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ABSTRACT: Retaining the conformational structure and bioactivity of
immobilized proteins is important for biosensor designs and drug delivery
systems. Confined environments often lead to changes in conformation and
functions of proteins. In this study, lysozyme is chemically tethered into
nanopores of polystyrene thin films, and submicron pores in poly(methyl
methacrylate) films are functionalized with streptavidin. Nanoindentation
experiments show that stiffness of streptavidin increases with decreasing
submicron pore sizes. Lysozymes in polystyrene nanopores are found to
behave stiffer than the submicron pore sizes and still retain their specific
bioactivity relative to the proteins on flat surfaces. Our results show that
protein functionalized ordered nanoporous polystyrene/poly(methyl meth-
acrylate) films present heterogeneous elasticity and can be used to study

interactions between free proteins and designed surfaces.

B INTRODUCTION

It is known that the nonspecific adhesion of proteins and cells
on material surfaces leads to undesirable events such as
inflammation, implant failure, and infection.' ™ Immobilization
of proteins are widely used in drug delivery systems or
biosensors where it is essential that proteins retain their
structural stability and activity.*™® Immobilization of a bioactive
compound often reduces its activity due to native structural
changes resulting from various complex polar and nonpolar
interactions between the protein and the surface as well as the
topography of the particular surface. Polar interactions such as
electrostatic and ionic screening effects can be manipulated by
pH or salt concentration which subsequently influence the
orientation of adsorbed protein.” "' Nonpolar interactions
include hydrophobic attraction and hydration repulsion which
determine the binding rates and conformational changes of the
protein.'”~"* Furthermore, surface topography (i.e., roughness
and patterning) affects the protein—surface interactions by
reducing the contact area between the protein and biological
surface. ¢

Immobilization strate$ies can also influence the protein
orientation and activity.'’~' For example, amino groups of
enzymes can react with epoxy groups on surfaces.”””' The
multiple attachments of the amino acid side chains may lead to
random orientation of proteins, either partially or completely
degrading their activity.”” The site-directed immobilization of
proteins is therefore desirable. For example, the biotinylated
surfaces are widely used for binding streptavidin.”> The DNA-
directed immobilization (DDI) method based on the Watson—
Crick pairing of two complementary single-stranded nucleic
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acids can offer unique site selectivity to the semisynthetic
conjugates of nucleic acids and provide high stability.”*** Both
the biotin—streptavidin binding system and DDI method are
commonly used as they lead to uniformly oriented proteins on
surfaces and retain the protein structure.

Current studies on protein—material interactions typically
involve coating surfaces with either polymeric films or
biological molecules.”*™** Polymer brushes shield the under-
lying substrate from the biointerface and allow us to tune the
chemical and physical surface properties by changin§ grafting
density and molecular weight of brushes.”"””*" Highly
hydrophilic polymers such as poly(ethylene glycol) (PEG) or
zwitterionic polymers have shown strong hydration repulsion to
proteins.”’ ~>* We have recently reported that randomly grafted
poly(methyl methacrylate) (PMMA) and streptavidin surfaces
with heterogeneous and patchy morphology limit the non-
specific adhesion of proteins to modified surfaces.”

Recent works have investigated the molecular and cage
confinement effect on proteins. For example, proteins
encapsulated inside pores of silica sol—gels or hydrogels have
reported their effects of confinement on protein structure and
stability.**™*’ Previous studies have shown that surface
chemistry and geometry of mesoporous silica affect the activity
and conformation of confined proteins and kinetics of protein-
catalyzed reactions.””~** However, studying protein confine-
ment using nanoporous materials suffers from certain inherent
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disadvantages. These include a relatively broad pore size
distribution that forces the reliance upon averaged moduli
values and the inability to manipulate both degree and elasticity
of confinement. In this work, we use porous block copolymer
templates to confine proteins in uniform pore size, shape, and
chemistry. Block copolymer templates provide confined
volumes formed by polymer domains rather than the
hydrophilic or hydrophobic character of mesoporous silica.
We measure stiffness and activity of proteins inside nanopores
with well-defined lateral sizes and shapes (standing cylinder,
striped patterns). Measuring the elastic properties of polymer
and protein tethered nanopores is novel since most studies
investigate the nanotopography of heterogeneous biomaterial
surfaces but not their mechanical properties. Here, we report
the elastic moduli and morphology of planar, heterogeneous
and biocompatible surfaces composed of nanoscale protein and
polymer domains. The regularly sized nanopores in polystyrene
thin films, prepared from both cylindrical and striped diblock
copolymer morphologies, are used as functionalization sites for
proteins (Figure 1). Indentation and imaging by atomic force
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Figure 1. AFM topography images of a porous PS film with cylindrical
pores of ~25 nm in size and spacing of ~50 nm (left) and striped
pores with ~1S5 nm width, spaced by ~30 nm (right). Pores are
created by removal of PMMA block in a PS-b-PMMA block copolymer
film.

microscopy (AFM) are used to measure the mechanical
properties of proteins within confining pores. Furthermore,
we created porous polymer films with larger submicron pores
using AFM lithography in order to measure protein modulus in
less-confined environments. We first present how we function-
alize porous thin film templates with proteins and then discuss
surface topographies with their indentation and enzyme activity
results.

