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Abstract The interactions of material surfaces with proteins and cells play a vital
role in various biological phenomena and determine the ultimate biofunctionality of
a given material in contact with a given biological environment. In this chapter, we
used the gold nanoparticle layer (GNPL) with three-dimensional micro- and nano-
sized structures as an example to discuss the interactions of material surfaces with
proteins and cells. GNPL is deposited onto a variety of substrates such as gold
surface and enzyme-linked immunosorbent assay (ELISA) plate; the amount and
activity of the absorbed proteins, as well as cell behaviors including attachment,
proliferation, and differentiation on GNPL-modified surfaces, are systematically
investigated. In addition, the synthetic effects of surface topography and surface
chemistry are also studied. The results show that GNPL improves protein adsorption,
favors the maintenance of their conformation and bioactivity, and further enhances
cell adhesion. After modification with protein-resistant polymers and specific
ligands, GNPL selectively binds certain proteins and cells from protein and cell
mixtures, including the highly complex environment of serum. Moreover, under
laser irradiation, GNPL shows the ability for the delivery of various macromolecules
to different cell types (including hard-to-transfect cell types) and the ability for high-
efficiency eradication of pathogenic bacteria. It is concluded that GNPLs hold great
promise in many biomedical fields such as protein detection, regulation of cell
behaviors, capture of circulating cancer cells, macromolecular delivery to living
cells, and antibacterial application.
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The interactions of material surfaces with proteins and cells play a vital role in
various biological phenomena and determine the ultimate biofunctionality of a given
material in contact with a given biological environment [1]. The effects of surface
topography and roughness (especially at the nanometer scale) on protein and cell
behavior have attracted increasing attention since topographic features may have
dimensions similar to those of proteins and cell membrane receptors [2—4]. For
example, gold nanoparticle layers (GNPLs) consist of nanoparticle aggregates with a
distribution of sizes and three-dimensional micro- and nano-sized porous structures
[5-11]. GNPLs hold great promise in biomedical applications, for example, bio-
sensors and tissue engineering, due to their large surface-to-volume ratio, efficient
electron transfer, good stability, and high loading capacity [8, 12, 13]. Formation of
GNPL on material surfaces is usually achieved by reduction of tetrachloroauric (IIT)
acid either through surface-bonded reducing groups or reducing agents [5, 6, 12,
14]. For example, Zhang and coworkers used the Si-H reducing group in the residual
curing agent (silicone resin solution) in poly(dimethylsiloxane) (PDMS) matrix to
reduce HAuCl, in the preparation of a PDMS—gold nanoparticle composite film.
Wang and coworkers have also reported a method for fabricating PDMS-GNPs films
[12]. In another report, chitosan, used as a reducing and stabilizing agent, was coated
on PDMS; the coated PDMS was then immersed in HAuCl, solution to form a layer
of GNPs [14]. In our research, stable GNPL were prepared on a variety of materials
via a facile and low-cost glucose reduction method [5, 6]. The applications of GNPL
for control of protein adsorption and regulation of cell behavior are discussed in the
following sections.

5.1 Control of Protein Adsorption

The interaction of biomaterials with proteins is of crucial importance in various
applications including biochips [15], biosensors [16], medical device coatings [17],
and drug delivery [18]. Controlling the adsorption of proteins (e.g., antibodies,
enzymes) on material surfaces and conserving their activity are essential in the
design of functional surfaces [19]. In this section, protein adsorption on GNPL-
modified enzyme-linked immunosorbent assay (ELISA) plates is discussed in detail.
The combined effects of the micro-/nanostructures of the GNPL and the chemistry of
polymer brushes grafted on GNPL on protein adsorption are highlighted. The
modification of GNPL with pH-responsive polymers for controllable capture and
release of proteins is also explored in this discussion.

5.1.1 Protein Adsorption on GNPL-Modified ELISA Plates

ELISA is widely used in clinical diagnosis due to its relative simplicity, low cost,
and high sensitivity [20, 21]. A major limitation is low binding affinity of antigens
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Fig. 5.1 Characterization of unmodified (control) and GNPL-modified ELISA plates. The volumes
of plating solution for GNPL (a—e) were 50, 100, 150, 200, and 250 pL, respectively. (al—el) are
visible light micrographs (bar: 100 pm); (a2—e2) are field emission scanning electron microscopy
(FESEM) images (bar: 10 pm); (a3—e3) are high-magnification FESEM images (bar: 100 nm); the
numbers under the columns are the respective porosity values for GNPL (a—e). (Reprinted from Ref.
[5] with permission. Copyright 2011 American Chemical Society)

and antibodies; in addition, the accessibility of adsorbed proteins on a standard “two-
dimensional” microplate surface for the recognition and binding of antigens and
antibodies may be limited [22]. To improve accessibility and sensitivity, we have
investigated modification of ELISA plates with GNPL to give surfaces that may be
described as “three dimensional” [5].

