelles and loaded anticancer drug
DOX by hydrophobic interaction and π−π stacking at neutral pH. As the pH
became acidic, the acetals were hydrolyzed and the hydrophilicity of dendrimer
block increased, causing the dissociation of micelles and subsequent DOX release.
It is worth noting that three methoxy groups in the ortho and para positions relative
to the acetal are important for the acid-responsive hydrolysis of acetal groups due to
their electron-donating function [109]. The linear copolymers with acetals/ketals on
the main chains were also reported, which formed nanoparticles and loaded with
drug and functional proteins, and hence, the nanoparticles could be applied as
potential nanocarriers for acid-triggered drug release [110–113].

Recently, block copolymers with acetals/ketals as side groups were also reported
for acid-triggered drug release. Zhong et al. prepared pH-responsive amphiphilic
copolymers via ring-opening polymerization with acid-labile polycarbonate as
hydrophobic block, which self-assembled into micelles at pH 7.4, loading
hydrophobic PTX or DOX. As the pH lowered to 5, the fracture of acetals induced
the hydrophilicity increase of acid-labile block, resulting in the controlled drug
release [114]. Furthermore, the aggregates morphology could be regulated by
changing the length of polycarbonate block that could be degraded into small
molecules in physiological condition [115]. Acid-responsive cross-linked nanopar-
ticles with acetal side groups were applied as PTX nanocarriers (*100 nm). At pH
5.0, the nanoparticles expanded to *1000 nm, simultaneously releasing the loaded
drug and suppressing the tumor growth in vivo (Fig. 5.8) [116].

The cationic polymers with ketals as side groups were utilized as tunable
non-viral gene carrier for controlled delivery of plasmid DNA and siRNA [117,
118]. Frechet et al. developed acetal-derivatized dextran, forming stable
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nanoparticles and encapsulating functional proteins or plasmid DNA at neutral pH
[119–121]. The nanoparticles with acid-triggered release properties could be
applied for particulate immunotherapy and gene delivery.

5.2.3 Polymers with orthoesters

The drug nanocarriers enter cells by endocytosis, forming endosome which then
fuses with lysosomes. In this process, the drugs must be released in time to avoid
degradation and exocytosis. Considering the limited time in endosome/lysosome,

Fig. 5.7 a Chemical structure of linear-dendritic block copolymer with cyclic acetals.
b Schematic for pH-sensitive micelle formation and acid-triggered dissociation due to the
hydrolysis of cyclic acetals. Reproduced with permission from Ref. [107]
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the sensitivity of nanocarriers should be enough to release drugs in this stage.
Compared with acetals/ketals, orthoester groups exhibit faster hydrolysis rate in
acidic condition, and hence, polymers with orthoesters may be more practical for
intracellular drug release.

Poly(orthoesters) were first developed as hydrogels for ocular delivery, and then,
they were prepared into nanoparticles for gene delivery. The effective protection
plasmid DNA in physiological condition and fast release at low pH made the
polymers into potential gene carriers [122, 123]. Recently, a family of acid-labile
polymers with orthoesters side groups were studied by Li et al. for controlled drug
delivery [124, 125]. The lower critical solution temperatures of thermoresponsive
polymers increased with the hydrolysis of the pendent orthoester groups [126]. And
then, they prepared a series of block copolymers composed of a PEG block and a
thermoresponsive and acid-labile block [127]. The copolymers could form
micelle-like nanoparticles by directly heating the copolymer solution above the
critical aggregation temperature (CAT). By increasing the relative chain length of
PtNEA to PEG, the copolymers could spontaneously form polymersomes, encap-
sulating both hydrophobic drugs and water-soluble biomacromolecules (Fig. 5.9)
[128]. The acid-triggered release of payloads made the copolymers as promising
carriers of multi-drugs for site-specific delivery. Wang et al. also designed block

Fig. 5.8 a Structure of pH-responsive nanoparticle and its expansion at pH 5. b Swelling of
nanoparticles as a function of pH and time at 37 °C. c Release profiles of paclitaxel from
nanoparticles at different pHs. d Tumor volume changes over the course of treatments for animals
receiving the different treatment groups. Reproduced with permission from Ref. [116]
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copolymers bearing acid-labile orthoester side chains, and the DOX-loaded micelles
exhibited the enhanced drug delivery to human glioma cells [129].

5.2.4 Polymers with Hydrazone/Oxime/Imine

Aldehydes or ketones can condense with molecules containing amine groups, such
as hydrazine, hydroxylamines, and primary amines, resulting in a class of com-
pounds known as hydrazones, oximes, and imines, respectively. These linkages are
stable at physiological pH due to the participation of π electrons in an electron
delocalization effect and resultant stable carbocation. The fracture of these chemical
bonds in mild acidic condition endows the compounds acid-labile property.
Hydrazone bond is commonly used to conjugate anticancer drugs with polymer

Fig. 5.9 a Thermally induced nanoparticle and polymersome formation and their acid-triggered
dissociation. b pH-dependent cumulative release of FITC-Lys from polymersomes.
c pH-dependent cumulative release of DOX from nanoparticle
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main chains. Ulbrich et al. first developed various acid-labile polymer–drug con-
jugates with hydrazone bonds as sensitive spacers [130, 131]. The anticancer drug
DOX was covalently attached via hydrazone bond to water-soluble N-
(2-hydroxypropyl)methacrylamide (HPMA) copolymer–drug carriers, which
showed relative stability at pH 7.4 and a fast DOX release at pH 5. The positively or
negatively charged groups or hydrophobic substituents had an effect on the DOX
release behaviors. Furthermore, they prepared star-shaped immunoglobulin-
containing polymer–DOX conjugates and conjugates of DOX with graft HPMA
copolymers, which exhibit prolonged blood circulation and enhanced tumor
accumulation and suppression [132, 133]. Both DOX and PTX were also conju-
gated onto the HPMA main chains, and the drug release profiles were related to the
linkage groups and amount of covalent drug [134]. The star HPMA copolymer
nanocarriers were also designed for simultaneous anticancer drug delivery and
imaging [135]. Recently, HPMA copolymer-conjugated pirarubicin has been
applied in multimodal treatment of a patient with stage IV prostate cancer and
extensive lung and bone metastases [136]. The anticancer drug DOX was also
conjugated onto polypeptide–PEG block copolymers via hydrazone bonds to gain
PEG-p(Asp-Hyd-ADR), which self-assembled into nanoscaled micelles by
hydrophobic interaction (Fig. 5.10a). The micelles remained stable at pH 7.4–7.0
and released the loaded drugs under acidic conditions below pH 6.0 (Fig. 5.10b).
Therefore, the micelles could realize intracellular pH-triggered drug release,
exhibiting tumor-infiltrating permeability and effective antitumor activity with
extremely low toxicity in vitro and in vivo [137, 138]. The amphiphilic multi-arm
block copolymers conjugated with DOX via hydrazone bonds were also developed
for tumor-targeted drug delivery [139]. In order to realize rapid cellular uptake and
efficient drug release in tumor cells, poly(choline phosphate) prodrugs were
designed for rapid internalization by cancer cells due to the strong interaction
between multivalent choline phosphate groups and cell membranes [140]. The
disulfide bonds were introduced into the cores of micelles, producing
DOX-conjugated acid and reduction dual-sensitive micelles [141, 142]. For the
cross-linked prodrug nanogels, highly selective intracellular drug delivery and
upregulated antitumor efficacy were investigated in vitro and in vivo [143]. In
addition, antibody–polymer conjugates with oxime as linkages were studied for
selective delivery of small siRNA to target cells [144].

For pH-controlled drug delivery, the anticancer drugs also could be linked onto
the end of polymer chains. For example, DOX was attached onto the hydrophobic
end of PLA–PEG block copolymer and simultaneously loaded into their formed
micelles [145]. At acidic media, the hydrolysis of hydrazone bond induced the
pH-dependent release of DOX. Yang et al. synthesized PEG-DOX conjugates with
benzoic-imine linker, which could co-assemble with other amphiphilic graft
copolymers, forming pH-sensitive polymeric vesicles for acid-triggered DOX
release [146]. Furthermore, the micelles were prepared by combining PEG-DOX
with targeting RGD-modified block copolymer, and mild acidic conditions caused
the cleavage of PEG-DOX, exposing the RGD to guide the micelle to target cancer
cells [147].
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Besides the polymer–drug conjugates, the hydrazone/oxime/imine bonds were
widely used as polymer linkers. Torchilin et al. first reported amphiphilic PEG–
phosphatidylethanolamine (PE) with hydrazone as acid-labile linker between PEG
block and PE block [148]. The surfaces of PEG–PE nanocarriers were further
modified by biotin or TAT peptide moieties, which were shielded by long pro-
tecting PEG chains in physiological condition. At lower pH (5–6), nanocarriers lost
their protective PEG shell because of acidic hydrolysis of hydrazones, and the
functional biotin or TAT was exposed for effective internalization into cells.
Similarly, PEG chains were grafted onto the polycationic main chains via
benzoic-imine linkers, producing pH-triggered reversible stealth micelles. Imine
was also utilized as a linker between hydrophobic block and hydrophilic block
[149]. The block copolymers formed micelles loading DOX at physiological pH,

Fig. 5.10 a Preparation of
drug-loaded polymeric
micelles from self-assembling
amphiphilic block copolymers
PEG-p(Asp-Hyd-ADR), in
which DOX was conjugated
through hydrazone linkers.
b DOX release profiles at
different pHs. Reproduced
with permission from Ref.
[138]
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and the acidic condition resulted in the cleavage of imine bond and the ionization of
micelle surface, facilitating the cellular uptake of the micelles through the elec-
trostatic interaction. In addition, a series of copolymers with oxime bonds were first
synthesized by Wooley et al. [150]. Then, Miller et al. developed oximes containing
gene nanocarriers, which could combine siRNA for controlling HBV replication
in vivo [151]. The pH-triggered nanoparticles could also realize the siRNA delivery
to liver cells in vitro and in vivo [152].

5.2.5 Polymers with β-Thiopropionate Group

The reaction of thiol group with acrylate group yields the β-thiopropionate linkage,
which has been discovered with acid-labile property. The group can be hydrolyzed
selectively under mild acidic conditions at a much slower rate than other acid-labile
functional groups. Kataoka et al. first prepared an oligodeoxynucleotide(ODN)–
PEG conjugate through β-thiopropionate linkage [153]. The block copolymer was
self-assembled with linear PEI, forming stable polyion complex micelle at pH 7.4.
The ODN–PEG conjugate showed cleavage of the ester linkage at the endosomal
pH (5.5), suggesting that ODN could be released from the micelle in the intracel-
lular compartment. Then, they further synthesized lactosylated PEG–siRNA con-
jugate with β-thiopropionate linkage, constructing pH-sensitive polyion complex
micelles achieving enhanced gene silencing in hepatoma cells [154]. In addition,
amphiphilic triblock copolymers were reported with hydrophobic block containing
β-thiopropionate groups, which self-assembled into vesicles at pH 7.4 and released
the loaded guest molecules at pH 5.3 (Fig. 5.11) [155].

5.2.6 Polymers with Cis-Aconityl Group

Polymers with amine groups can react with carboxy dimethylmaleic anhydride,
yielding maleic anhydride derivatives with acid-labile cis-aconityl group, which
was widely used as linkage between nanocarriers and protective PEG shell. For
example, siRNA dynamic polyconjugate including cis-aconityl-PEG was reported
for effective cellular uptake and disassembly in the low pH environment of the
endosome [156]. The release of the siRNA into the cytoplasm of the target cell
enabled in vivo delivery of siRNA to hepatocytes. Kataoka et al. exploited the
cis-aconityl group to develop charge-conversional polyionic complex micelles as
efficient nanocarriers for gene and protein delivery into cytoplasm [157, 158]. The
siRNA was also conjugated onto the copolymer main chains via cis-aconityl group,
and the cleavage of siRNA from polymer chains in endosome accelerated the
endosomal escape and siRNA release [159]. For anticancer drug delivery,
PEGylated glycolipid conjugate DOX-loaded micelles were reported, and the
cleavage of PEG shell at tumor microenvironment exhibited excellent cellular
uptake ability into cells [160]. Except for the physical encapsulation, the DOX
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could also be linked onto linear polymer or dendrimer through cis-aconityl linkage
[161–164]. The polymer–DOX conjugates were stable at blood circulation and
release the conjugated DOX at tumor site, realizing the controlled and targeted drug
delivery in vivo. Wagner et al. created a protein transduction shuttle with
cis-aconityl linkage for intracellular delivery and release of active proteins [165].
Recently, Wang et al. reported polymeric clustered nanoparticle (iCluster) with an
initial size of *100 nm, and the platinum drug-conjugated dendrimer PAMAM/Pt
was linked onto the surface of iCluster through cis-aconityl linkage [166]. Once
iCluster accumulates at tumor sites, the tumor extracellular acidity triggered the
release of PAMAM/Pt (diameter *5 nm), which facilitated tumor penetration and
cell internalization of the anticancer drugs.

Fig. 5.11 Synthesis route of amphiphilic triblock copolymer with β-thiopropionate groups and its
pH-responsive disassembly. Reproduced with permission from Ref. [155]
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5.3 Reduction-Sensitive Polymeric Nanomaterials

It has been demonstrated that glutathione (GSH) is the most abundant biological
thiol in animal cells. GSH/glutathione disulfide (GSSG), as the major redox couple,
regulates the microenvironment potentials by their ratio variety. In blood and
extracellular matrices, there is a relatively high redox potential due to a low con-
centration of GSH (approximately 2–20 μM). However, the cytosol and nuclei
maintain a highly reducing environment with the GSH concentration of 0.5–10 mM
under the reduction of NADPH and glutathione reductase. Meanwhile, researchers
have demonstrated that the tumor tissues showed at least fourfold higher GSH
concentrations than that of normal tissue in mice, rendering the reduction-sensitive
nanomaterials valuable for tumor-specific drug delivery. The polymers and con-
jugates with disulfide linkages in the main chain or cross-linker usually exhibit
reduction-sensitive property.