B EXPERIMENTAL SECTION

Materials. Toluene, methanol, ethanol, acetone, and sulfuric acid
were purchased from PHARMCO-AAPER. 2,2-Dimethoxy-2-phenyl-
acetophenone (DMPA) and triethylamine (TEA) were purchased
from Acros Organics. Phosphate buffered saline (PBS), streptavidin,
lysozyme, and EnzChek lysozyme assay kit were purchased from
Thermo Scientific. All other chemicals were purchased from Sigma-
Aldrich. Methyl methacrylate (MMA) was distilled over CaH, before
use. Silicon wafers with thickness of 356—406 ym were purchased
from Silicon Quest International.

Contact angle measurements were performed in a KSV Instruments
Ltd. CAM101 system.

Fourier transform infrared (FTIR) measurements were carried on a
Bruker Tensor 27 FTIR spectrometer. Unmodified silicon surface was
used as background. All spectra were collected in transmittance mode
with a resolution of 4 cm™ and a total of 800 scans per sample.

Lysozyme Activity Measurement. The activity of attached
lysozyme was measured by following protocols provided by the

lysozyme assay kit. A standard curve was generated by running
different concentrations of lysozyme solutions ranging from 0 to 250
U/mL. Lysozyme attached surfaces were equilibrated in PBS for 5 min
in dark prior to incubation in the fluorescent substrate suspension for
3 h at 37 °C. After extracting solution (100 uL) of the fluorescent
substrate, activity was measured at Ex495/Em52S with a microplate
reader (BioTek) with the use of the standard curve. For each sample,
the final result was obtained from the mean value of four
measurements.

Preparation of Cylindrical and Striped Nanoporous Block
Copolymer Templates. Self-assembled block copolymer thin films
were prepared using polystyrene-b-poly(methyl methacrylate) (PS-b-
PMMA) block copolymer purchased from Polymer Source, Inc.
Striped morphologies were created with M, = 36 000 g/mol material
with 50:50 PS:PMMA volume ratio, and cylindrical patterns were
formed using M, = 99000 g/mol with a 70:30 PS:PMMA ratio. First
the OH-terminated PS-r-PMMA random copolymer was spin-cast
from 1 wt % toluene solution onto the silicon substrate and was
thermally annealed at 200 °C in a vacuum for 4 h. Cylindrical and
lamellar forming PS-b-PMMA block copolymer solution (1 wt % in
toluene) was then spin-coated on this pretreated surface. The
underlying random copolymer layer facilitates the perpendicular
orientation of microphase-separated PS and PMMA domains, relative
to the substrate surface. The resulting films were exposed to UV light
(peak wavelengths 185 and 254 nm, at ~10 mW/cm?) for § min and
washed with acetic acid for 3 min to remove PMMA blocks. The UV
treatment has the simultaneous effect of cross-linking the remaining
PS polymer template. Table 1 shows the pore sizes created and used in
this work.

Table 1. PS-b-PMMA Diblock Copolymers Are Used To
Create Nanoporous PS Films with Cylindrical and Striped
Pore Morphology

sample feature type pore size (nm) spacing (nm)
PS-C25 cylindrical 25 S0
PS-L15 striped 15 30

Functionalization of Nanopores with Proteins. We function-
alized the cylindrical and striped nanopores with streptavidin and
lysozyme. Standard silanization protocols were followed to attach
biotin groups for streptavidin functionalization. Silanes with epoxy
functional groups within the pores were used to react with the amine
functionalities of lysozyme. Specifically, the nanoporous substrate was
first immersed into 3-(trimethoxysilyl)propyl methacrylate (MPS)
solution (20 mM in ethanol), heated at 70 °C for 7 h, then rinsed with
ethanol, and dried under nitrogen. Thiolated biotin was prepared by
reacting biocytin with an equimolar amount of 2-iminothiolane
hydrochloride in 2,2,2-trifluoroethanol (TFE) in the presence of
triethylamine (TEA) for 2 h at room temperature.*> The substrate was
immersed in 5 mM solution of thiolated biotin in TFE with an initiator
of 2,2-dimethoxy-2-phenylacetophenone (DMPA) under UV irradi-
ation at 365 nm wavelength for 10 min. Thiol groups were clicked with
alkene groups of MPS using a photoinitiator.* Surfaces were then
treated with a 100 pg/mL solution of streptavidin in phosphate
buffered saline (PBS) for 2 h. The protein attached surfaces were
rinsed with 0.05 vol % solution of Tween 20 in PBS shaken vigorously
for 20 min and immersed in PBS for S h to remove the physically or
loosely adsorbed proteins. Finally, the surface was washed in deionized
water and dried under nitrogen. The surface functionalization protocol
is sketched in Figure 2. Surfaces with lysozyme were prepared similarly
by immersing substrates into ethanol solution of (3-glycidyloxy-
propyl)trimethoxysilane (GPTMS, 20 mM) at 70 °C for 4 h and
soaking in lysozyme solution (50 pg/mL in PBS) at 37 °C for 3h.In a
control experiment, the same protein adsorption and rinsing protocols
were applied to unmodified nanoporous substrate to show how
proteins are less likely to be physically adsorbed on the nanoporous
films.
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Figure 2. Streptavidin functionalization of nanoporous PS films.