GNPL exhibits three-dimensional porous structures that are composed of gold
nanoparticle aggregates with thickness in the micrometer range. By adjusting the
volume of the plating solution in the wells, a series of GNPLs with different porosity
rates were obtained. With increasing solution volume, the micro- and nano-sized
porous structures became more densely aggregated and the porosity value decreased
gradually (Fig. 5.1) [5]. It was found that the quantity of proteins (lysozyme (LYZ),
human serum albumin (HSA), and fibrinogen (Fg), used as model proteins of
different size) adsorbed on GNPL-modified ELISA plates increased significantly
with increasing solution volume; e.g., for GNPL prepared with the highest solution
volume, the adsorbed quantities of LYZ, HSA, and Fg were, respectively, 2.76-,
2.34-, and 3.26-fold higher than on the unmodified plate. Moreover, due to the
micro- and nanostructures of the GNPL, the activity of LYZ absorbed on GNPL was
found to be at least 2.65-fold higher than on the unmodified plate. The GNPL-
modified plate was shown to amplify the ELISA signals for carcinoembryonic
antigen (CEA) and antithrombin (AT) and to increase the limits of detection
(LOD) of these antigens significantly. Useful ELISA signals were obtained on
GNPL-modified plates when the quantity of CEA was above 2 ng/well; in contrast,
no useful signal was obtained on the pristine high-binding ELISA plate even for
quantities greater than 10 ng/well. The LOD for AT in buffer solution with GNPL-
modified plate was two orders of magnitude lower than for the unmodified plate.
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To overcome the limitation of indirect ELISA to selectively bind a specific target
from a multiprotein fluid such as serum or plasma, we proposed a GNPL-based
ELISA in sandwich format [6]. Sandwich ELISA is widely used in various com-
mercially available kits. In “traditional” sandwich ELISA, the captured (adsorbed)
antibody (Ab) binds to the ELISA plate by physical adsorption, resulting in random
orientation of the Ab molecules and thus in decreased performance. We hypothe-
sized that an optimum orientation of Ab on the ELISA plate by covalent attachment
might improve performance [23]. Accordingly, we immobilized goat anti-rabbit IgG
(IgG-alkaline phosphatase (ALP)) on GNPL using 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)/N-
hydroxysuccinimide (NHS) conjugation chemistry. We showed that the activity of
IgG covalently immobilized on the GNPL plate was 61% higher than that of IgG
physically adsorbed on the unmodified plate.

This result may be attributed, in part, to the improved binding efficiency of the
GNPL-modified, compared to the unmodified, ELISA plate; more importantly, the
GNPL-modified plate may favor an Ab orientation that facilitates the binding of the
IgG substrate to the enzyme. The GNPL-modified ELISA plate showed a lower
LOD and higher sensitivity for rabbit IgG in buffer and CEA in plasma. For IgG in
buffer, the detection limit of the GNPL-modified ELISA was 0.0512 ng/mL, two
orders of magnitude lower than that of the unmodified plate (1.28 ng/mL). For CEA
in plasma, the GNPL-modified plate gave a stronger ELISA signal than the
unmodified, high-binding ELISA plate as indicated by the deeper color. This was
especially true for CEA concentrations greater than 8 ng/mL. The LOD for the
GNPL-modified ELISA plate was 2 ng/mL compared to 4 ng/mL for a typical
commercial ELISA kit (Linc-Bio Co.).

5.1.2 Controlling Protein Adsorption on GNPL Modified
with Hydrophilic Polymer Brushes

Surfaces with micro-/nanostructures adsorb greater quantities of protein than smooth
surfaces on a nominal area basis. On the other hand, surfaces modified with
hydrophilic polymers such as poly[oligo(ethylene glycol) methacrylate] (POEGMA)
tend to resist nonspecific protein adsorption [7, 9]. It was of interest, therefore, to
investigate the combined effects of micro-/nanostructures and hydrophilic polymers
on protein adsorption. GNPL were modified with POEGMA by surface-initiated
atom transfer radical polymerization (SI-ATRP) [7, 9]. Protein adsorption was
measured using radiolabeled protein. It was found for human serum albumin
(HSA, one of the most abundant proteins in the body) that adsorption on the
GNPL surface was about 5.8-fold higher than on smooth Au (sAu) (Fig. 5.2).
After modification with POEGMA, adsorption was reduced by about 97%. Adsorp-
tion on GNPL-POEGMA and sAu-POEGMA was similar (Fig. 5.2) indicating the
strong protein resistance of POEGMA.



5 Interactions of Biomaterial Surfaces with Proteins and Cells 203

800
(A)

)
@ 600
-
)
L

400
<
w
o
e 200
3

: j_— N
smooth Au sAu-POEGMA GNPL GNPL-POEGMA
300
(B)
Nf"\
E 200/}
)
=
S—
%
- 100
s
&
o B

smooth Au  sAu-POEGMA GNPL GNPL-POEGMA

Fig. 5.2 The adsorption of 1 mg/mL HSA measured using '*°I radiolabeling method, as expressed
in (a) nanograms/disc or (b) nanograms/cmz. Data are means + SD (n = 3). (Reprinted from Ref.
[9] with permission. Copyright 2012 American Chemical Society)

5.1.3 Capture and Release of Proteins
on Multifunctional GNPL

In recent years, various functional surfaces modified with different functional pro-
teins have emerged as novel and active biomaterials due to their numerous applica-
tions such as disease therapy, molecular diagnostics, and tissue engineering [24—
26]. For these surfaces, to achieve tunable surface bioactivity is vital. An ideal
multifunctional surface of this kind should be able to highly regulate the amount
of proteins adsorbed on and released from the surface. It should also be able to
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Fig. 5.3 Synthesis of (a) AuNP-PPase-PMAA conjugates and (b) GNPL-PDMAEMA surfaces;
the reversible capture/release of AuNP-PPase-PMAA conjugates on GNPL-PDMAEMA surfaces
at different pH values is shown in (c). (Reprinted from Ref. [27] with permission. Copyright 2017
Royal Society of Chemistry)

regulate the available bioactivity of the surface. To develop such a multifunctional
system, we used pH-sensitive polymers, gold nanoparticles (AuNPs), and GNPLs
[27]. pH-sensitive polymers have been proven efficient in responding in real time to
pH changes through regulating their chemical and physical properties to achieve
protein capture and release [28, 29]. AuNPs and GNPLs were used to introduce
nanostructures to the system with the goal to increase the amount of proteins that can
be modulated. In detail, this novel system contains (1) AuNPs comodified with an
enzyme and poly(methacrylic acid) (PMAA), e.g., AuNP-pyrophosphatase (PPase)-
PMAA, as nanostructured protein carriers; (2) GNPLs modified with poly
(2-(dimethylamino)ethyl methacrylate) (PDMAEMA), i.e., GNPL-PDMAEMA, as
a micro-/nanostructured support platform for surface bioactivity regulation
(Fig. 5.3).