5.3.1 Reduction-Sensitive Polymer with Disulfide in Main
Chain

In block copolymer, the disulfide bonds are usually designed to link hydrophilic
and hydrophobic block. For example, Zhong et al. developed disulfide-linked
dextran-b-poly(ε-caprolactone) (PCL) diblock copolymer, which could
self-assemble into reduction-responsive biodegradable micelles and load
hydrophobic DOX [167]. After endocytosis by cells, GSH triggered dextran shells
shed off through the cleavage of the intermediate disulfide bond in the presence of
glutathione tripeptide, which results in fast destabilization of micelles and subse-
quent release of DOX in the cytoplasm as well as to the cell nucleus. The ligand
galactose was modified onto the surface of PCL–PEG micelles for effective tar-
geting to hepatocellular carcinoma cells and controlled drug release in reductive
intracellular microenvironment [168]. The targeting peptide cRGD was also linked
on the micelle to realize enhanced doxorubicin delivery to human glioma xeno-
grafts in vivo [169]. The cystamine diisocyanate could be used as a coupling agent
for synthesis of reductively degradable biopolymers with disulfide bonds on the
main chain [170]. Furthermore, acetal groups were incorporated into the
disulfide-linked diblock copolymer, obtaining reduction and pH-responsive
degradable micelles for dually activated intracellular anticancer drug release
[171]. Thayumanavan et al. reported triple sensitive copolymers containing ther-
moresponsive block PNIPAM and acid-labile block with acetal group linked by
disulfide, which not only showed synergistic effects, but also provided multiple
mode control of the resulting micelle system [172].
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5.3.2 Reduction-Sensitive Polymer with Disulfide
as Cross-linker

For polymer with disulfide as cross-linker, one of the most common strategies was
the introduction of disulfide-containing cross-linkers. Li et al. prepared
multi-responsive nanogels cross-linked by disulfide with OEG side chains and
pendent orthoester groups through miniemulsion polymerization [173]. These
nanogels are thermoresponsive and labile in the weakly acidic or reductive envi-
ronments. The hydrophobic drugs DOX and PTX were loaded into the nanogels,
and the drug release from the nanogels can be greatly accelerated by a cooperative
effect of both acid-triggered hydrolysis and DTT-induced degradation.
Matyjaszewski prepared biodegradable nanogels cross-linked with disulfide link-
ages by inverse miniemulsion ATRP (Fig. 5.12) [174, 175]. The nanogels with a
uniformly cross-linked network could encapsulate molecules including rhodamine
6G, a fluorescent dye, and DOX, and the nanogels biodegraded into water-soluble
polymers in the presence of glutathione, resulting in the controlled release of loaded
cargoes.

Except for the introduction of disulfide-containing cross-linkers, Thayumanavan
et al. synthesized self-cross-linked nanogels by a simple thiol–disulfide exchange
reaction (Fig. 5.13) [176]. Nanogels with controlled size and guest release rate
formed after adding a certain amount of DTT into the precursor solution. The
payload encapsulation stability of nanogels and reduction-triggered release has been
demonstrated through fluorescence resonance energy transfer (FRET) experiments
(Fig. 5.13c). The non-covalently encapsulated guest molecules such as dyes and
DOX can be released in response to GSH. Shuai et al. developed disulfide
cross-linked micelles through the oxidation of thiols in polymer side chains [177].
The drug-loaded micelles were stable in blood circulation, and a burst release of
drug was triggered in an acidic and reductant-enriched environment. Cell and
animal studies revealed the great potential of the dual-sensitive micelles in cancer
treatment. Zhong et al. exploit cystamine as the cross-linker to obtain in situ

Fig. 5.12 Synthesis and modification of biodegradable nanogels cross-linked with disulfide
linkages. Reproduced with permission from Ref. [174]
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forming reduction-sensitive degradable nanogels, realizing the facile loading and
triggered intracellular release of proteins [178]. They also reported
core-cross-linked polypeptide micelles through similar disulfide exchange reaction,
which cause intracellular release of doxorubicin in both pH and reduction condi-
tions [179, 180].

Fig. 5.13 a Chemical structure of the polymer precursors and nanogels with disulfide
cross-linking. b Schematic representation of the preparation of the cross-linked nanogels.
c FRET experiment for the stable and leaky nanogels. Reproduced with permission from Ref.
[176]
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5.4 Oxidation-Responsive Polymeric Nanomaterials

ROS and reactive nitrogen species (RNS), which are two types of oxidative species,
widely exist in the human body and play crucial roles in many physiological and
pathological processes such as cell signaling, proliferation, apoptosis, and host
innate immunity [50, 181]. ROS mainly include hydrogen peroxide (H2O2),
superoxide anion (O2 •−), hydroxyl radical (•OH), hypochlorite (OCl−), peroxyl
radicals, and singlet oxygen, which are generated from several endogenous sources,
mainly in the mitochondria, from an incomplete reduction of NADPH and oxygen
in the plasma membrane [182, 183]. RNS generally include nitric oxide and its
derivatives, such as nitrogen dioxide and peroxynitrite (ONOO−) [184]. ROS or
RNS at appropriate concentrations are strongly related to metabolic activities and
are involved with a number of cell functions related to both health and disease.
During the normal metabolic activity, ROS are continuously produced, trans-
formed, and consumed in cells or tissues to maintain a complex balance between
ROS generation and elimination. An appropriate concentration of ROS is involved
with normal biological functions in many physiological processes [185]. However,
excessive amounts of ROS or RNS result in oxidative stress and impairing the
critical biomolecules of cells including lipids, proteins, and DNA [186]. Oxidative
stress is strongly related to a series of pathophysiological events, such as cancers,
cardiovascular, inflammatory, atherosclerosis, diabetes, and neurodegenerative
diseases [187, 188]. Therefore, ROS-sensitive nanomaterials have attracted con-
siderable attention for promising drug delivery system by targeting the specific
oxidative microenvironments of disease sites. In the past decade, a series of
oxidation-responsive polymers have been reported as potential candidates for
site-targeted drug delivery.

We present a summary of recent progress of the various oxidation-responsive
polymers that can be applied as potential drug nanocarriers. Oxidation-responsive
polymers possess unique properties including the transformation of solubility or the
degradation of polymers caused by the oxidation of ROS. The chemical structures
of representative types of ROS-sensitive polymers are shown in Fig. 5.14,
including poly(propylene sulfide) (PPS), selenium-containing polymers, phenyl-
boronic ester-containing polymers, aryl oxalate-containing polymers, poly(thioke-
tal)s, and proline-containing polymers.

5.4.1 Poly(Propylene Sulfide)S

The sulfur(II)-based oxidation-responsive polymers (i.e., poly(alkylene sulfide)s
and poly(arylene sulfide)s) are one type of the most explored ROS-responsive
materials. Poly(alkylene sulfide)s based on the triblock copolymer of poly(propy-
lene sulfide) (PPS) and PEG were originally reported as drug vehicles by Hubbell
et al. in 2004 [189]. The PPS possesses much more hydrophobicity than its oxygen
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analogue (i.e., PEG) owing to its low dipole moment, which enables the copoly-
mers to self-assemble into unilamellar vesicles. The vesicles dissociated due to the
variation of solubility from hydrophobicity to hydrophilicity under oxidative con-
ditions, which was caused by the generation of polysulfoxide and/or polysulfone.
These unique properties endow the PPS-based copolymers as drug/gene delivery
system specifically responsive to the oxidation-related disease sites.

Fig. 5.14 Oxidation-responsive motifs and their oxidative products
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In recent studies, other groups systematically explored a series of PPS-based
polymers as potential candidates of drug delivery specifically responsive to the
oxidation microenvironment in the forms of vesicles, micelles, and cross-linked
nanoparticles. Hydrogen peroxide (H2O2)-responsive hyperbranched polymers used
as effective anticancer micelle system were reported by Zhu et al. [190]. The
hydrophobic anticancer drug 7-ethyl-10-hydroxy-camptothecin (SN38) was linked
to hydrophilic hyperbranched polyglycerol (HPG) via thioether linkage to form
amphiphilic hyperbranched polymers HPG-2S-SN38 (Fig. 5.15). The copolymers
could self-assemble into stable micelles, and anticancer drug cinnamaldehyde
(CA) was effectively loaded into them. The micelle was easily disrupted due to the
oxidation of thioether, leading to the release of SN38 and CA. The synergistic
anticancer effect of SN38 and CA resulted in amplified antitumor effect via
enhancing the cell apoptosis, suggesting that these nanomaterials are promising
candidates as novel anticancer therapeutics. Duvall et al. also reported a PPS-based
micelle for ROS-triggered hydrophobic drugs/dyes release in the site of inflam-
mation and oxidative environments (i.e., H2O2, 3-morpholinosydnonimine (SIN-1),
and peroxynitrite) [191]. The PPS-based polymer self-assembled into micelles with
properties of oxidation-responsive disassembly and cargo release, indicating that
they have great potential for drug release under physiological and pathological

Fig. 5.15 a Schematic representation of the proposed mechanism of cell apoptosis caused by
CA-loaded PPS-based polymer micelles. b Cell viability of CA-loaded micelles in MCF-7, Hela,
and HN-4 cells. Reproduced with permission from Ref. [190]
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conditions. Recently, Duvall et al. fabricated PPS into microparticles and suc-
cessfully utilized it for encapsulation and “on-demand” delivery of curcumin in a
model of diabetic peripheral arterial disease [192]. Owing to the ROS scavenging
ability of PPS, the blank microparticles also exhibited therapeutic properties. The
combination of PPS with curcumin established the utility of this platform for
reducing cell death under oxidative stress of chronic inflammatory diseases.

Poly(β-thioester)s was also developed as ROS-responsive polymeric nanocarri-
ers. Wang et al. conjugated KLAK onto amphiphilic poly(β-thioester)s copolymers
(H-P-K), which self-assembled into micelles loading SQ dye (Fig. 5.16) [193]. The
H-P-K nanodrug exhibited high antitumor activity due to the efficient disruption of
mitochondrial membranes. The excessive ROS production in apoptosis process
stimulated the swelling of nanoparticles and subsequent release of SQ, resulting in
the significant increase of photoacoustic (PA) signal. The polymeric nanomaterial
has great potential for high antitumor performance and in situ cancer treatment
evaluation. Additionally, poly(β-thioester)s has also been developed to combine
with other stimuli-sensitive (thermal, pH, GSH) moieties to obtain multi-responsive
systems. In a recent example of oxidation and thermal dual-responsive systems
reported by Chen et al., the dual-responsive behavior makes these copolymers
promising for the release of the cargoes in specific diseased regions [194]. ROS and
pH dual-responsive poly(β-thioester)s with grafted PEG chains were also prepared,
realizing the controlled DOX loading and intracellular release [195].

Fig. 5.16 ROS-sensitive polymer–KLAK conjugates self-assembled into micelle-like nanopar-
ticles for enhanced tumor treatment and in situ therapeutic performance evaluation
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5.4.2 Selenium-Based Polymers

Similar to the sulfide groups in thioether-based polymers, the selenium also pos-
sesses oxidation-responsive properties. Under oxidative environment, hydrophobic
selenides are able to be easily oxidized to water-soluble selenoxides and selenones
[50]. However, selenium(II)-based polymers possess a higher sensitivity to oxidants
than sulfur(II)-based analogues due to the weaker bond energy of the C–Se bond
compared with C–S bond [196]. Due to these features, selenium-containing poly-
mers are potential candidates as oxidation-responsive drug carriers or antioxidant
materials. Zhang et al. have reported a series of ROS-responsive selenium-based
nanoparticles for drug delivery [197]. These nanoparticles formed from the
main-chain-type or monoselenium-containing copolymer underwent a structural
disassembly and exhibited a triggered release of encapsulated cargos in 0.1 wt%
H2O2 due to the generation of hydrophilic selenoxide. Later, Xu et al. complexed
selenide-based copolymer with platinum cation (Pt2+) to self-assemble into novel
coordination-responsive micelles with DOX loading [198]. These DOX encapsu-
lated in micelles can be released in a controlled manner through the competitive
coordination of Pt2+ with GSH in a GSH-rich environment. In another strategy, Yan
et al. have developed a series of ROS-responsive nanocarrier formed from
selenide-based hyperbranched polymer consisting of alternative hydrophobic
selenide units and hydrophilic phosphate segments in the polymer backbone [199].
These hyperbranched polymers possess intrinsic antitumor effect by inducing
apoptosis of cancer cells. These nanoparticles are capable of loading anticancer
drug and releasing it under oxidative or reductive environment, exhibiting syner-
gistic therapeutic effect of cancer.

Additionally, diselenide has great potential for a dual redox response owing to its
good activity in the presence of either reductants or oxidants. Se–Se bonds can be
reduced to selenol in the presence of reductants or cleaved and oxidized to seleninic
acid in an oxidative environment [185]. Zhang et al. reported a dual redox-sensitive
micelle formed from Se–Se bonds-based block copolymer (PEG-PUSeSe-PEG),
which showed triggered dissociation in an oxidative environment or a reducing
environment (Fig. 5.17) [200].

5.4.3 Phenylboronic Ester

Phenylboronic acid and phenylboronic ester are important building blocks for
fabricating organic compounds and functional polymers [201]. The phenylboronic
acid (ester) bonds are susceptibility toward H2O2, generating phenol and boronic
acid as the oxidation products [50]. Frechet et al. prepared oxidation-responsive
dextran (Oxi-DEX) carrier microparticles by modifying the hydroxyls of dextran
with arylboronic esters [202]. The nanoparticles exhibited a markedly accelerated
degradation rate in the presence of 1 × 10−3 M H2O2. Ovalbumin (OVA) as a
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model vaccine was encapsulated into the microparticles and displayed a 27-fold
increase in the presentation to CD8 + T cells relative to OVA loaded in a
non-oxidation degradable vehicle. The accelerated degradation of the vaccine
molecules release was assumed to be caused by the high levels of H2O2 in dendritic
cells (DCs). Xu et al. have developed a convenient chemical approach based on the
phenylboronic acid containing polymers to reversibly modulate protein (RNase A)
function, which is sensitive to ROS for targeted cancer therapy [203]. Recently, Liu
et al. have reported the oxidation-sensitive polymersomes, which assembled from
H2O2-reactive phenylboronate-based polymers [204]. These polymersomes possess
intracellular H2O2-triggered cross-linking, bilayer permeability switching, and
enhanced imaging/drug release features. Furthermore, Li et al. synthesized oxida-
tion and temperature dual-responsive polymers based on phenylboronic acid and
N-isopropylacrylamide [205]. The block copolymers formed stable micelle-like
nanoparticles and encapsulated DOX by heating to 37 °C, which showed H2O2

triggered release and obvious cytotoxicity toward cancer cells.

Fig. 5.17 a Schematic of dual redox-responsive disassembly of selenium-containing block
copolymer micelles. b Payload release profiles at oxidative or reductive condition. Reproduced
with permission from Ref. [200]
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5.4.4 Thioketals

Thioketals are able to be easily oxidized to ketones and organic thiols (or disulfide)
in the presence of superoxide or some other oxidants [206]. Xia et al. have reported
a thioketal-based poly(amino thioketal) (PATK), which is degradable by ROS such
as superoxide and hydroxyl radical [207]. The synthesized cationic PATK polymer
is capable of condensing DNA to form DNA/PATK polyplexes, exhibiting efficient
gene delivery in prostate cancer cells. Under ROS conditions, the degradation of
thioketal bonds of PATK led to targeted intracellular release of the combined DNA
in cancer cells, resulting in a higher transfection efficiency in cancer cells.

Polymeric nanomaterials that combine diagnostic and therapeutic functions are
highly desirable for image-guided cancer therapy. Liu et al. synthesized conjugated
polyelectrolytes (CPEs) backbone with PEG side chain modified by DOX through
thioketal groups (PFVBT-g-PEG-DOX, Fig. 5.18) [208]. The polyprodrug
self-assembled into nanoparticles, and the surface was further functionalized with a
cyclic RGD peptide. Under irradiation with light, the polymer generated ROS
efficiently for photodynamic therapy. Meanwhile, ROS can quickly cleave the
thioketal linker and release on-demand DOX in cells, realizing the combined
chemo-photodynamic therapy.

5.4.5 Others

Owing to the crucial function in peroxide-based chemiluminescence systems, aryl
oxalates have been widely explored since the 1960s [209–214]. In addition to the
applications for in vivo H2O2 imaging, polyoxalate copolymers also have been
extensively explored as polymeric antioxidants against oxidative stress-related
diseases. Bae et al. have reported H2O2-responsive antioxidant nanoparticles
formed from copolyoxalate containing vanillyl alcohol (VA) (PVAX) as a targeting
therapeutic agent for ischemia/reperfusion [215]. PVAX was synthesized by
covalently incorporating H2O2-responsive peroxalate ester linkages and VA in its
backbone. PVAX nanoparticles were degraded and VA was released, resulting in
anti-inflammatory and anti-apoptotic activity by reducing the generation of ROS.
PVAX nanoparticles specifically reacted with over-expressed H2O2, exhibiting
highly potent anti-apoptotic activities and anti-inflammatory ability.

Among stimuli-responsive polymers, polypeptides have played an important role
in the biomedical field, owing to their good biocompatibility and biodegradability,
as well as the unique properties of mimicking naturally derived proteins.
Particularly, polypeptides containing proline residues are subject to degradation by
oxidants. In recent study, Sung et al. synthesized a series of ROS cleavable scaf-
folds containing poly(L-proline), which were cleaved in 6 d in the presence of
5 × 10−3 M H2O2 and 50 × 10−6 M Cu(II) [216]. And the scaffolds displayed
accelerated degradation by treating with the ROS generator SIN-1. Increased
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scaffold porosity was investigated by co-culturing with activated macrophages,
exhibiting a cell-interacting degradation manner. Later, a similar proline-based
polymer matrix (KP7K) was developed and an in vivo model applied in long-term
tissue engineering was investigated. The submicrometer diameter pores of the
KP7K cross-linked scaffold increased by more than tenfold by co-culturing with
LPS-activated mouse bone marrow-derived macrophages for 7 d, suggesting a
ROS-mediated degradation process.

Fig. 5.18 a Chemical structure of polyprodrug PFVBT-g-PEG-DOX. b Schematic illustration of
the light-regulated ROS-activated on-demand drug release for targeted and image-guided
photodynamic and chemotherapy. Reproduced with permission from Ref. [208]
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5.5 Summary and Perspective

Considerable efforts concerning smart polymer assemblies have been made over
the past decade due to their intrinsic advantages for the cancer treatment. In this
review, the chemical structure and drug loading/release property of pH and
redox-responsive copolymers are discussed in detail, exhibiting their potential
application in controlled drug delivery. Even though great advances have been
achieved in the field stimuli-responsive polymers, there still remain several chal-
lenges in this field: (1) The sensitivity of polymer aggregates responding to mild
acidic condition or low concentrations of the biologically relevant ROS/GSH
should be further improved, especially in early cancer therapy and (2) further
exploration of the detailed degradation mechanisms of the smart polymers and the
fate of their degradation products within cells or in vivo are of great importance in
the evaluation of in vivo biocompatibility.
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Chapter 6
Thermoresponsive Polymeric
Assemblies and Their Biological
Applications

Sheng-Lin Qiao and Hao Wang

Abstract Thermoresponsive polymeric assemblies are fabricated from thermore-
sponsive polymers based on the soluble to insoluble transition at the phase tran-
sition temperature. The architecture of the self-assemblies lies in the molecular level
and influenced by the structural change of the thermoresponsive polymers. The
formed nanoassemblies endow excellent biofunctions for biomedical applications.
Typical thermoresponsive polymers are reviewed in this chapter. The design con-
cept and key factors to influence the thermal behavior are also discussed and
summarized. As the sprouting and promising field, in vivo self-assembled ther-
moresponsive polymeric assemblies are also discussed in this chapter.

6.1 Introduction

Thermoresponsive materials are flourishing and have triggered a variety of useful
assemblies that for biomedical applications since the earliest report of the thermal
phase transition behavior of poly(N-isopropylacrylamide) (PNIPAAm) in 1967 by
Scarpa et al. [1] There are two types of thermoresponsive materials, i.e., lower
critical solution temperature (LCST) type and upper critical solution temperature
(UCST) type. As (co)polymers with UCST feature are relatively less studied that
limit their applications, this chapter will focus on temperature-responsive copoly-
mers that have LCST behavior. LCST is the temperature below which the materials
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completely solvate in aqueous phase and become insoluble and phase-separated
above this temperature (Fig. 6.1). This process is reversible. The phase transition is
an energy-driven process which depends on the free energy of mixing or the
entropy of the system [2].

Several studies have highlighted the abnormal temperatures in tumors and other
inflammatory diseases as a direct result of abnormal blood flow, leukocyte infil-
tration, a high rate of metabolic activity, and a high rate of cell proliferation in
diseased tissues [3]. Besides these intrinsic temperature variations, larger temper-
ature changes can be induced artificially at specific locations by applying heat from
an external source, which exploits the higher sensitivity of tumor tissues to high
temperatures as compared to normal tissues. Both intrinsic tumor temperature
variations and externally induced hyperthermic temperature changes offer attractive
stimuli for the site specific controlling the assembly or disassembly of the ther-
moresponsive materials.

Naturally occurring thermoresponsive polymers represent a large class.
Especially, elastin-like polypeptide (ELP), whose phase behavior is encoded in its
molecular level, is the most promising ones in this category. By carefully designing,
different architecture of ELPs and resulting assemblies are obtained, which can
meet the needs of different biological applications. Despite highly biodegradable
and biocompatible in nature, the batch-to-batch variability and broad molecular
weight (MW) distributions of most of the natural polymers make them less
attractive than synthetic polymers that are more reproducible and versatile. Poly
(N-isopropylacrylamide) (PNIPAAm) is the leading member of the synthetic
thermoresponsive polymers due to its sharp phase transition at 32 °C (a temperature
near physiological temperature), and minimal dependent on concentration and
molecular weight. To render more intriguing properties, some of the smart
nanosystems are not only composed of thermoresponsive units, but also of other
building blocks that have a structural function acting as triggers or labels.

Fig. 6.1 Schematic illustration of the phase transition behavior of thermoresponsive polymers in
aqueous solution
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This chapter focuses on the thermoresponsive material-regulated assemblies
from the viewpoints of their molecular design, self-assembly mechanism, formed
structures, and biofunctions. In the following sections of this chapter, we review a
variety of thermoresponsive polymeric assemblies used for biomedical applications.
The chapter ends with an outlook of some of the future trends in biotechnology and
biomedicine applications.

6.2 Naturally Occurring Thermoresponsive Polymeric
Nanoassemblies and Their Bioapplications

Naturally occurring biodegradable thermoresponsive polymers offer great oppor-
tunities for biomedical applications, such as imaging, dug/protein delivery, tissue
engineering, and bioscaffold design, due to their abundance in nature and bio-
compatibility. These materials include protein-based polymers, such as elastin,
collagen, and polysaccharides, such as cellulose and cellulose derivatives, chitosan,
and chitosan derivatives.

6.2.1 Elastin-Like Polypeptides (ELPs) Regulated Assembly

In the past few decades, thermoresponsive nanostructures produced with peptide
domains from the extracellular matrix have been intensely studied to develop new
smart materials such as hydrogels, films, and drug nanocarriers. Canonized
elastin-like polypeptides (ELPs) that derived from the elastometic domain of
mammalian tropoelastin [4] and comprise repetitions of the pentapeptide sequence
Val-Pro-Gly-Xaa-Gly (where the “guest residue,” Xaa, can be any mixture of amino
acids except proline), have been very widely studied owing to their lower critical
solution temperature (LCST)-type behavior. They are highly soluble in water below
the phase transition temperature surrounding by clatharate-like water structures, [5]
but the chains fold and assemble into a dynamic, regular, nonrandom structure
known as a β-spiral when the temperature is raised above their transition temper-
atures. This structure contains type II β-turns [6] as the main secondary feature,
which is formed by intrachain hydrogen bonding around the L-proline residue and
is stabilized by interturn. In this arrangement, the apolar side chains of the con-
stituting amino acids point to the outer shell of the β-spiral, facilitating the existence
of extensive intramolecular hydrophobic contacts and, finally, phase separation.
The phase transition of these protein-based polymers can be described in terms of
an increase in order. It occurs due to hydrophobic folding and assembly.

The LCST of an ELP can be tuned at the molecular level by guest residue
composition and distribution, by molecular weight (MW) of the ELP, and by
solution parameters such as pH, ionic strength, and ELP concentration. Molecular
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biology strategy also provides control over the type, number, and location of
reactive sites along the polymer chain needed for chemical conjugation of extrinsic
moieties to the ELP or cross-linking of these polypeptides. Urry demonstrated the
LCST of an ELP is inversely related to the hydrophobicity of the guest residues and
can be adjusted over a wide range of temperatures [7]. Incorporation of the
hydrophobic amino acid isoleucine rather than valine at the guest position reduced
the LCST to below ambient temperatures, whereas incorporation of more hydro-
philic lysine raised the LCST from 12–27 °C without affecting the narrow tem-
perature range (2–3 °C) of the response. This effect is proportional to the mole
fraction of a specific guest residue. Besides, for canonized ELPs, the phase behavior
of a polypeptide is encoded in its amino acid sequence. Chilkoti group [8] syn-
thesized a series of intrinsically disordered, repeat polypeptides and demonstrated
that the polypeptides can be designed to exhibit tunable LCST or UCST behaviors
in physiological solutions. They also showed that mutation of key residues at the
repeat level abolishes phase behavior or encodes an orthogonal transition.

Self-assemblies with diverse biomedical applications can be obtained based on
elastin-like block co-recombinamers. Chilkoti group first developed materials based
on the canonized elastin pentapeptide repeat Val-Pro-Gly-Xaa-Gly (where the guest
residue Xaa = Val/Ala/Gly [1:8:7]), and engineered to exhibit LCST behavior
around 40 °C. The transition temperatures of these materials were designed such
that near-monodisperse, sub-100-nm-sized nanoparticles might form upon ultra-
sound induction of hyperthermia as in this way local targeting of drugs conjugated
to an ELP backbone might be possible. The thermal transitions for
homopolypeptides occurred over a narrow range and were fully reversible for a
(Val5-Ala2-Gly3)150 polypeptide, and the LCST onset was at 40 °C and complete by
42 °C. Block copolymers were also prepared, but the thermal transitions were more
complex indicating a range of intermediate species formed as differential blocks
aggregated. For both homo- and copolymers, particles of 40–100 nm were pro-
duced above the LCST suggesting advantageous use in cancer therapies owing to
the accumulation of particles of this size in tumor tissues. Recently, the same group
has reported the use of ELP–doxorubicin conjugates for temperature-mediated
tumor suppression [9]. The conjugates were taken into squamous cell carcinoma
cells (FaDu) and trafficked into lysosomes via endocytosis, but there were no
differences in the in vitro cytotoxicity of free doxorubicin and the ELP–doxorubicin
conjugates, even though their subcellular localization was significantly different.
Further work is undoubtedly necessary to optimize these materials; however, the
local accumulation of the ELP conjugates in tumor cells is a promising first step in
drug targeting by responsive synthetic polypeptides.