PDMAEMA and PMAA were synthesized by RAFT polymerization and
functionalized with a thiol group via aminolysis reaction to form PDMAEMA-SH
and PMAA-SH. With the free thiol group, PDMAEMA-SH was easily conjugated to
GNPLs and PMAA was conjugated AuNPs. It was found that the maximum protein
adsorption on the surface occurred at pH 7.0 and the amount of PPase is
359.9 + 4.2 ng cm 2. The adsorption decreased with increasing pH value. At
pH 8.0 and 9.0, the adsorption values were about 65% and 33%, respectively. At
pH 10.0, the GNPL-PDMAEMA surface could completely release the AuNP-PPase-
PMAA conjugates and only less than 4% protein remained on the surfaces. The
pH-dependent protein capture and release mechanism is mainly attributed to the
interaction between the two pH responsive polymers: PDMAEMA and PMAA. The
pKa of PDMAEMA is between 7.5 and 8.0 [30, 31]. Therefore, it is positively
charged at pH 7.0 and negatively charged at pH 10.0. PMAA is negatively charged
in the pH range of 6.0—10.0 due to fact that the PMAA carboxylic acid groups are in
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the anionic form of -COO-[32]. We also showed that this “capture/release” effect is
reversible by cyclic adjustment of the pH value between 7.0 and 10.0 for at least
three times.

5.2 Regulation of Cell Behavior

It has been demonstrated that the surfaces on which cells reside and interact in vivo
are rough and are composed of diverse three-dimensional micro-/nanostructures
which are essential in maintaining cellular functions [33]. For example, extracellular
matrix (ECM) and the inner surfaces of blood vessels are rough, with topographical
features that affect protein adsorption and cellular responses [34, 35]. Lensen et al.
found that poly(ethylene glycol) (PEG) hydrogel surfaces, which are intrinsically
cell repellent, support the growth of L1929 cells after introducing micro-/
nanotopographical features in the surface [36]. Nanotopography has been shown
to regulate the properties and behavior of human embryonic stem cells (hESCs),
including cell morphology, adhesion, proliferation, and self-renewal [35]. Cardio-
vascular stents with micro-/nanotopographical surfaces were also found to
endothelialize more effectively than those with smooth surfaces [37]. In addition,
nanostructured surfaces modified with cell-specific ligands were significantly more
efficient in the capture and isolation of circulating tumor cells [38, 39].

5.2.1 Maintaining the Pluripotency of ESCs on GNPLs
with Nanoscale Surface Roughness

The influence of surface nanoscale features on the function of ESCs is attracting
increasing attention because the features resemble those of the natural ECM where
cells reside and interact [40]. Using photolithography Chen and coworkers prepared
glass substrates with patterned surface roughness features of 70 and 150 nm and
investigated the behavior of hESCs on these surfaces. They found that smooth glass
was conducive to maintaining the self-renewal and pluripotency of hESCs in long-
term culture; in contrast, the nanorough surfaces promoted spontaneous differenti-
ation and loss of pluripotency [35]. In general, however, the influence of
sub-microscale and microscale roughness on the maintenance of ESC pluripotency
has not been much explored and remains unclear.

To address this question, we investigated the influence of surface roughness from
nano- to submicro- to microscale on the maintenance of mouse ESC (mESC)
pluripotency in long-term culture under feeder-free conditions [8]. GNPLs with
nano-, sub-micro-, and microscale roughness were prepared by adjusting the volume
of the gold plating solution (designated GL-1, GL-2, GL-3, GL-4, and GL-5 with
increasing surface roughness). Undifferentiated ESCs can express the Oct-4 gene,
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Fig. 5.4 Immunofluorescence images of mESCs cultured for 3 and 7 days on various surfaces. The
cells were costained for Oct-4 (red) and nuclei (DAPI; blue). Undifferentiated mESCs were
positively immunolabeled for Oct-4 and were stained red. DAPI (blue counterstain) labels all
cells in the population; therefore, differentiated cell types appear blue. (a) Au, GL-1, and GL-2;
(b) GL-3, GL-4, and GL-5. Bar, 100 pm. (Reprinted from Ref. [8] with permission. Copyright 2014
Royal Society of Chemistry)

which is essential for maintaining the cells in the undifferentiated state. Decreases in
Oct-4 immunoreactivity signify cell differentiation. The majority of mESCs seeded
on sAu, GL-1, and GL-2, whose surface roughness is less than 392 nm, retained their
“stemness” after culture for 3 and 7 days, as shown by expression of the Oct-4 gene
(Fig. 5.4a). In contrast, the pluripotency of cells cultured on GL-3, GL-4, and GL-5,
with surface roughness greater than 573 nm, decreased from day 3; loss of
pluripotency was greater after 7 days, particularly on microrough GL-5
(Fig. 5.4b). These results are consistent with data from quantitative polymerase
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chain reaction (qQPCR) analysis of Oct-4 expression: no significant loss of Oct-4 gene
expression was observed in cells grown on nanorough GL-1 (~84%) compared with
those on sAu. In contrast, Oct-4 gene expression decreased strongly on GL-3
(~73%) and GL-5 (~52%), with roughness greater than 573 nm. In sum these results
show that sAu and GNPLs with low sub-microscale roughness (R, less than 392 nm)
supported very well the long-term pluripotency of mESC. However, GNPLs with
sub-microscale surface roughness (R,) greater than 573 nm and microscale surface
roughness of 1205 nm decreased the pluripotency of the cells and accelerated their
spontaneous differentiation, especially on microrough GNPL.