Short ELPs (e.g., those with fewer than 10 pentapeptides) are rarely used for the
thermoresponsive fabrication of nanoparticles, owing to their high transition tem-
peratures. However, recently, Kiick and Luo utilized short ELP with the sequence
(VPGFG)6 to fabricate thermoresponsive vesicles (Fig. 6.2) [10]. They conjugated
the (VPGFG)6 to a hydrophilic CLP ((GPO)4GFOGER(GPO)4GG), which resulted
in a dramatic reduction of the transition temperature of the ELP by 80 °C owing to
the unexpected anchoring effects of the CLP triple helix in the ELP−CLP
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conjugates. However, the large size and polydispersity of the aggregates suggested
that the hydrophobic interactions of the shorter (VPGFG)5 were insufficient to form
well-defined nanoparticles. In the end of this study, they indicated that changes of
the CLP block stability, when balanced with the hydrophobicity of the ELP domain,
could be employed to impart triggered assembly/disassembly under select condi-
tions, promising in drug delivery, imaging, and materials modification.

Other intriguing biomedical applications such as in tissue engineering are also
pervasive [11, 12]. Traditionally, covalently cross-linked hydrogels are mechanical
favorable but have many side effects due to complex synthesis process, formation of
toxic by-products, nonreversible cross-links. This irreversibility can potentially lead
to cell death, induction of inflammatory responses, and ultimately failure of
implanted devices in vivo. Though the non-covalently cross-linked hydrogels have
many merits, the poor mechanical properties impeded their utility in biomedical
applications. Ghoorchian and his coworkers innovatively developed a kind of
micellar biohydrogels by genetically engineering an amphiphilic elastin-like
polypeptides that contain a relatively large hydrophobic block and a hydrophilic
terminus that can be cross-linked through metal ion coordination. To create the
hydrogels, heat is firstly used to trigger the self-assembly of the polypeptides into

Fig. 6.2 a Proposed assembly/disassembly and bilayer structure of ELP–CLP vesicles. b CD
spectra showing representative full-wavelength scans for the ELP–CLP conjugate. c Thermal
unfolding profile for the ELP–CLP conjugate; the first derivative of the unfolding curve with
respect to temperature is shown in red
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monodisperse micelles that display transition metal coordination motifs on their
corona, and subsequently cross-link the micelles by adding zinc ions. These
hydrogels exhibit hierarchical structure, are stable over a large temperature range,
and exhibit tunable stiffness, self-healing, and fatigue resistance.

6.2.2 Polysaccharides Regulated Assembly

Hydroxypropyl cellulose (HPC), a derivative of natural polysaccharide [13, 14]
approved by the US FDA, has a lower critical solution temperature (LCST) in water
(* 41–45 °C) [15] and undergoes a phase transition in an aqueous environment
from hydrophilic random-coil conformation to hydrophobic collapsed form as
temperature increases above the LCST. The transition would cause dehydration of
the polymer above the LCST due to both of increased hydrophobic interactions
among polymer chains and decreased intermolecular hydrogen (H)-bonding inter-
actions between ester groups in HPC and water molecules. Recently, a
thermo-switchable polymeric photosensitizer (T-PPS) was designed by Park et al.
[16]. to thermocontrol of the photoactivity of pheophorbide-a and synergistic
combination with thermal cancer therapy. At temperatures below the polymer’s
LCST (43.4 ± 0.6 °C), the photosensitizer molecule on the HPC backbone
aggregated in aqueous, resulting in quenching of the photoactivity of photosensi-
tizer below LCST including body temperature region (* 37 °C). However, as
temperature increased to a hyperthermia cancer therapy temperature (* 45 °C), the
polymer dehydrated and formed fibrillary conformation. The dehydration created
nonpolar microenvironment between the T-PPS molecules, which led to a mono-
meric state of the pheophorbide-a. As a result, the photoactivity of the photosen-
sitizer was significantly enhanced in that condition, which was used for effective
combinational cancer therapy with thermal cancer therapy.

Besides, chitosan that modified with hydroxybutyl groups also displays a
LCST-type phase transition at temperatures 21–26 °C, depending on molar mass
and degree of substitution. Chitosan is an attractive and easy obtaining biopolymer
since it is produced by alkaline N-deacetylation of chitin that is found in the
exoskeletons of shellfish and crustaceans. Hydroxybutyl chitosan (HBC) has shown
to have excellent biocompatibility and minimal cytotoxicity [17]. HBC has been
extensively utilized in medical field, such as post-operative treatment [17], tissue
engineering [18], and therapeutics delivery [19]. The thermoresponsiveness of this
chitosan derivative can be observed on the rheological properties of a 1 wt%
solution that features a sol–gel transition temperature around 20 °C. These
derivatives were used to construct 3D structures loaded with disk cells or mes-
enchymal stem cells that remained viable and proliferative for over 2 weeks without
the addition of exogenous growth factors [20]. The sol–gel transition of the
derivative was a fast process (within 60 s), implying the potential application for
cell delivery to treatment of degenerative disk disease and potentially in tissue
engineering.
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6.2.3 Other Biopolymers Regulated Assembly

The more common situation with naturally occurring polymers is that they feature
an upper critical solution temperature (UCST), above which the polymer is soluble
and gelling [21] or form bundle [16] on cooling. For instance, collagen-like pep-
tides (CLPs) [10, 22–25] or gum [26] adopt a random-coil conformation at high
temperature, and this is actually the way to solubilize them, and, on cooling, a
dehydrated triple-helix conformation forms via intermolecular hydrogen bonding,
like gelatin does. The recent studies have illustrated that single-stranded CLPs have
a strong propensity to bind native collagen via a strand invasion process. The high
propensity of CLPs for collagen permits detection of minute quantities of collagen
(e.g., 5 ng) with substantial promise for staining collagens in human tissues (e.g.,
skin, cornea, bone, and liver), especially those with high ECM turnover (e.g.,
prostate tumor xenografts, joints, and articular cartilage). Despite this widespread
use, the utilization of CLPs as domains in responsive nanoparticles has been
described in only a very limited number of reports. The most common applications
of CLPs are as physical cross-linkers to form hydrogels or as gating materials for
controlling drug release [27]. However, no application of UCST featuring
polysaccharides in cell delivery has been reported, probably because their solubi-
lization temperature is too high to be compatible with cell viability.

6.3 Synthetic Thermoresponsive Polymeric
Nanoassemblies and Their Bioapplications

Despite highly biodegradable and biocompatible in nature, the batch-to-batch
variability and broad molecular weight (MW) distributions of the natural polymers
make them less attractive than synthetic polymers that are more reproducible and
versatile. Since the earliest report of the thermal phase transition behavior of poly
(N-isopropylacrylamide) (PNIPAAm) in 1967 by Scarpa et al., the “smart” ther-
moresponsive synthetic polymers have been extensively exploited. To date, several
types of synthetic thermoresponsive polymers are developed. Some of the most
prospecting synthetic polymers are discussed in this section.

6.3.1 Poly(N-Substituted (Meth)Acrylamide)S Regulated
Assembly

Poly(N-substituted (meth)acrylamide)s are probably the most extensively studied
thermoresponsive polymers [28]. In particular, poly(N-isopropylacrylamide)
(PNIPAAm) with a sharp and easy tunable phase transition to near body temper-
ature has garnered significant attention. Just like everything has minutes,
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PNIPAAm possesses some inherent disadvantages, such as questionable biocom-
patibility, phase transition hysteresis, and a significant end group influence on
thermal behavior. However, the toxicity only appears in oligomers or attributed to
the residual monomer. The good thermosensitivity and independent of molecular
weight and concentration [1] make it still irreplaceable and a prominent candidate in
biomedical applications.

The phase transition temperature is determined by the balance between polymer–
polymer interactions and polymer–water interactions. Structural factors that
increase polymer–polymer attractive interactions decrease the transition tempera-
ture, while those that increase polymer–water attractive interactions increase the
transition temperature. The transition temperature for PNIPAAm is then affected by
the nature of the substitute groups [29]. Several copolymers of NIPAAm have been
investigated to tune its transition temperature. The incorporation of more polar or
ionic comonomers with NIPAAm causes the transition temperature of the resulting
copolymer to shift to higher temperatures, due to the increased solubility from the
polar groups. Inversely, the incorporation of less polar or hydrophobic monomers to
PNIPAAm causes the transition temperature to shift to lower temperatures. For
example, Hoffmann and Stayton groups modulated the phase transition of the
thermoresponsive polymers by local polarity change in the irradiated azobenzene
through the isomerization from trans-azobenzene to cis-azobenzene [30–32].
Besides, Katayama and coworkers reported that PNIPAAm-peptide containing the
substrate peptide unit raised its transition temperature from 36.7 to 40°C in response
to phosphorylation by activated protein kinase A (PKA) [33]. However, the same
group, in another work, reported that the peptide sequence had a significant
influence on phase transition temperature of the peptide–polymer conjugates [34].
For Peptide Ac-LRRASL-, which had an original net charge of +2 at physiological
pH, the transition temperature of the conjugate decreased on phosphorylation (net
charge became 0). In contrast, the transition temperatures of the conjugates with
Peptide-ALRRASLE and Peptide Ac-DWDALRRASL-, both of which had neutral
net charges, were greatly increased. This suggested that the transition temperature
of the polymer was mainly governed by two factors: the change in polymer scaffold
hydration and the phosphorylation resulted electrostatic repulsion among peptides.

It is noteworthy that copolymerization with monomers containing reactive
functional groups such as carboxyl can hazard the sensitivity of the PNIPAAm
copolymers [35]. The reason is that ionic moieties in the copolymers prevent intra-
or intermolecular aggregation of the polymer chain, probably due to the increase of
electrostatic repulsion or hydrophilicity [36]. Besides, the repeating isopropyl
amide groups are very important to show very sensitive phase transition by rapid
polymer aggregation over a narrow temperature range [37]. In a recent work,
Aoyagi et al. maintained both the reactivity and temperature sensitivity of the
polymer by an interesting molecular design [36]. In this work, a reactive monomer
2-carboxyisopropylacrylamide (CIPAAm) was copolymerized with NIPAAm. The
important characteristic of this copolymer was that it was composed of the same
polymer backbone and isopropylamide groups and some additional carboxyl
groups. The phase transition of the copolymer occurred in a very narrow
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temperature range that was similar as PNIPAAm homopolymer. When both func-
tional groups and thermosensitivity are needed, this molecular design concept is
very useful.

The switchable property of thermoresponsive PNIPAAm can be used as a basic
concept to manufacture attractive systems based on conformational/solubility
changes in response to external temperature variations, resulting in thermore-
sponsive assembly/disassembly. The morphologies and sizes of these nanostruc-
tured assemblies can be tuned by controlling copolymer architecture (e.g., linear,
branched, graft), co-monomer sequence (e.g., random, gradient, block), composi-
tion, interactions between constituent monomers, and overall copolymer molecular
weight. Similar to small-molecule surfactants, amphiphilic copolymers
self-assemble into a variety of nanostructures in which the hydrophobic domains
are shielded from the aqueous environment and the hydrophilic domains form a
hydrated corona. The aggregated morphology is dictated primarily by the interfacial
curvature within the aggregate and is a function of the packing parameter (p) de-
scribed in equation p = v/al, where v is the volume of the hydrophobic chain, a is
the optimal area of the hydrophilic head group, and l is the length of the
hydrophobic chain. A lower packing parameter (p ≤ 1/3) is indicative of high
interfacial curvature and leads to spherical micelles, while worms and vesicles are
observed as the packing parameter increases (1/3 < p < 1/2 and p ≤ 1/2, respec-
tively) (Fig. 6.3) [38].

Self-assembly of amphiphilic block copolymers can form a range of different
nano-structures such as spherical micelles, vesicles, and cylinders. Among them,
micellar and vesicle are the most designed structures. These structures form at a
concentration larger than CMC when the temperature is higher than the phase
transition temperature of the thermoresponsive polymer block. For example, Yang
and his coworkers reported the use of Poly(ethylene oxide)-block-poly
(N-isopropylacrylamide) to construct vesicle assemblies for drug delivery [39].
Besides, BAB triblock copolymers with a hydrophilic middle block flanked by two
hydrophobic blocks have been designed to self-assemble into “flowerlike micelles.”
In a typical study, Hennink et al. [40] proved pNIPAm16kDa-PEG4kDa-
pNIPAm16kDa can form “flowerlike micelles” by using static and dynamic light
scattering measurements in combination with NMR relaxation experiments.
However, these forms of assembly are labile under physiological environment.
More stable structures are shell cross-linked micelles and core cross-linked
micelles. For example, McCormick and coworkers have recently prepared hydro-
philic–hydrophilic block copolymers, poly(N-(3-aminopropyl)methacrylamide
hydro-chloride)-b-poly(N-isopropylacrylamide) (PAMPA-b-PNIPAM), and poly(2-
(di-methylamino)ethylmethacrylate)-b-poly(N-isopropylacrylamide)
PDMAEMA-b-PNIPAM) by reversible addition-fragmentation chain transfer
(RAFT) polymerization [41]. These water-soluble block copolymers could directly
form aggregates in water and that aggregate formation could be reversed by
changing the solution temperature with respect to the LCST of PNIPAM (32 °C or
higher, depending on the molecular weight of both blocks). The aggregates were
trapped and stabilized by ionic cross-linking of the hydrophilic PAMPA block
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through the addition of an oppositely charged polyelectrolyte that causes
inter-polyelectrolyte complexation.

At a macroscopic level, so-called shape-changing materials, in which the
material changes shape in the presence of stimulus and returns to its original shape
upon removal of the stimulus, and shape-memory materials, which can be formed
into a temporary shape but revert to an initial state upon the application of a specific
stimulus, have been of great interest for a number of years [42]. The chief strategy
used in designing these systems builds on a relatively simple model that relates
amphiphilic balance to assembly structure. When the aggregation was driven by a
non-covalent interaction, in thermoresponsive systems, aggregational rearrange-
ment and micelle-vesicle transitions can be easily induced by temperature variation
[43]. Thermally induced coil-globule transition of PNIPAM around its transition
temperature (32 °C) has been utilized to adjust the amphiphilic balance of the block
copolymers and the packing parameter p, leading to the morphology transition [44].
If the change in amphiphilic balance is drastic enough, this in turn leads to the
destabilization of the originally stable structures and results in the reorganization
and reassembly of the polymer aggregates into new thermodynamically favorable

Fig. 6.3 Various self-assembled structures formed by amphiphilic block copolymers in a
block-selective solvent. The type of structure formed is due to the inherent curvature of the
molecule, which can be estimated through calculation of its dimensionless packing parameter, p
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structures with parameters dictated by the new amphiphilic balance of the polymer
chains [45]. Grubbs and his coworkers reported first Poly(ethylene oxide)-
block-poly(N-isopropylacrylamide)-block-poly(isoprene) (PEO-PNIPA-PI)
copolymers that undergo a thermally induced reorganization in water from small
spherical micelles (*10–20 nm diameter) to much larger spherical vesicles
(* 200 nm in diameter), though the transformation from micelles to vesicles takes
approximately four weeks [46]. After cooling to 20 °C for about 48 h, the vesicles
returned to assemblies with much smaller sizes. Then O’Reilly et al. demonstrated
that diblock copolymer poly(tertbutylacrylate-b-N-isopropylacrylamide) realized
the similar transition at 65 °C, which was faster but one week was needed [47].
Both of the results were successful in realizing the transition, but still suffered from
the long duration for the transition and unsatisfactory reversibility. Replacing the
hydrophobic poly(tertbutylacrylate) block by poly(methyl acrylate) with a lower
transition temperature, O’Reilly’s group achieved even faster morphology transition
in about one day [48]. Recently, Grubbs et al. demonstrated that it was the strong
interchain hydrogen bonding between the amide groups of PNIPAM that slowed
down further rearrangement, resulting in a week-long transition [49]. This expla-
nation is not in consistent with the well-known fact that the conformation change of
PNIPAAm around its LCST (32 °C) takes place in seconds only [50]. Recently,
Chen and Jiang realized the fast and reversible micelle-vesicle transition by greatly
reducing the restriction to the mobility of the PNIPAAm chains imposed by the
solid micellar core (Fig. 6.4) [51]. In this study, an asymmetrically end-modified
PNIPAAm (C12-PNIPAM-CA) with a short hydrocarbon chain (C12) at one end and
carboxyl group (CA) at the other was designed. Laser light scattering
(LLS) measurement revealed that the transformation from micelles to vesicles can
be realized within 30 min, while the reverse process only takes a few minutes. They
proposed that when the temperature reaches LCST, the micelles as a whole serve as
building blocks in constructing the vesicles via processes of combination, fusion,
etc., in which only local conformation adjustment of PNIPAAm is involved.

The copolymer architecture is another important in determining the rate and
nature of the transitions that occur in thermoresponsive block copolymer assem-
blies. The most widely investigated systems have a linear architecture in which the
thermoresponsive block resides between a hydrophilic component and a
hydrophobic component, changing the order and connectivity of these components
changes the morphology of the assemblies. Besides, other architecture such as star
type can result in different assemblies upon temperature variation. It is worth to
known that developing a better understanding of the effects of both polymer
composition and structure on structural evolution in these systems will allow
optimization of response time for specific applications [42].

Except constructing delivery systems, thermoresponsive polymers can also be
utilized to fabricate artificial protein-mimicking assemblies. Nature is powerful at
building nanostructures with great complexities via precisely controlling
multi-stage self-assembly processes. This highly specific, hierarchical and coop-
erative chemistry enables the living systems to maintain themselves in a dynamic
equilibrium. In molecular biology, molecular chaperones are proteins that assist the
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non-covalent folding/unfolding or assembly/disassembly of other proteins.
Heat-shock proteins (Hsps), the most common kind of molecular chaperones, play
an effective role in promoting proper protein conformation, as well as inhibiting
unwanted protein aggregation, in response to elevated temperature or other stim-
ulus. Inspired by the native occurring chaperones, especially the GroEL/GroES
system, Shi and his coworkers developed a series of artificial chaperones based on
mixed-shell polymer micelles (MSPM) [52]. A microphase-separated surface
formed by the reversible PNIPAAm coil-globule transition through switching
temperature, preventing unwanted aggregation of model protein carbonic anhydrase
B and assisting the refolding of denatured proteins (93% in efficiency). The same
group, in another work, demonstrated that the use of the artificial chaperone to
maintain Aβ homeostasis by a combination of inhibiting Aβ fibrillation and facil-
itating Aβ aggregate clearance and simultaneously reducing Aβ-mediated neuro-
toxicity, serving as a suppressor of Alzheimer’s disease (Fig. 6.5) [53]. In this
work, the artificial chaperone was constructed through the co-assembly of block
copolymers poly(lactide-b-poly(ethyleneoxide) (PLA-b-PEG) and poly-(lactide)-
b-poly(N-isopropylacryamide) (PLA-b-PNIPAAm), in which the mixed-shell
polymer micelle shared PLA core and a homogeneously mixed PEG and
PNIPAAm shell. Upon raising the temperature up to the normal body temperature,
the PNIPAAm chains in the micellar shell spontaneously underwent a hydrophilic
to hydrophobic transition and collapse, forming hydrophobic domains on the PCL
core. These hydrophobic domains acted as anchors for interacting with hydrophobic
Aβ monomers or its intermediate oligomeric aggregates, while the hydrophilic and
stretched PEG chains could create a protective barrier layer to prevent excessive
amounts of Aβ adsorption and the aggregation. Further, the area of the PNIPAAm

Fig. 6.4 Schematic illustration of the thermally induced morphology transition
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domain can be precisely tuned by variation of the ratio of the two copolymers, thus
modulating the surface properties of the mixed-shell polymer micelles and control
the effect of artificial chaperone on the Aβ fibrillation progress. More interestingly,
the microphase separated surface have the advantageous property of long blood
circulation [53, 54].

Thermosensitive PNIPAAm can also be used to construct thermometers to
measure the thermal fluctuations in cellular processes. Since 2003, Uchiyama and
coworkers have developed a variety of fluorescent polymeric thermometers by
taking advantage of the effect that the quantum yields of polarity-sensitive
fluorescent dyes can be dramatically enhanced within hydrophobic microenviron-
ments when polymer chains are subjected to thermo-induced aggregate formation
[55]. In a typical example, they copolymerized NIPAAm with water-sensitive
fluorescent monomers, yielding a new highly hydrophilic PNIPAAm nanogel
material that exhibited temperature-dependent fluorescence [56]. Intracellular
thermometry tests using nanogel-implanted monkey kidney stem cells (COS7)
showed that the intracellular temperature variations associated with biological
processes can be monitored with a temperature resolution of better than 0.5 °C in
the range between 27 and 33 °C, which was independent of pH and the protein
environment. However, this nanogel-based thermometer could measure only the
average temperature of the whole cell, because the relatively large size (62 nm or
more in hydrodynamic diameter) and low hydrophilicity (aggregation was induced
at temperatures higher than 27 °C) of nanogel-thermometer hindered the dispersion
of this temperature probe throughout the cell. Recently, they developed a linear
fluorescent polymeric thermometer that could diffuse throughout the cell and
applied it to intracellular temperature mapping, where the fluorescence lifetime of

Fig. 6.5 Representation of the possible mechanism of interaction between MSPMs and Aβ
peptide on the kinetics of amyloid fibrillation process
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this thermometer was adopted as a temperature-dependent variable (Fig. 6.6) [57].
This polymers consisted a thermoresponsive unit, a fluorescent unit, and an anionic
hydrophilic unit to prevent the precipitation, and the temperature of difference cell
organelles is successfully measured.

6.3.2 Poly(Alkyloxide)S Regulated Assembly

Poly(alkyloxide)s are another type of extensively studied thermoresponsive poly-
mers because of their neutral, nontoxic, and nonimmunogenic character. Poly
(ethylene oxide) (PEO) [or Poly(ethylene glycol) (PEG)] and poly(propylene oxide)
(PPO) and their copolymers are well known for their temperature-responsive
behavior. Amphiphilic balance in structures is the leading driving force for this
temperature-responsive feature. PEG–b–PPO copolymers are of especial interest for
their reverse thermal gelation behavior, which arises from the effect of the
LCST-mediated transition on solution viscosity. Solutions of these polymers in
water exhibit a dramatic viscosity increase with temperature, forming semisolid gels
when heated above the LCST. A large variety of PEG and PPO block copolymers
known as Pluronics, Poloxamers, and Tetronics are commercially available.
Aqueous solutions of PEG–b–PPO–b–PEG (pluronics or poloxamers)

Fig. 6.6 Intracellular temperature mapping with a fluorescent polymeric thermometer. a Chemical
structure of the fluorescent polymeric thermometer. b, Functional diagram I an aqueous medium. c,
Confocal fluorescence images of FPT (green) and Mito Tracker Deep Red FM (Red upper and left
lower) and fluorescence lifetime image of FPT (right lower). Arrows, local heat production. N,
nucleus
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demonstrated phase transitions from sol to gel at 5–30 °C and gel to sol at 35–50 °C
with the temperature increasing monotonically over the polymer concentration
range of 20–30 wt% [58, 59]. As temperature increases, equilibrium shifted from
unimers to spherical micelles, leading to an increase in micelle volume fraction (φ).
When φ was larger than 0.53, the system becomes a gel by micelle packing [60].
The transition mechanism from gel-to-sol is related to the shrinkage of PEG corona
of the micelles because of temperature effects on PEG solubility and interaction of
PEG chains with the PPO hard core.

The sol-to-gel transition makes aqueous PEG–b–PPO–b–PEG an attractive
solution in drug, cells, or proteins delivery applications as an in situ gel-forming
device. The minimally invasive, in situ gelling injection system creates an advan-
tageous alternative to surgical procedure. However, the physical cross-linking
between micelles is so weak that the gel integrity of PEG–PPO–PEG does not last
more than several hours. To improve gel durability and biocompatibility, poly
(ethylene glycol–b–(DL-lactic acid–co–glycolic acid)–b–ethylene glycol) (PEG–b–
PLGA–b–PEG) triblock copolymers as a novel injectable depot system was
designed. PEG–b–PLGA–b–PEG is free-flowing sol at room temperature and
becomes a gel at body temperature. The sol-to-gel transition temperature of PEG–
b–PLGA–b–PEG triblock copolymers in aqueous solution could be controlled over
a temperature range of 15–45 °C by changing the molecular parameters of PEG–b–
PLGA–b–PEG triblock copolymers, such as PLGA length, PEG length and ratio of
DLLA to GA in the middle block. The more hydrophobic the polymer, the stronger
the shear stress required to make the gel flow. In situ gel formation was confirmed
by subcutaneous injection of PEG–b–PLGA–b–PEG triblock copolymer aqueous
solutions (33 wt%) into rats, and results showed that its integrity persisted for more
than one month. Owing to the triblock topology, the PEG–b–PLGA–b–PEG
polymers have limitations in terms of molecular weight and degradation profile to
show the sol-to-gel transition in an undesired range of * 10–30 °C. To solve this
issue, graft copolymers of PEG–g–PLGA and PLGA–g–PEG with sol-to-gel
transitions at * 30 °C were developed. PEG–g–PLGA copolymers have hydro-
philic backbones and form gels with short durability, whereas PLGA–g–PEG
copolymers have hydrophobic backbones and form much more durable gels. By
mixing the two copolymers, the durability of a gel can be controlled from one week
to three months.

Normally, PEG and PPO copolymers have consisted of linear high molecular
weight polymers or block copolymers. Recently, there has been a great deal of
interest in (co)polymers with short oligo(ethylene glycol) (OEG) side chains. The
transition temperature of this kind of thermoresponsive polymer can be tuned by the
size of the OEG segment and also by copolymerization with 2-(2-methoxyethoxy)
ethyl methacrylate (MEO2MA). OEG-based polymers with intermediate side chain
lengths generally exhibit cloud points in aqueous solution that are lower than high
molecular weight PEG due to the increase hydrophobicity of the hydrocarbon
polymer backbone. For instance, poly(2-(2-methoxyethoxy)ethylmethacrylate)
(PMEO2MA) and PMEO3MA have transition temperatures around 26 and 52 °C,
respectively. Poly(oligo(ethylene glycol) methacrylate)s (POEGMA) with longer
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side chains (4–9 ethylene oxide units) exhibit transitions in the range 60–90 °C.
A variety of thermoresponsive OEGMA-based polymers and their use in diverse
biologically relevant applications have recently been highlighted by Lutz [61]. The
thermal phase transition temperature of the copolymers can be fine-tuned by
varying ratios of MEO2MA and OEGMA. This precise control of transition tem-
perature allows for the synthesis of P(MEO2MA-co-OEGMA) brushes as described
in the thermoresponsive hybrid part.

There is a drawback of OEGMA-based polymers; that is, they display a
salting-out effect. Alexander and coworkers have demonstrated that the salt type
and concentration in the polymer solution had a major impact on supramolecular
organization. In non-saline-based buffers, this salting-out effect was not exhibited,
and the corresponding transition temperatures were similar to those observed in
aqueous solution. However, in the cell culture media, which contained a mixture of
salts along with various proteins, amino acids, and antibiotics, the transition tem-
peratures would decrease and hazard biological applications.