The signaling cascades engaged in topological sensing by mESCs were investi-
gated by analyzing the expression of proteins related to E-cadherin-mediated cell—
cell adhesion and the formation of integrin-mediated focal adhesions (FAs). It was
found that mESCs cultured on sAu and nanorough GNPL (R, 106 nm) tended to
form larger colonies with cells tightly connected with each other than cells on
microrough GNPL. Also the cells maintained much stronger expression of
E-cadherin than cells on microrough GNPL. In contrast, the ability of the cells
cultured on microrough GNPL to form colonies was significantly decreased, and
cells were distributed randomly with much weaker expression of E-cadherin
(Fig. 5.5a, b). In addition, p-catenin was expressed exclusively in cells cultured on
sAu and nanorough GNPLs, indicating the presence of strong adherens junctions
that support E-cadherin-mediated cell—cell adhesions in mESC colonies. In compar-
ison, the cells cultured on microrough GNPL showed much weaker expression of
p-catenin (Fig. 5.5¢). In focal adhesion (FA) analysis, mESCs exhibited much
stronger expression of vinculin (a FA protein) on sAu and nanorough GNPL than
on microrough GNPL. These results suggest that nanorough GNPL is conducive to
the formation of FAs in mESCs, while microrough GNPL strongly inhibits FA
formation, possibly resulting in faster spontaneous differentiation of the mESCs.

5.2.2 Controlling Cell Behavior on GNPL Grafted
with Protein-Resistant Polymers

Despite much effort devoted to the investigation of the interactions between topog-
raphy and cell behavior, cellular responses to topography are not well understood
and results are contradictory in different experimental systems [41]. Many studies
have shown that topographical surfaces increase cell adhesion and cell proliferation
by affecting the distribution of ECM proteins adsorbed from the cell culture medium
[42, 43] and by increasing protein adsorption [44]. Others believe that cellular
responses do not rely only on the cell adhesion proteins or ligands in the local
environment, that the topographical structure of the surface itself is important, and
that protein adsorption alone does not determine cell behavior. For example, on a
surface patterned with grooves overlaid with an orthogonal fibronectin pattern,
osteoblasts were aligned predominantly with the grooves, regardless of the
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Fig. 5.5 Immunofluorescence images of mESCs on smooth Au and GNPLs with nanoscale and
microscale surface roughness after culture for 3 days. (a) Cells costained for nuclei (DAPI, blue)
and E-cadherin (red); (b) cells costained for cytoskeleton (phalloidin, green) and E-cadherin (red);
(c) cells costained for nuclei (DAPI, blue) and f-catenin (red). Scale bar, 50 pm. (Reprinted from
Ref. [8] with permission. Copyright 2014 Royal Society of Chemistry)

distribution of fibronectin (Fn), implying that the topography influenced the cell
behavior independently of protein adsorption [45]. Dalby and coworkers showed
that cell adhesion was quite different on 10 nm and 50 nm nanoscale islands on poly
(n-butyl methacrylate)/poly(styrene) blend films [46].

To investigate the role of surface topology independent of other factors on cell
behavior, we modified GNPL with POEGMA using SI-ATRP to obtain a topological
surface having minimal protein adsorption [9]. Cell adhesion experiments were
carried out using two cell types, human L02 hepatocytes and human hepatocellular
carcinoma BEL-7402 cells. The cell density on GNPL was higher than on sAu, and
after modification with POEGMA cell adhesion was reduced on both surfaces.
However, whereas cell adhesion was greatly decreased on sAu, it was reduced by
only ~50% for GNPL-POEGMA, and the density on GNPL-POEGMA was an order
of magnitude higher than on sAu-POEGMA. L02 and BEL-7402 adhesion on
sAu-POEGMA was lower by 92.8% and 97.7%, respectively, compared to sAu.
For GNPL-POEGMA surface, the decrease in adhesion compared to GNPL was
only 51.5% for LO2 and 38.4% for BEL-7402 cells. These data showed that surface
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Fig. 5.6 Fluorescence images (al-ad4) and SEM images (b1-b4) of LO2 cells and fluorescence
images (c1-c4) and SEM images (d1-d4) of BEL-7402 cells on different surfaces. Spread cells on
the GNPL surface are indicated by red ovals in b3 and d3. The scale bar in all images is 50 pm. The
shape and filopodia of the cells on POEGMA-modified surfaces were observed by confocal
microscopy and are shown as insets in a2, a4, ¢2, and c4. Scale bar, 10 pm

topography is an important determinant of cell adhesion on protein-resistant
POEGMA surfaces.

The combined effects of topography and protein resistance on cell-surface
interactions were also investigated. Cell spreading was evaluated using fluorescent
staining with Alexa Fluor 488 phalloidin (Fig. 5.6a, c). Spreading occurred on the
sAu and GNPL surfaces. On the POEGMA-modified surfaces, cell spreading
appeared to be constrained to some extent based on the spherical shape of the
cells. However, spreading was quite different on the GNPL-POEGMA and
sAu-POEGMA surfaces, as shown in the confocal microscopy images (Fig. 5.6
insets). Cells on GNPL-POEGMA showed small lamelipodia and short cell filopodia
(Fig. 5.6a4, c4), whereas cells on sAu-POEGMA did not (Fig. 5.6a2, c2). Similar
trends were found in SEM images (Fig. 5.6b, d). These results demonstrate that
although cell spreading on protein-resistant surfaces was constrained, presumably
because of the lack of adsorbed proteins, the cells on topographical surfaces were
more firmly attached compared to those on smooth surfaces. In general, it was
concluded that topography is more important than protein-resistant polymers for
cell adhesion on a protein-resistant surface.