6.3.3 Polyphosphoester-Based Thermoresponsive Polymers
Regulated Assembly

Polyphosphoesters (PPE)-based thermoresponsive polymers are biodegradable
materials that emerge as a promising class of novel biomaterials [62, 63].
Polyphosphoesters-based thermoresponsive polymers are polymerized via
organocatalyzed ring-opening polymerization of cyclic phosphoester monomers.
The transition temperatures of the copolymers can be tuned by varying the
copolymer composition. PPEs are able to undergo hydrolytic degradation by acid/
base or enzymatic catalyzed routes, in which the degradation rate of can be regu-
lated by controlling the chemical structure of the backbone and pendant groups.
Thermoresponsive and biodegradable polymer nanoparticles were prepared and
utilized in a myriad of biomedical applications such as drug, gene, and protein
carriers.

6.3.4 Other Thermoresponsive Synthetic Polymers
Regulated Assembly

A wide variety of other classes of polymers with LCST-type behavior has been
reported. For example, water-soluble poly(N-vinylalkylamide)-based polymers
show dramatic thermoresponsive properties. Akashi et al. synthesized a series of
poly(N-vinylalkylamide) derivatives having different alkyl side chain lengths.
These polymers have amide side chains with the nitrogen bonded directly to the
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polymer backbone. Poly(N-vinylisobutyramide) (PNVIBA), a structural isomer
PNIPAAm, exhibits a sharp thermal transition at 39 °C, and the cloud point is
strongly dependent on the polymer and salt concentration in solution. Although it
can be argued the hydrophilic–hydrophobic balance is the same as PNIPAAm, the
transition temperature of PNVIBA is higher, which may be attributed to the
microstructure of the hydrated polymer.

Poly(methyl vinyl ether) (PMVE) has a transition temperature exactly at 37 °C,
which makes it very interesting for biomedical application. The polymer exhibits a
typical type III demixing behavior, which is in contrast to the thermal behavior of
PNIPAAm.

Poly(N-ethyl oxazoline)s have a transition temperature around 62 °C, which is
too high for any drug delivery application. However, we recently prepared a double
thermoresponsive system by graft polymerization of EtOx onto a modified
PNIPAAm backbone. Currently, these systems are explored for their potential in
drug delivery, because they tend to form micelle aggregates above the LCST.
Unfortunately, the poly(oxazoline) chemistry has the disadvantage that it is not very
tolerant against unprotected functionalities.

6.4 Self-assembled Thermoresponsive Hybrid Materials
for Tumor Imaging and Therapy

Some of the smart nanosystems presented here are not only composed of ther-
moresponsive units, but also of other building blocks that have a structural function
and contribute to the smartness of the system acting as triggers or labels. By far, a
variety of smart hybrid materials have been established and applied in a wide range
of areas including bioseparations, diagnostics and biosensing, drug/siRNA delivery,
enzymatic activity modulation, cell culture processes, and CTC capturing.

6.4.1 Biohybrid Copolymers Regulated Assembly

In 1970s, Ringsdorf proposed the concept of polymer–biomacromolecule conju-
gates to narrow the gap between polymer chemistry and biology. The benefits of
attaching synthetic polymers to proteins are multifold, as it renders the biological
component with responsive nature, which may allow fine tuning of the solubility,
stability, and/or even bioactivity of the biomacromolecules under control of envi-
ronmental temperature variation.

Increasing focus on protein therapeutics has led to a rapid growth in research
aimed at preparing polymer–protein conjugates. Hoffman and his coworkers carried
out pioneering work in the early development of thermoresponsive polymer–protein
conjugates in 1980s. They first reported bioseparation of certain proteins from

6 Thermoresponsive Polymeric Assemblies … 171



blood serum using a “monomer conjugation plus copolymerization” strategy. After
then, they further developed the thermally induced phase separation immunoassay
by conjugating poly(N-isopropylacrylamide) (PNIPAAm) to monoclonal antibody
(mAb). Thermosensitive PNIPAAm underwent a sharp reversible coil-globule
phase transition in water at temperature above/below its LCST (*32 °C), being
hydrophobic above this temperature and hydrophilic below it. Thus, the
PNIPAAm-mAb conjugates enabled the partition and separation of target antigens
in water on the basis of solubility. Since then, a myriad of works are performed to
conjugate thermoresponsive polymers to proteins [64, 65], peptides [37], DNAs
[66], and polysaccharides [67] for the bioapplications in drug/protein delivery,
bioseparation, enzyme activity manipulation, control of protein binding, diagnos-
tics, and tissue engineering.

Except for bioseparation and controlling the activity of bioactive biological
components upon the aggregation and disaggregation of the biohybrid materials,
constructing drug/protein delivery systems is another important application.
Recently, Thordarson group demonstrated the use of thermoresponsive fluorescent
protein-polymer bioconjugates to prepare polymersomes for capturing of and
reporting on drug and protein payloads (Fig. 6.7) [68]. A free cysteine residue at
position 119 was designed on the protein, and then bioconjugated to the
maleimide-terminated PNIPAAm through a grafting to method. The PNIPAAm
underwent hydrophilic to hydrophobic phase transition upon heating above 36.5 °C
(its LCST), which triggered the aggregation of the biohybrid and formed poly-
mersomes. The as-formed polymersomes spatial controlled the encapsulation of
DOX and light-harvesting PE545 protein. Besides, the fluorescence property of the
protein allowed a combination of fluorescence lifetime imaging microscopy (FLIM)
and Forster resonance energy transfer (FRET; FLIM-FRET) which precisely reveals
the location of the encapsulate within the polymersomes.

Biological clues are significant importance in regulating a variety of important
processes in living objectives, such as enzymes regulating ligation and degradation
of their substrates, glutathione (GSH)-maintaining cellular reduction environment.
Using biological triggers to control the LCST-switch and subsequent aggregation is
very promising in biomedical applications, such as detecting enzyme activity and
monitoring disease progression. Substrate peptide of protein kinase A (PKA) with
different structures was conjugated with PNIPAAm by Katayama et al. [34]. PKA is
a cAMP-dependent protein kinase, and which sustained activation is related to
various diseases such as melanoma and colon cancer. The conjugates containing
PNIPAAm and the PKA substrate peptide motifs showed an increase in their LCST
from 38 °C to 46.5 °C in response to phosphorylation by activated PKA. At
temperatures above their LCSTs, the conjugates formed micellar structures. The
poly(ethylene glycol) was used as the outer shell and PNIPAAm with
N-methacryloyl bearing substrate peptide sequence was designed as inner core.
An LCST switch of the inner core moiety under the control of PKA signal sug-
gested that encapsulation of drugs into this micelle might result in a smart drug
delivery system that communicated with an intracellular signal. Recently, our group
reported an endogenous stimuli-induced-aggregation (eSIA) approach to construct
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functional nanoaggregates for in situ sensing and monitoring cellular physiological
process (Fig. 6.8) [69]. In this research, we designed a series of thermosensitive
polymer–peptide conjugates (PPCs), which were composed of three moieties, i.e., a
thermoresponsive polymer backbone, a grafted responsive peptide and a
signal-molecule label. The PPCs were initially polymer coil at physiological tem-
perature, whereas formed fluorescent nanoaggregates under a specific intracellular
stimulus. The as-formed fluorescent nanoaggregates exhibited long-term retention
effect in cells, which enabled specific-identification and quantification of endoge-
nous factors. This general approach is promising for high-performance in situ
sensing and dynamic monitoring of disease progression in living subjects.

Another fascinating application of the thermoresponsive biohybrid is to fabricate
artificial antibodies [70] or vaccines [71]. Antibody-targeted polymeric nanoparti-
cles (immunoparticles, approximately 320 nm in diameter) were prepared by

Fig. 6.7 Fluorescence lifetime imaging microscopy (FLIM) images of PNIPAM-b-amilFP497
polymersomes formed at 408 C with encapsulated doxorubicin (DOX, top row), phycoerythrin
545 (PE545, middle row), and a co-encapsulated mixture of DOX and PE545 (bottom row).
Images in columns A, B, C, and the overlay in E (B + C) were obtained using 405 nm excitation,
whereas images in columnD were obtained using 532 nm excitation. The relevant lifetime color
scales (in nanoseconds) are shown under columns B–D, while for the images in column E, the
color scale is shown to the left of these images. a Grayscale fluorescence image of 485/32 nm
(32 nm bandpass filter centered at 485 nm) and 617/73 nm (73 nm bandpass filter centered at
617 nm) channels overlaid (total emission). b 485/32 nm channel corresponding to amilFP497
emission with a lifetime colormap from 0 to 2.5 ns. c 617/73 nm channel corresponding to the
FRET-based acceptor emission with a colormap from 0.7 (similar to PE545) to 1.0 ns (similar to
DOX). d 617/73 nm channel corresponding to acceptor emission using 532 nm excitation with a
colormap from 0.7 (similar to PE545) to 0.9 ns (similar to DOX). E) Overlay of B + C; the
amilFP497 emission in the 485/32 nm channel and the FRET acceptor emission in the 617/73 nm
channel (false red). Detailed lifetime analysis (Tables S2–S7) and phasor analysis of this data is in
the supporting information. The scale bar represents 2 mm
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Goodall et al. [70]. through self-assembly driven of the thermoresponsive polymer
that covalently attached with an EGFR-targeting scFv antibody fragment. The
binding property of the scFv to recombinant EGFR and to native EGFR on
MDAMB468 cells was determined using surface plasmon resonance (SPR) and
flow cytometry, respectively. The thermoresponsive polymer did not compromise
the binding affinity of the scFv to EGFR. Additionally, the immunoparticle was
further stabilized by cross-linking the scFv with glutaraldehyde, which did not
impact the binding affinity to EGFR. The thermally controlled self-assembly of
immunoparticles from antibody-conjugated polymers provided a novel strategy to
fabricate targeted nanoparticles. This methodology further provides a rapid and
versatile way to construct immunoparticles with theranostic capability by

Fig. 6.8 a Schematic representation of stimuli-instructed construction of controllable nanoag-
gregates for monitoring tumor therapy response. b, LCST profiles before and after the treatment of
stimuli. c Visualization and identification of nanoaggregates formation in cells. Enhanced uptake
d and retention e after nanoaggregates formation
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combining different antibodies with different thermosensitive polymers. In another
case, Lynn and coworkers attached protein antigens to PNIPAAm scaffolds and
co-assembled with polymer–TLR-7/8a to form mate materials with different
physicochemical properties [71]. They systematically evaluated how different
physicochemical properties of the hybrid materials influenced the location, mag-
nitude, and duration of innate immune activation in vivo (Fig. 6.9). Experimental
results showed that particle formation was the most important factor for restricting
adjuvant distribution and prolonging activity in draining lymph nodes. Besides, the
particulate structures improved the pharmacokinetic profile by reducing morbidity
and enhancing vaccine immunogenicity that induced antibodies and T cell
immunity.

Harnessing responsive nature of the thermosensitive polymers to regulate
membrane receptor oligomerization is a new direction for their applications [37].
Receptor clustering on cell membranes controls lots of cellular activity, such as cell
apoptosis, proliferation, and tumorigenesis. We recently reported a thermocon-
trolled strategy for realizing in situ conformational transition of polymer–peptide
conjugates at cell surfaces to manipulate and monitor HER2 receptor clustering,
which finally resulted in effective breast cancer cell proliferation inhibition
(Fig. 6.10). In this study, functional paring motifs (bis(pyrene) conjugated
HER2-targeting peptides) were covalently linked to a PNIPAAm polymer to
incorporate temperature control manner to HER2 targeting peptide. At 40 °C, a
temperature above the LCST, PNIPAAm polymers drive the assembly and act as a
“shield” to block the aggregation of HBP. Upon cooling down to 35 °C, polymers
hydrated, extended, and exposed HBP to water, then the bis(pyrene)s aggregated
and dragged HER2 receptors to oligomerize. Bis(pyrene) exhibited
aggregation-induced fluorescence (AIE) feature, allowing in situ monitoring

Fig. 6.9 Polymeric adjuvants are synthesized by conjugating a small-molecule TLR-7/8 agonist
(TLR-7/8a) to a hydrophilic polymer backbone. At higher conjugation densities, the hydropho-
bicity of the agonist causes self-aggregation of the polymers and the formation of submicron-sized
particles. These particles, which better traffic to the lymph node and more effectively activate
APCs in comparison to non-aggregated polymer chains, stimulate a type 1 interferon
(IFN) response and promote a robust adaptive immune response to model antigens
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receptor clustering. Ultimately, HER2 receptor clustering leads to cytoplasmic
domain phosphorylation, which further result in high-performance inhibition of
cancer cell proliferation. Noticeably, this is the first example of thermocontrolling
assembly/disassembly of cell surface receptors by using thermosensitive
polymer-peptides under physiological conditions to regulate biological processes.
We conjecture that this convenient approach has the potential to be applied for
molecule-targeted tumor therapy.

6.4.2 Organic/Inorganic Hybrid Materials Regulated
Assembly

Organic/inorganic hybrid materials can serve and surpass their parent materials,
making them hold a myriad of attractive bioapplications, such as biosensing,
bioimaging, photothermal therapy (PTT), and drug delivery. Gold nanoparticles

Fig. 6.10 a Schematic representation of thermocontrol over HBP aggregates on cell surfaces for
manipulating and monitoring HER2 receptor clustering. b SEM and confocal images to visualize
PBP1 structural transition on SK-BR-3 cell surfaces. Yellow arrows, irregular protrusions; red
arrows, collapsed state of PBP1 at 40 °C (> LCST). Scale bar: 5 μm (left lane) and 1 μm (right
lane). c Western blot analysis of HER2 phosphorylation induced by HBP aggregation at 40 °C
(> LCST) and 35 °C (< LCST). d Histogram shows significant decrease of EdU-labeled cells in
the PBP1 treated SK-BR-3 cells at 35 °C (<LCST) and temperature change alone had no effect on
cells
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(AuNPs), gold nanorods (AuRds), and many other inorganic nanoparticles exhibit
strong size-dependent absorbance and scattering in the visible to near-infrared
region, which is caused by localized surface plasmon resonance (SPR). Generally,
the plasmonic peaks of 10–100 nm-sized AuNPs are approximately 520–540 nm,
which fall outside the tissue transparency window (650–1000 nm) and hinder their
biomedical imaging and therapy applications. Toward this issue, several strategies
are developed to regulate the assembly of AuNPs, which can induce the near field
coupling of surface plasmons between adjacent particles and result in redshift of the
plasmonic peaks in a variety of degrees. Of particular interest is the reversible
assembly of the plasmonic particles, which is expected to enable dynamic tuning of
the surface plasmon coupling in response to the external stimuli, and therefore
produce active optical materials. The reversible property of the thermoresponsive
polymers in regulating assembly makes them the most suitable materials to do this
work.