210 Z.Lyu et al.

5.2.3 Controlling Cell Behavior on GNPL Modified
with Cell-Binding Ligands

As well as surface topography, surface chemical modification has been shown to be
effective in regulating cell behavior [47, 48]. To promote specific interactions
between cells and material surfaces, cell-binding ligands such as arginine—glycine—
aspartic acid (RGD) peptide have often been used [49, 50]. However, nonspecific
adsorption of serum proteins can interfere with specific cell-ligand interactions. To
avoid nonspecific adsorption of serum proteins, Causa and coworkers investigated
cell-specific interactions with surfaces in serum-free medium [50]. However, serum
contains many proteins and hormones that are vital for the maintenance of cell
function. Therefore, studies under serum-free conditions cannot accurately reflect
cell-specific interactions. To address this issue, we used protein-resistant polymer
brushes (POEGMA) to modify GNPL via SI-ATRP and further modified the
POEGMA with glycine—arginine—glycine—aspartic acid—tyrosine (GRGDY) pep-
tide, a typical ligand that binds integrins and triggers specific cell responses [7]. It
was found that the cell density on sAu was significantly higher than on GNPL
(Fig. 5.7), suggesting that 1.929 fibroblasts prefer to adhere and proliferate on
smooth surfaces. This observation is consistent with previously reported research
[51]. We speculated that GNPL surface alters the native conformations of the
adsorbed cell-adhesive proteins [52], thereby resulting in poor recognition and
binding between the membrane integrins of L.929 and those proteins. Hence, it is

“POEGMA-RGD

« L929 Fibroblast
adhesion

Fig. 5.7 Regulating the behavior of L929 fibroblasts on GNPL modified with POEGMA and cell-
binding ligand GRGDY. (Reprinted from Ref. [7] with permission. Copyright 2012 Wiley-VCH)
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difficult for 1929 cells to form mature focal adhesions on GNPL surfaces, thereby
further hindering cell adhesion, spreading, and proliferation.

The cell densities on all of the surfaces modified with POEGMA were signifi-
cantly reduced and most adherent cells did not spread. A few cells aggregated to
form small clusters, indicating that the surfaces were unfavorable for cell adhesion.
However, after modification with GRGDY peptide, the cellular responses were
totally reversed. The specific binding between cells and GRGDY greatly improved
cell adhesion (Fig. 5.7). Cell densities on the GNPL-POEGMA-GRGDY surface
were at least 131 + 13 cells/mm? at 120 h. This value was much higher than on the
unmodified and POEGMA-modified GNPLs and even higher than on sAu after the
same treatment. Thus, it appeared that although the increased surface roughness was
unfavorable for the adhesion of L929 cells, the much higher surface-to-volume ratio
of the GNPL surface resulted in a higher density of surface immobilized molecules,
and the enhanced specific interactions between cells and GRGDY peptides
counteracted the negative effect of the roughness, resulting in improved cell adhe-
sion and proliferation.

The cell density on GNPL with lower surface roughness (GNPL (a)) was higher
than on the two GNPLs with higher surface roughness (GNPL (c) and GNPL (b);
roughness: GNPL (c¢) > GNPL (b)), and it was the only GNPL that supported cell
growth. It appears that surface roughness and cell-specific binding, having opposite
effects, reached an optimal balance on GNPL (a). The densities of GRGDY peptide
on GNPL (b) and (c) were higher than on GNPL (a) due to their higher surface-to-
volume ratios. However, according to a study reported by Mann and West, a very
high density of cell-binding ligands immobilized on surfaces is unfavorable for the
proliferation of certain mesenchymal-derived cell types [53]. A similar phenomenon
was observed by Bellis and coworkers [54, 55]. In our work [6], although the cell
density on sAu-POEGMA-GRGDY surface also increased to 83 + 8 cells/mmz, it
was still lower than on unmodified Au surface (310 + 25 mm?) (Fig. 5.7). This could
be due to lower specific binding on the modified sAu surface compared to the
modified GNPL surface; in addition, the POEGMA spacer reduced the adsorption
of serum proteins including that of cell-adhesive proteins such as Fn.

5.2.4 Capture of Circulating Cancer Cells Using
Aptamer-Modified GNPL

The measurement and analysis of circulating tumor cells (CTCs) can be regarded as
a “liquid biopsy” of the tumor, providing insight into tumor biology in the critical
window where intervention could actually make a difference [56]. However, CTCs
are present in extremely low numbers in the bloodstream: typically one CTC cell per
10°-107 normal blood cells [57]. Therefore, enrichment of CTCs is a prerequisite for
CTC analysis. Over the past few decades, a diverse suite of technologies has been
developed for isolating and counting CTCs in patient blood samples [58, 59]. The
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known enhancement of cell-surface interactions, including cell adhesion, by micro-/
nanostructuring can [60] be exploited for the enrichment and separation of CTCs.
Aptamers (APTs), which may be considered as nucleic acid forms of traditional
antibodies, can be designed to have specific affinity for given cell types. Moreover,
APTs have been designed as efficient diagnostic probes for tumors both in vitro and
in vivo [61]. Based on this knowledge, we modified GNPLs, first with POEGMA as
an antifouling spacer using SI-ATRP; TD05 APT with high specific affinity for
Ramos cells was then linked to the terminal hydroxyl groups of POEGMA by N,
N'-disuccinimidyl carbonate (DSC) activation to give Au-POEGMA-APT and
GNPL-POEGMA-APT surfaces. The B leukemia CTC cell, Ramos cell, was
selected as a target to study the selective capture ability of cell-specific
APT-modified GNPLs of varying surface roughness (designated GNPL1, GNPL2,
and GNPL3 with increasing surface roughness) in cell mixtures containing Ramos
and CEM cells (CL1014, T-cell line, human ALL) under serum-containing cell
culture conditions [10].

The number of Ramos cells on the APT-modified GNPL surfaces increased with
increasing surface roughness while the CEM cell number decreased, albeit slowly.
The density of Ramos cells on the sAu, GNPL1, GNPL2, and GNPL3 surfaces were,
respectively, 1.3-, 1.9-, 1.9-, and 2.2-fold greater than those of CEM cells. In
contrast, after aptamer modification, the proportion of Ramos cells increased signif-
icantly with increasing surface roughness, with densities on the sAu, GNPLI,
GNPL2, and GNPL3 surfaces, respectively, 2.2-, 2.8-, 3.0-, and 2.7-fold greater
than those of CEM cells. We concluded that in serum-containing conditions, the
roughness of the GNPLs enhanced the selectivity of the APT for Ramos cells.
However, compared with serum-free conditions, the selectivity was still much
weaker.

Serum is a highly complex fluid that contains many types of proteins which
adsorb to surfaces nonspecifically and may “hide” the surface-immobilized APT to
some extent, thereby further inhibiting the binding of cell receptors to the
immobilized APT. This effect may be responsible, in large part, for the observed
decrease in selectivity in serum compared to buffer. To improve the Ramos selec-
tivity of the APT-modified surfaces in serum-containing conditions, we introduced
POEGMA as a protein-resistant element. After POEGMA modification, the numbers
of cells on Au-POEGMA and GNPL(1-3)-POEGMA were significantly reduced
compared to the unmodified surfaces in serum-containing conditions. In addition,
there was no observable difference in the numbers of Ramos and CEM cells. With
the introduction of APT on the POEGMA, the density of Ramos cells increased
significantly, whereas the density of CEM cells did not change. The density of
Ramos cells on the four (sAu, GNPL1, GNPL2, and GNPL3) POEGMA surfaces
modified with APT were, respectively, 0.9-, 1.5-, 3.5-, and 6.6-fold greater than
those of CEM (Fig. 5.8).
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Fig. 5.8 Selective capture of Ramos cells in serum-containing conditions on GNPL surface
modified with POEGMA and APT. (Reprinted from Ref. [10] with permission. Copyright 2013
American Chemical Society)

5.2.5 Macromolecular Delivery to Cells Using GNPL via
the Photoporation Effect

Gold nanoparticle (GNP)-mediated photoporation has garnered increasing attention
as a promising approach for macromolecular delivery to living cells [62—65]. When
exposed to laser light of particular wavelengths, the membrane-associated GNPs
convert the absorbed laser energy into heat, leading to increased membrane perme-
ability and the transport of normally cell-impermeable macromolecules directly into
the cytosol [66]. Additionally, by tuning the laser energy, the size of the pores
created in the cell membrane by the GNPs can be varied, allowing control of the
quantity and size of the molecules delivered [67]. Compared with traditional
photoporation, in which cell membrane permeability is achieved by focusing high-
intensity femtosecond (fs) laser pulses onto individual cells, GNP-mediated
photoporation can be achieved at a lower laser energy with unfocused laser light
that can irradiate a large number of cells, leading to greatly increased throughput
[62]. Moreover, GNPs have superior chemical and biological properties including
easy surface modification for molecular attachment and improved biocompatibility.
Although effective, this method relies on complex and expensive equipment to
generate laser light in short pulses [67]. Moreover, concerns remain because the
extreme heating of the GNPs during irradiation may cause them to distort and
fragment, resulting in high cytotoxicity [68, 69]. To solve these problems, we
developed a new platform for macromolecular delivery that retains the photothermal
properties of GNPs while avoiding the side effects caused by their entry into the
cells. Instead of free GNPs, we used GNPLSs as the photoporation “reagent.” GNPLs,
composed of numerous GNPs with nano- and microtopography, provide multiple
sites for contact between cell membranes and the GNPs. We therefore hypothesized
that GNPLs may serve as a novel and versatile macromolecular delivery platform
upon irradiation with continuous-wave (CW) laser light (Fig. 5.9) [70].
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Fig. 5.9 A novel platform for macromolecular delivery into cells using gold nanoparticle layers via
the photoporation effect. (Reprinted from Ref. [70], copyright 2016, WILEY-VCH Verlag GmbH
& Co)

We first tried delivery of dextran to cells using this approach.
Tetramethylrhodamine isothiocyanate (TRITC)-labeled dextran (red fluorescence),
with a molecular weight of 4.4 kDa, was used as a model macromolecule and HeLa
cells as model cells. It was found that without laser irradiation, dextran did not enter
the cells efficiently; no red fluorescence was observed. Strong red fluorescence
began to be observed at 3.2 W cm ™ %/45 s, and the fluorescence intensity increased
further at 5.1 W cm™%/30 s. Decrease in irradiation time to 20 s at 5.1 W cm ™~ failed
to give high fluorescence intensity. The delivery efficiency in presence of sAu under
those conditions was much lower. To further demonstrate the efficient delivery of
TRITC-dextran to HeLa cells, we obtained confocal microscopy images using the
Z-stack mode to view the distribution of TRITC-dextran. Scans were taken from top
to bottom of the cell membrane. The images indicated that macromolecules entered
the interior of the cells and were not merely attached to the cell membrane.
Moreover, cell viability experiments demonstrated that vitality was maintained
under these conditions.

Plasmid DNA (pDNA) is a commonly used gene carrier and its efficient delivery
to living cells is essential for gene therapy. However, due to its large size and the
necessity for transport into the nucleus, transfection is more difficult with pDNA
than with dextran or RNA. In our work, the applicability of GNPL-laser irradiation
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for the delivery of pDNA encoding green fluorescent protein (GFP), a widely used
pDNA model that can easily transfect HeLa cells, was assessed. Lipofectamine 2000
(Lipo2000) complexed with pDNA was used as a standard cell transfection agent
(positive control) because Lipo2000 is a widely used, commercially available
transfection reagent for delivery of pPDNA and RNA into cells [71]. It was found
that under irradiation conditions 3.2 W cm~%/45 s and 5.1 W c¢cm ™ 2/30 s, virtually
100% of the HeLa cells gave a green fluorescence signal, suggesting the successful
delivery and expression of pDNA in the cells. These results are in line with data from
flow cytometry. Compared with 3.2 W cm™%/45 s, the transfection efficiency at
5.1 W cm~%/30 s was significantly higher; the cells showed stronger green fluores-
cence, similar to that obtained using Lipo2000. These results show that under laser
irradiation, our platform based on GNPLs achieved direct and efficient delivery of
pDNA to HeLa cells without compromising cell viability. Moreover, the transfection
efficiency of this vector-free system was comparable to that of Lipo2000.