The optical signals of assembled AuNPs/AuRds are known to be influenced by
the dimensions of the assembled structures, distances, and cluster sizes between the
nanoparticles. Besides, there are three forces, i.e., van der Waals attraction, elec-
trostatic repulsion, and short-range repulsion in controlling AuNPs assembly in the
thermosensitive polymer-AuNPs systems. Considering this, Liu et al. [72]. suc-
ceeded in thermocontrolling the assembly and disassembly of bis
(p-sulfonatophenyl)-phenylphosphine (BSPP)-coated AuNPs through manipulation
of electrostatic interactions of the particles by temperature variation, which also
further dynamically and reversibly tuned the optical properties of the AuNPs.
Besides, Meyerbroker and coworkers reported temperature-dependent changes in
optical signals of AuNPs that adsorbed on a ultrathin poly(ethylene glycols)
hydrogel film by using its swelling/deswelling properties [73]. Meanwhile, several
other studies have attempted to acquire thermoreversible changes in the optical
signals of AuNPs by using thermoresponsive materials. However, the optical
bandwidths that were regulated by temperature variation have been too narrow
(mostly 30–50 nm), lowering the detection sensitivities of this systems. In a recent
work, reported by Lim et al. [74] spherical AuNPs (15–51 nm in diameter, dis-
playing an extinction peak wavelengths of 520–530 nm) were assembled on ther-
moresponsive nanogels. The assembly structures of the AuNPs in the hybrid
colloids were reversibly manipulated from temperature-dependent swelling/
shrinking behaviors of the nanogels. Large AuNPs that introduced on the nano-
gel resulted in the largest red shift of the optical signal to near-infrared region
(*900 nm). Also, in another work, Ding et al. [50] showed that 60 nm AuNPs had
a largest 200 nm redshift in extinction peaks, while the 100 nm particles displayed
a slightly blueshift. This was associated with increased electrostatic repulsion. They
further investigated the effect of PNIPAAm concentration, heating time on the final
cluster sizes. Results showed that a middle concentration of 20 μM PNIPAAm
resulted in the largest peak redshift; while, excess PNIPAAm can increase the
coating thickness, which spaced the AuNPs cores further apart and decreased the
maximum redshift. The plasmon resonance peak redshifted with heating time last,
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yet small blueshifted at the longest times due to the rearrangement of AuNP clusters
from nonsphererial aggregates into more compact arrangements.

For biological applications, the phase transition temperatures of the ther-
mosensitive hybrid materials should be fine-tuned. Normally, the transition tem-
perature of the hybrids is determined by the curvature of the inorganic particle,
polymer composition, the polymer coating density, and the polymer chain length.
Gibson group reported that small gold nanoparticles (<50 nm) that bearing a
thermosensitive polymer corona display a strong size dependence on their transition
temperatures. Larger particle had lower phase transition temperature. The under-
lying mechanism of this cloud point depression is probably based on the particle
curvature differences, which influences the polymer packing density. As nanopar-
ticle size increases, the curvature decreases leading to an increase in the crowding
of polymer chains, assuming equal surface coverage. This crowding will increase
the polymer–polymer interactions and thus decrease the LCST in a similar manner
to increasing the solution concentration [75]. The same group, in another work, [76]
demonstrated the thermoresponsive properties of the binary mixtures of
PPEGMA-coated gold nanoparticles could be tuned by varying the mass fraction of
the constituent particles. Based on this discovery, they further explored the feasi-
bility of the cooperative temperature-induced aggregation behavior of suitable pairs
of thermoresponsive polymers to direct the self-assembly of gold nanoparticles onto
solid substrates. Besides, they also reported an extensive investigation into the use
of blending (i.e., mixing) as a powerful tool to modulate the transition temperature
of poly(N-isopropylacrylamide) (PNIPAM)-coated gold nanoparticles [77]. By
simply mixing two nanoparticles of different compositions, precise control over the
transition temperature can be imposed. Cooperative aggregation of differently sized
nanoparticles (with different cloud points) was achieved.

6.5 Concluding Remarks and Outlook

This chapter focused on the thermoresponsive material-regulated assemblies from
the viewpoints of their molecular design, self-assembly mechanism, formed
structures, and biofunctions. We reviewed a variety of thermoresponsive polymeric
assemblies, including naturally occurring thermoresponsive polymeric assemblies,
synthetic thermoresponsive assemblies, and hybrid-type thermoresponsive assem-
blies. Their biomedical applications were also demonstrated. Fabricating ther-
moresponsive assemblies in vitro for in vivo applications was the main trend in this
field. However, in vivo assembly using thermoresponsive materials had sprouted in
our group recently. Constructing self-assemblies in vivo can better mimic biological
processes, compete or even surpass nature’s performance. The development of
“in vivo assembly” thermoresponsive materials needs considering the polymers’
phase transition temperature and sensitive temperature responsiveness. All these
parameters are encoded in the molecular level.
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Chapter 7
Self-assembled Nanomaterials
for Autophagy Detection and Enhanced
Cancer Therapy Through Modulating
Autophagy

Yao-Xin Lin, Yi Wang and Hao Wang

Abstract Autophagy is a highly conserved cellular metabolism process and has
become a diagnostic and therapeutic target for some diseases. In recent years, the
applications of excellent self-assembled nanosystems in autophagy detection and
modulation increase rapidly and provide promising approaches for disease diag-
nostics and therapeutics. Here, we review the recent advances in self-assembled
nanomaterials for autophagy detection and autophagy-mediated cancer therapy.
Meanwhile, the nanoprobe based on “in vivo self-assembly” strategy is highlighted.
The “in vivo self-assembly” endows nanoprobes with higher accumulation, longer
and better signal stability for in vivo bioimaging. Next, we will introduce the
progress of self-assembled nanomaterials as autophagy modulators or drug carriers
for enhanced cancer therapy through autophagy modulation.
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7.1 Introduction

Autophagy is a highly conserved cellular metabolism process whereby damaged
organelles and misfolded proteins are degraded using double-membraned
autophagosomes [1]. Three main types of autophagy are described, i.e.,
chaperone-mediated autophagy, micro-autophagy, and macro-autophagy. In this
chapter, the term “autophagy” refers to macro-autophagy, which is the best
understood of these. During the autophagy process, long-lived proteins and dam-
aged organelles are first captured by double-bilayer membranes to form the
autophagosome and then are degraded upon fusion with lysosome [1–3]. So,
autophagy is a dynamic process, which includes the initial formation, elongation,
and maturation of autophagosome, and finally fusion with lysosome to degrade by
lysosomal enzymes (Fig. 7.1). Autophagic degradation process maintains cellular
homoeostasis and promotes survival in almost cell because intracellular compo-
nents are recycled and serve as an alternative source of energy [4]. Moreover, this
fundamental degradation mechanism is more important to the cells that are under
pathophysiological conditions, including starvation (e.g., growth factor/nutrient
deprivation), oxidative stress, aging, infection [5, 6]. Additionally, the dysfunction
of autophagy has close correlations with various human diseases [7, 8] such as
neurodegenerative, autoimmune, infectious diseases [9], cancer [10–12], aging
[13]. Therefore, autophagy has been an important diagnostic and therapeutic target
for various diseases [14].

Fig. 7.1 Schematic illustration of autophagic process
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Nanomaterials that have diameter between 10 and 200 nm of at least one
dimension are widely used in biological imaging and drug delivery field [15–17]
due to their excellent physical and chemical characteristics, such as controlled size,
large surface area-to-volume ratio, facile surface modification, and good biocom-
patibility. Compared to simple molecular probes, the nanomaterials-based probes
have unique optical, electronic, acoustic, magnetic, and chemical properties [16].
Additionally, nanostructure-based drug system incorporates specific features, such
as long circulation and reduced toxicity, and could selectively permeate and
accumulate in solid tumors via the well-known enhanced permeability and retention
(EPR) effect due to its nanoscale size. Meanwhile, the nanomaterials can be
functionalized with multiple groups, such as specific cell targets for active targeting,
biocompatible surface coatings for modulating pharmacokinetics and improving
bio-distribution, and co-delivering imaging and therapeutic agents for disease
theranostics. Besides, some nanomaterials have closely correctively with the
autophagy, and meanwhile, autophagy shows strongly positive outcome for cancer
therapies. Therefore, studying engineered nanomaterials for autophagy-mediated
cancer theranostics is an emerging field of tumor research.

In this review, we aim to present a discussion on the self-assembled nanoma-
terials for autophagy detection and enhanced cancer therapy through modulating
autophagy. Firstly, we introduce recent advancements in the development of
nanostructure-based probes for autophagy detection. We here summarize the
structures and imaging mechanisms of these nanoprobes and briefly discuss their
potential applications in autophagy-mediated diseases. In addition, we will high-
light the use of the “in vivo self-assembly” strategy for real-time and quantitative
monitoring autophagy in vivo. Secondly, we focus on recent examples of
self-assembled nanomaterials for autophagy-mediated cancer therapy.

7.2 Self-assembled Nanostructure-Based Probes
for Autophagy Detection

Nowadays, several approaches are utilized to evaluate autophagy, e.g., transmission
electron microscopy (TEM), Western blot, immunofluorescence of LC3 [18]. TEM
could be used for detection of autophagy by morphological analysis of autophagic
structures and has been widely recognized as a gold standard for autophagy
detection, but it needs several days for sampling artifact and it cannot be applied to
living specimen for the real-time monitoring of studies. GFP-LC3/Atg8, a fusion of
the autophagosome marker LC3 (microtubule-associated protein 1 light chain 3)
and GFP (green fluorescent protein), is widely used as a reliable probe for detection
of autophagy, but with limitations such as time-consuming on probe construction,
large transfected protein may have negative influence on the physiological status of
the cells and unable to long-time monitor because the GFP fluorescence in
autolysosome is attenuated due to the degradation and quenching in the acidic
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environment. Besides, it does not distinguish between “autophagy active” and
“autophagy inactive” states. Western blot on LC3 protein is a semiquantitative
method to evaluate autophagy, but there is an issue with the limited dynamic range
of LC3 blots and it cannot be applied to living cells, either.

7.2.1 Ex Situ Self-assembled Nanoprobes

Environment-triggered nanomaterials that are highly responsive to the polarity [19],
temperature [20], pH [21, 22], and enzyme of the microenvironment [23–26] have
been widely used in biological imaging [27, 28] and drug delivery fields [29, 30].
Among them, the self-assembled nanoprobes with “turn-on” signals for tumor
diagnostics under specifically physiological or pathological environments are
booming and grabbing a great deal of attention. ATG4B is one of the most
important and indispensable autophagy-related cysteine proteases [31, 32] and
thereby has been utilized to act as a potential autophagic biomarker [33–36]. Based
on these facts, some molecular and nanoprobes for ATG4B detection were devel-
oped. For example, Choi et al. described a peptide-conjugated polymeric
nanoparticle [33] which was used for real-time visualization ATG4 activity in living
cells. In this study, the peptide (STFGFSGKRRRRRRRRR) that was highly sen-
sitive to the ATG4B was used as a switch of the nanoprobes, and the fluorescent
dye FITC and the quencher BHQ1 were acted as signal units modified on the
peptide to form FITC-peptide-conjugated complex, which ultimately
self-assembled into stable nanoparticles (TFG-HGC) with “turn-off” signals due to
fluorescence resonance energy transfer (FRET) effect. Once upon incubation with
ATG4B, it would switch on the enhanced fluorescence. Meanwhile, a
lysosome-staining dye (Lycolite Red) was captured into the hydrophobic core of the
nanoparticles, which acted another signal motif to distinguish the ATG4B enzy-
matic reaction from nonspecific lysosomal degradation (Fig. 7.2). The cellular
experimental results demonstrated that there were “turn-on” signals in
autophagy-induced cells (“autophagy active”), not autophagy-inhibited cells (“au-
tophagy inactive”). Moreover, this nanoprobe could be used for real-time moni-
toring ATG4B activity in living cells and offered quantitative results.

7.2.2 In Situ Constructed Nanoprobe Based on “In Vivo
Self-assembly” Strategy

Many concerns about the signal stability, long-time imaging, and safety of
nanoprobes should be assessed [16, 37] before the clinical applications. Therefore,
an “in vivo self-assembly” strategy was described by Wang group [38], i.e., in situ
controllable construction of functional nanostructures from molecules or
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nanoparticles in biological/pathological environment for desired targeting, accu-
mulation, retention. Based on this concept, they prepared a series of responsive
molecules/nanoparticles that could simultaneously self-assemble into nanostruc-
tures in targeting site for in vivo biomedical imaging and tumor treatment [38–43].
Among them, a “molecule-like” responsive nanoprobe that could in situ
self-assemble into new nanostructures in living cells with “turn-on” signal was
prepared for autophagy detection [43]. The nanoprobe consisted of three modular
functional motifs, i.e., a peptide (GTFGFSGKG) that was responsive to Atg4B as a
responsive unit, a bis(pyrene) derivative (BP) with aggregation-induced emission
(AIE) characteristic as signal molecule, and a bulky hydrophilic dendrimer
(PAMAM) as a carrier which increased the hydrophilic of probes and ensured
monomeric signal molecule in saline/normal physiological environment. Therefore,
the probe maintained the quenched fluorescence in water solution, but it would emit
enhanced fluorescence upon Atg4B incubation, and its enhanced fluorescence
intensity (525 nm) was correlated with Atg4B concentration in a linear manner.