Gene delivery to different cell types has resulted in advances in the understanding
of gene function and the development of genetic therapies [72—74]. Although
Lipo2000 is effective for the transfection of many cell types, it is ineffective for
the transfection of hard-to-transfect cell types such as primary cells including mouse
embryonic fibroblasts (mEFs) used widely in stem cell research and human umbil-
ical vein endothelial cells (HUVECs), which are used for endothelial cell physiology
and pathology studies. Therefore, we investigated the delivery of pDNA to hard-to-
transfect mEFs and HUVEC:s. Efficient intracellular delivery to mEFs has previously
been challenging. For example, the transfection efficiencies of mEFs with pDNA
using pPDNA/magnetic nanoparticles and optimized electroporation were reported as
~11% [75] and ~40% [76], respectively. It was shown that pPDNA was delivered to
and expressed in mEFs under irradiation conditions of 3.2 W cm™ /45 s with a
transfection efficiency of approximately 39%, much higher than the ~19% using
Lipo2000 (p < 0.001). At 5.1 W cm™%/30 s, the transfection efficiency was further
enhanced to 53% (p < 0.001, vs Lipo2000), and the fluorescence intensity was
much higher than for Lipo2000 (p < 0.001). In addition, cell viability both imme-
diately after and 24 h after laser irradiation was higher than 95% under both
conditions. For HUVECSs, sufficient intracellular delivery of pDNA could not be
achieved using GNPL along probably because of the differences in cell type and
size. The average size of HUVECs is only about 35% of the average size of mEFs
meaning there are more sites for the contact between mEFs and GNPL surfaces than
that between HUVECs and GNPL surfaces. To address this problem, we combined
Lipo2000 and GNPL where pDNA was complexed with Lipo2000 before exposure
to laser irradiation. At 5.1 W cm ™ %/30 s, we achieved a transfection efficiency of
~44%, much higher than ~8% from using Lipo2000 alone (p < 0.001). Altogether,
these data demonstrate that this system is effective for the pDNA transfection of
hard-to-transfect cell types with an efficiency much higher than for Lipo2000 alone.
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5.2.6 Macromolecular Delivery to “Recalcitrant” Cells Using
PEI and GNPL via the Photoporation Effect

Using GNPL-assisted photoporation, we have achieved relatively high delivery
efficiency of pDNA to hard-to-transfect mEFs (~53%) and HUVECs (~44%).
However, there is still room to further improve the delivery efficiently.
Polyethylenimine (PEI) is a representative synthetic nonviral gene carrier with
superior transfection efficiency due to its unique “proton sponge effect” for
endosomal escape of the gene payload [77]. The commercially available 25 kDa
branched PEI (bPEI) in particular has been widely considered as the “gold standard”
carrier for gene delivery [78]. Unfortunately, such high molecular weight (MW) PEI
(HPEI) is generally cytotoxic, thus limiting its application. Low MW PEI (LPEI,
MW <2 kDa) is acceptable with respect to cytotoxicity but has low transfection
efficiency. Considerable efforts have been made to prepare novel PEI derivatives to
overcome these limitations [79—81]. However, safe and efficient delivery systems for
hard-to-transfect primary cell lines have rarely been reported. After confirming the
potential of GNPL to serve as a universal macromolecular delivery platform [70],
here we explored the possibility of combing LPEI with GNPL for safe and high-
efficient pDNA delivery specifically to hard-to-transfect primary cell lines (mEFs
and HUVECGs:) (Fig. 5.10). In this platform, LPEI serves as a carrier of pDNA to
protect it from degradation. Laser-activated GNPL serves as a membrane disruption
agent [82].

We achieved a very high pDNA transfection efficiency of 94.0 + 6.3% to
HUVECs when we added LPEI/pDNA complexes with a N/P of 20 to cells growing
on GNPL under laser irradiation. Cell viability under this condition was very well

Fig. 5.10 LPEI/pDNA complex is formed by electrostatic interactions. Targeted cells are cultured
on the GNPL, and then exposed to laser irradiation to enhance the permeability of the cell
membrane, thereby assisting the diffusion of LPEI/pDNA complex from the surrounding medium
into the cell. (Reprinted from Ref. [82] with permission. Copyright 2017 American Chemical
Society)



5 Interactions of Biomaterial Surfaces with Proteins and Cells 217

maintained at ~100%, 48 h after transfection. The transfection value is higher than
the value achieved using 25k PEI (75.1 + 18.6%). Moreover, cell viability 48 h after
transfection using 25k bPEI decreased to less than 5%, much lower than the viability
of our system (p < 0.001). These results showed that LPEI/GNPL collaborative
delivery system significantly outperformed the golden standard-25k bPEI for the
delivery of pDNA to HUVEC:s. It is worth noting that this efficiency is also much
higher than the efficiency achieved by complexing pDNA with Lipo2000 before
exposure to GNPL-assisted laser irradiation (~44%).

We further investigated the delivery of pDNA to mEFs. Similar to HUVECsS, our
system gave high transfection efficiency (88.5 + 9.2%) and high cell viability
(99.8 + 4.1%, 48 h after transfection) for mEFs. Last, we used our platform to
deliver functional pDNA to illustrate its potential for endothelialization of artificial
blood [83]. For this purpose, ZNF580 gene, which codes for a zinc finger protein,
was chosen. This protein plays a critical role in alleviating atherosclerosis and has
been shown to promote the proliferation and migration of endothelial cells [84]. Our
data indicated that 48 h after transfection, the relative ZNF580 microRNA (mRNA)
content was ~1.3 times higher than that of the negative control group. Moreover,
transfection with pZNF580 resulted in an increase in initial attachment and a
significant increase in long-term proliferation of HUVECsS. In particular, after 48 h
culture, the density of adherent pZNF580 transfected cells was about twice that of
nontransfected cells (p < 0.05). These data suggest that our transfection method can
effectively deliver pZNF580 to HUVECs such that proliferation for revasculariza-
tion purposes may be enhanced. Together, we showed that our LPEI/GNPL collab-
orative delivery system provides a highly efficient and relatively simple approach for
intracellular delivery, especially for hard-to-transfect cell lines that are difficult to
treat using more traditional methods.

5.2.7 GNPL-Based Regenerable Smart Antibacterial
Surfaces

Attachment and subsequent colonization by bacteria on the surfaces of synthetic
materials and devices pose serious problems in both human healthcare and industrial
applications [85, 86]. Antibacterial surfaces with capability to prevent bacterial
attachment and biofilm formation have been a longstanding focus of research [87—
91]. However, conventional antibacterial surfaces are becoming less effective due to
the emergence of multidrug resistant bacteria [92]. Photothermal therapy using
strong light absorbers to generate local heat for physical destruction of bacteria
provides a promising approach for circumventing the problem of antibiotic resis-
tance [93-98]. However, these photothermal antibacterial coatings suffer from the
same inherent drawbacks as traditional antibacterial surfaces based on contact-
killing mechanisms, and even if they show high bactericidal efficiency, they remain
contaminated by dead bacteria and other debris, which not only provide nutrients for
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Fig. 5.11 (a) Schematic illustration of a smart antibacterial surface based on a GNPL-PTLF hybrid
film with photothermal bacteria-killing capability and Vc-triggered bacteria-releasing ability. (b)
Photothermal bactericidal activity of surfaces against E. coli and S. aureus under NIR laser
irradiation (2.3 W/cm?, 5 min) evaluated using a colony counting assay. Error bars represent the
standard deviation of the mean (n = 3). (¢) Typical SEM images of attached bacteria on Au and
GNPL-PTLF surfaces with/without NIR laser irradiation. (Reprinted from Ref. [103] with permis-
sion. Copyright 2018 Royal Society of Chemistry)

subsequent bacterial interactions, but may also trigger severe immune responses and
inflammation [99]. To circumvent the problem of dead bacteria, a promising “kill-
and-release” strategy has been proposed for the development of smart antibacterial
surfaces with the capability of not only killing the attached bacteria but also releasing
dead bacteria and debris “on demand” under an appropriate stimulus [100-102]. To
the best of our knowledge, smart photothermal antibacterial surfaces have not been
developed yet. To fill this gap, we developed the first smart photothermal
antibacterial surfaces with bacteria-releasing properties [103].

This smart coating is composed of two functional layers (Fig. 5.11a). The firstis a
gold nanoparticle layer (GNPL) composed of GNP aggregates which serve as the
photothermal bactericidal agent. Compared with dispersed GNPs, the aggregated
GNPs exhibit a more efficient photothermal effect due to the redshifted absorption
[104]. In addition, the GNPL possesses a unique micro-nanotopography that pro-
vides multiple sites for contact with bacteria and facilitates local hyperthermia
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induced by NIR laser irradiation. We anticipate that the GNPL can also be used as an
effective antibacterial material on which attached bacteria can be destroyed
photothermally. In addition, the GNPL was coated with a thin phasetransitioned
lysozyme film (PTLF) as a contamination releasing layer. PTLF was recently
developed in our previous works as a novel biocompatible two-dimensional
(2D) proteinaceous nanofilm with versatile applications. For substrates immersed
in phase-transitioned lysozyme solution, a PTLF composed of densely aggregated
oligomers within amyloid-like structures was shown to form on the surface in a few
minutes. Such PTLFs are transparent and exhibit strong substrate bonding even in
extreme pH conditions or under gas plasma treatment [105, 106].

It is thus expected that the addition of PTLF will not affect the light-to-heat
conversion capability of the GNPL or the bactericidal efficacy of the GNPL. Our
results showed that more than 99% of attached Gram-positive S. aureus or Gram-
negative E. coli were killed under near infrared laser radiation at 2.3 W/cm? for 5 min
(Fig. 5.11b, c). we also showed that the degradation of PTLF can be triggered in a
closely controlled manner by treatment with vitamin C (Vc). Almost all of the killed
bacteria could be removed by incubating the surface in Vc solution for a short time
period of 10 min due to the degradation of the topmost layer of PTLF. Moreover, the
GNPL-PTLF coating can be used repeatedly over at least three “kill-and-release”
cycles, which is of particular importance for long-term usage.

5.3 Summary and Outlook

Gold nanoparticle layers, as a representative material with surface topological
structures, have a direct influence on protein adsorption/activity and cell behavior
including adhesion, spreading, proliferation, and differentiation. Compared to
smooth gold surfaces, GNPLs, due to their “three-dimensional” structure, offer
better access for the binding of biomacromolecules such as proteins, antigens, and
antibodies and favor the maintenance of their conformation and bioactivity, thereby
improving cell adhesion further. In combination with protein-resistant polymers and
specific ligands for certain types of proteins or cells, modified GNPL can selectively
bind certain proteins and cells from protein and cell mixtures, including the highly
complex environment of serum. In combination with stimuli-responsive polymers
such as pH-sensitive polymers, modified GNPL can achieve multifunction such as
recyclable protein capture and release. In addition, under laser irradiation, GNPLs
show excellent photothermal property. This feature endows GNPLs with the ability
to serve as a novel and efficient platform for the delivery of various macromolecules
to different cell types including hard-to-transfect cell types. It also provides GNPLs
with the opportunity to serve as an efficient and antibiotic-free antibacterial coating
with the potential to kill and remove adherent bacteria, particularly multidrug
resistant bacteria, on the surfaces of medical devices. It is concluded that GNPLs
hold great promise in many biomedical fields such as protein detection, regulation of
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protein and cell behavior, capture of circulating cancer cells, macromolecular deliv-
ery to living cells, and antibacterial applications.
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