Fig. 7.2 Schematic representation of preparation and autophagy-imaging mechanism of the
peptide-conjugated polymeric nanoparticle
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Meanwhile, transmission electron microscopy (TEM) images showed the nanop-
robes finally self-assembled into fiber-like nanostructures after Atg4B incubation.
The results of living cells images demonstrated that this nanoprobe was success-
fully utilized for real-time monitoring autophagy. However, the optical properties of
the probes in the visible range of the spectrum limited its application in highly
living organisms. To solve this problem, a photoacoustic (PA) nanoprobe based on
“in vivo self-assembly” strategy for real-time and quantitative detection of autop-
hagy in mice was developed [44]. Photoacoustic (PA) tomography was a nonin-
vasive bioimaging technique and be widely used for in vivo disease diagnosis [45–
47]. Using the photoacoustic nanoprobe, the real-time imaging data of autophagy of
tumors was obtained; therein, it was employed for enhancing the efficacy of
autophagy-mediated chemotherapy and minimized the toxicity through regulation
of autophagy during chemotherapy (Fig. 7.3). Above all, “in vivo self-assembly”
strategy showed rapid, real-time properties, without tedious sample preparation, and
was thus believed to be an efficient way to determine autophagy in vitro and
in vivo.

Fig. 7.3 Schematic illustration of nanoprobe based on “in vivo self-assembly” strategy for
real-time and quantitative detection of autophagy
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7.3 Self-assembled Nanomaterials Modulate Autophagy
in Cancer Therapy

7.3.1 Role of Autophagy in Cancer and Cancer Therapy

In tumor cells, autophagy is complex and plays a dual role in different tumor cells
and different stages of tumorigenesis [11, 12, 48]. On the one hand, autophagy is a
tumor-suppression mechanism for inhibiting tumor cell growth. For example, the
autophagy gene Beclin-1 (BECN1, ATG 6 gene in yeast) [49, 50] is an important
and essential part of type III phosphatidylinositol 3-kinase (PI3K) complex, which
regulates autophagosome formation, but it is monoallelically lost in human breast,
ovarian cancer, etc. Increasing evidence has indicated that BECN1 can be as a
tumor suppressor in the early stages of tumorigenesis. In addition, excessive and
prolonged autophagy will promote apoptosis and lead to cell death, which is known
as autophagic cell death or programmed cell death type II [51, 52]. On the other
hand, autophagy serves as a pro-survival process for clearing proteins and orga-
nelles. In comparison with normal cells, the cancer cells also rely on autophagic
degradation process. In some stress stimuli, such as nutrient deprivation hypoxia
and ROS generation, cancer cells would upregulate autophagy in order for them to
resist these stresses [4]. During chemo-, radio-photodynamic-therapeutic treat-
ments, autophagy is induced and acts as a protective mechanism of cancer cells for
them to survive [53].

Taken together, autophagy functions both as a pro-survival mechanism that
helps tumor cells resist death and metabolic stresses triggered by therapeutic agents
and as a tumor suppressor that promotes tumor cells death (Fig. 7.4). Therefore, we
need to confirm the autophagic affects in tumor development, progression, and
treatment, as to use this information to correctly modulate autophagy and enhance
cancer therapy.

Fig. 7.4 Dual roles of autophagy in cancer cells
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7.3.2 The Chemical Agents for Autophagy Induction
or Inhibition

Nowadays, there are two types of agents for autophagy modulation [54], i.e.,
autophagy inducers and autophagy inhibitors (Fig. 7.5). In mammalian cells, the
mTOR signaling pathway [55] regulates cell growth and proliferation, protein
synthesis and degradation, etc. Some upstream signals [56], such as growth factors,
amino acids, and glucose, are integrated by mTOR. Thus, the inhibition of mTOR
complex1 (mTORC1) that results from mTOR inhibitors induces autophagy
through acting on ULK1 (ATG1, autophagic gene) complex. For example, rapa-
mycin and its analogs (i.e., everolimus (RAD-001)) are mTOR inhibitors and could
stimulate autophagy activation. Additional, some anticancer agents could also
induce autophagy. For example, tamoxifen, a nonsteroidal estrogen receptor
(ER) antagonist, has been widely used as a chemotherapeutic agent against breast
cancer, but could induce cell death by an autophagic mechanism.

Autophagy inhibitors can be broadly classified as early-stage versus late-stage
inhibitors of the pathway. Early-stage inhibitors consist of 3-methyladenine
(3-MA), wortmannin, and so on, while late-stage inhibitors include chloroquine
(CQ) or hydroxychloroquine (HCQ), and bafilomycin A1. CQ or HCQ is lysosome
drugs that upregulate the acid environment of lysosome resulting in damage of

Fig. 7.5 Chemical agents for modulation of autophagy
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autophagic degradation. Bafilomycin A1 is an ATPase inhibitor that prevents fusion
of autophagosomes with the lysosomes. In addition, many other specific inhibitors
of the autophagic machinery (e.g., siRNA of Atg gene, PIK3 inhibitors, etc.) show
potential use in autophagy regulation.

7.3.3 Self-assembled Nanomaterials Modulate Autophagy
in Cancer Therapy

Given the paradoxical role of autophagy in cancer and cancer therapy, it is not
surprising that modulation of autophagy to promote tumor cell death would be
beneficial method for improving therapy. However, the most of
autophagy-modulating drugs, such as rapamycin and bafilomycin A1, are
hydrophobic so that hardly to be directly used in clinical application. Recent pro-
gress in self-assembled nanomaterials has deeply impacted the field of drug
delivery. On the one hand, physicochemical characters of nanostructures, including
small size, high loading capacity, and reversible character, are major assets to the
delivery of chemotherapeutics and/or biologics to solid tumors. On the other hand,
nanomaterials are not only capable of delivering multiple and highly concentrated
therapeutic payloads, but also simultaneously release them in the
micro-environment of tumor. In addition, some biomolecules are used to modify the
surface of the self-assembled nanostructures that are of high interest to confer them
on good biocompatibility and long circulation. Currently, the most widely used
nanocarrier systems are liposome, micelle, polymeric nanoparticles (Fig. 7.6). All
these nanocarriers composed of biomolecules, which could enhance the drugs water
solution, reduce systemic side effects, and increase therapeutic efficiency.

Fig. 7.6 Examples of nanocarrier for drug delivery
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7.3.3.1 Self-assembled Nanomaterials for Therapeutics/
Autophagy-Modulating Drugs Delivery

A single payload of drug delivery: Rapamycin is an autophagy inducer and acts as
potential anticancer drug for the treatment of rapamycin-sensitive cancers, but its
poor water solubility hampers the application to in vivo. Therefore, Chen et al. [57]
designed a self-assembled micelles that consisted of mPEG-b-P
(HPMA-Lac-co-His) (poly(ethylene lycol)-b-poly(N-(2-hydroxypropyl) methacry-
lamide dilactate)-co-(N-(2-hydroxypropyl) methacrylamide-co-histidine)) and
mPEG-b-PLA(poly(ethylene glycol)-b-poly(D,L-lactide)) diblock copolymers. The
micelles not only improved the solubility of rapamycin but also enhanced intra-
cellular delivery for increasing antitumor efficacy. Meanwhile, the micelles con-
tained a pH-sensitive structural feature, which maintained micelles nanostructures
under the neutral environment, but was disruptive in intracellular acid organelles,
resulting in the rapid release of the drugs. Confocal imaging results clearly revealed
that encapsulated rapamycin was released at the lysosome and induced
autophagolysosome formation. In vivo tumor growth inhibition results showed that
the rapamycin-loaded micelles exhibited excellent antitumor activity.

Besides, there were some nanomaterials that only delivery therapeutics and the
autophagy-modulating agents needed to be additional used. For example, Hou et al.
developed a novel self-assembled nanoparticle (Fig. 7.7) for the delivery of mRIP3
pDNA (receptor-interacting protein kinase 3) [58]. RIP3 is a member of the RIP
kinase family, which plays a key role in necroptosis. CQ could significantly
upregulate RIP3 expression, while RIP3 is also involved in CQ-related autophagy.
In this study, the authors found that using mRIP3-loaded nanoparticles in combi-
nation with CQ induced significant tumor death, indicating a synergistic antitumor
effect through modulating autophagy.

Multiple agents’ delivery: Increasing evidence has demonstrated that a single
therapeutic treatment (e.g., chemotherapy) for cancer therapy is unsatisfactory. The
reason may be that the chemotherapeutics could induce autophagy of tumor cells,
which serves as pro-survival mechanism to enhance the resistance of tumor cells to
chemotherapy. Thus, co-delivery of chemotherapeutics and autophagy inhibitors is
a promising approach to increase the efficiency of cancer therapy. Given this,
numerous efforts have been made in recent years to develop combined treatments
based on nanotechnology [59–66]. Among them, the self-assembled nanomaterials
that have the capacity to co-load chemotherapeutics (e.g., cisplatin, doxorubicin)
and autophagy inhibitors (e.g., CQ/HCQ, siRNA of Atg gene, etc.) for synergetic
treatment draw attracting attention in the field of cancer therapy. For example, Jia
and his colleagues reported a self-assembled polymeric nanoparticle with pH sen-
sitivity to co-deliver Beclin1 siRNA and DOX for combinational tumor treatments
[64]. In this study (Fig. 7.8), phenylboronic acid-tethered hyperbranched oli-
goethylenimine (OEI600-PBA) and 1,3-diol-rich hyperbranched polyglycerol
(HBPO) were prepared and self-assembled into a core-corona nanostructure.
Therein, the inner core of nanoparticles captured anticancer drugs through
hydrophobic interaction and the surface cationic OEI600-PBA units absorbed
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siRNA. It was demonstrated that the nanoparticles could silence the Becline1
expression, thereby suppress the DOX-induced autophagy, and consequently pro-
vide strong synergism with a significant enhancement of cell-killing effects on
tumor cells.

Photothermal therapy (PTT) was a promising strategy for cancer therapy, but it
also induced autophagy of cancer cells. Inhibition of autophagy of tumor cells
would significantly enhance the efficacy of photothermal killing of cancer cells.
Thus, Zhou and his co-workers described a chloroquine-loaded polydopamine
nanoparticle for sensitized photothermal cancer therapy [67]. In vitro and in vivo
results demonstrated that inhibition of autophagy remarkably increased the efficacy
of photothermal therapy, leading to efficient tumor suppression at a mild
temperature.

Fig. 7.7 Self-assembled micelles for a single payload of drug delivery
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7.3.3.2 Self-assembled Nanomaterials for Synergistic Autophagy
Induction

The above nanomaterials showed potential application in modulating autophagy by
loading autophagy inducers or inhibitors, but the nanomaterials served as carrier
had no effect on autophagy. Increasing evidence demonstrated that nanoparticles
functioned as positive or negative agents in the process of autophagy. Therefore,
using nanomaterials served as modulators of autophagy in combination with other
molecules, such as chemotherapeutics and autophagy-modulating drugs, was of
growing interest in autophagy-mediated cancer therapy. Given this, Wang and her
co-workers described a self-assembled pH-sensitive polymeric nanoparticle
(Fig. 7.9) with autophagy-inducing peptide for highly efficient induction of
autophagy and enhanced treatment of breast cancer [68]. In this study, Beclin1, an
autophagy-inducing peptide, was covalently grafted onto pH-sensitive polymers.
The pH-sensitive polymers could induce autophagy through impacting lysosomes,
and highly concentrated nanocarrier polymers led to excessive impairment of

Fig. 7.8 Self-assembled nanomaterials for multiple drug delivery
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lysosomes, which blocked autophagic flux and ultimately resulted in autophagic
cell death [69]. The synergistic autophagy-inducing effects of polymers and Beclin1
peptides effectively induced autophagy and effectively inhibited the growth of
breast tumors in vivo. In addition, based on similar strategy, the authors designed
pH-sensitive polymeric nanoparticles with gold (I) compound payloads for syner-
gistically induced cancer cell death through regulation of autophagy [70]. All these
results demonstrated that identification of the nanomaterials combined with other
agents for synergistically inducing tumor cell death through regulating autophagy
may open a new avenue for cancer treatment.

7.4 Conclusion and Outlook

In conclusion, autophagy exhibits a tight relationship with various human diseases
and the exploitation of the autophagy detection and modulation by nanomaterials as
a new theranostic strategy is under investigation. We find researchers have devel-
oped various responsive nanoprobes for in vivo autophagy-imaging and designed
numerous smart nanoassemblies for cancer therapy through modulating autophagy.

Fig. 7.9 Self-assembled nanomaterials for autophagy-mediated therapy through therapeutics
delivery and autophagy induction
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However, there are some more challenges to be faced for their clinical applications.
For example, the molecular mechanism of how autophagy inhibits tumor devel-
opment and promotes cell death remains unclear. Autophagy plays a complex role
in cancer cells and cancer therapy. Both of autophagy induction and inhibition may
provide beneficial effects for cancer therapy. Hence, it would be of great importance
to obtain autophagic information during treatment. We here highlight several
nanostructures-based probes for autophagy detection. These innovative nanoprobes
could overcome limitations of conventional detecting approaches and are capable of
in vivo real-time and quantitative detection of autophagy. Moreover, according to
the results of imaging, we could design and optimize therapeutic protocol through
precisely modulating autophagy. In addition, increasing evidence indicate that
self-assembled nanomaterials have autophagy-modulating effects on tumor
cells, i.e., autophagy induction or inhibition, which result in different biological
consequence. Thus, understanding the synergy between autophagy, cancer therapy,
and nanomaterials could be pivotal to design new therapeutic cancer strategies.
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