Preparation of Surfaces with Submicron Line and Dot Pore
Sizes. Deposition of (3-Mercaptopropyl)trimethoxysilane (MPTMS).
Piranha-cleaned silicon wafers of 1 X 1 cm* were reacted with MPTMS
(5 mM in toluene) at 70 °C for 1 h. Surfaces were then rinsed with
toluene and dried under nitrogen. AFM lithography was performed
using a NANO-I (Pacific Nanotechnology) AFM with a conductive
probe (Pt coated, AppNano, Inc.) to remove the MPTMS layer on
surfaces. Patterns were created by changing voltage between —2 and
—8 V (Figure S1). The degraded areas were oxidized into forming
hydroxyl groups.* The voltage application time was 10—30 s at scan
speed of 0.1-0.5 pm/s.

Grafting PMMA onto Thiolated Surfaces. PMMA (M, = 22 040 g/
mol, D = 1.07) was clicked onto thiolated wafers using thiol—ene click
reaction. PMMA (100 mg) and photoinitiator DMPA (S mg) were
dissolved in 2 mL of acetone, and the solution was spin-cast on the
MPTMS covered substrates at 2000 rpm for 1 min. Surface was then
placed under 365 nm UV irradiation for 60 min. Finally, the surface
was thoroughly rinsed in toluene and acetone to remove unreacted
polymer and DMPA.

Deposition of 3-(Trimethoxysilyl)propyl Methacrylate (MPS). In
this step, MPTMS removed patterns were reacted with MPS in
solution (10 mM in toluene) and incubated at 70 °C for 7 h. MPS
modified patterns were then used to functionalize with biotin and
streptavidin as described for the nanopores.

B RESULTS AND DISCUSSION

Protein functionalization of surfaces was confirmed by FTIR.
Figure 3 shows the amide II (1500—1600 cm™") and amide I
(1650—1700 cm™") peaks assigned to the lysozyme inside
pores. To confirm that these features are not from the
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Figure 3. FTIR spectra of PS open nanopores and lysozyme
functionalized nanoporous PS films.
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Figure 4. Contact angle measurements on nanopatterned surfaces
after MPS, biotin, and streptavidin functionalization.

nonspecifically adsorbed proteins, we prepared surfaces washed
with proteins and rinsed with Tween 20, as we do for all of our
samples. Figure S2 shows the FTIR transmission data of the
protein washed surface and unfunctionalized pores are identical,
indicating there is no nonspecific adsorption of proteins on our
surfaces. Water contact angles of surfaces were measured after
each functionalization steps as shown in Figure 2. Figure 4
shows that contact angle increased to 78° after MPS deposition
due to the hydrophobic nature of aliphatic chains in MPS and
decreased to S57° following biotin attachments because
ureido(tetrahydroimidizalone) and tetrahydrothiophene rings
of biotin are more hydrophilic than MPS. It is observed that
surfaces become more hydrophilic after streptavidin attach-
ment.

We washed the streptavidin functionalized porous surfaces
with DyLight488 fluorophore conjugated streptavidin. The
fluorescence microscopy image in Figure S3 shows that
proteins are not physically adsorbed on the surfaces. This
result is important as we conduct nanoindentation experiments
on the polymer and protein regions.

Atomic Force Microscopy (AFM) Measurements. AFM
imaging and indentation measurements were performed in
contact mode with a sharp silicon probe (spring constant k. =
1.6 N/m, tip radius R = 6 nm, AppNano, Inc.). Images were
obtained at a scan rate of 0.6 Hz. Force—distance curves for the
Young’s modulus calculation were obtained by indenting the tip
on selected areas. Different models have been applied in
previous indentation studies to determine the elasticity of
biological samples in AFM.**”* The Hertz model® is
primarily used for stiff surfaces but also in biological
environments to study the modulus of living mouse
fibroblasts,”® smooth muscle cells,” or lysozyme.”> We note
that indentation depths up to 200 nm are known to be
appropriate for the Hertz model.”® The typical indentation
depths used on our heterogeneous surfaces were less than 50
nm, indicating that the surfaces are stiff. A rigid unmodified
silicon surface was chosen as a reference surface, and the
protein modified surface was approximated as a flat, isotropic
material with Poisson ratio of 0.4 that was elastically deformed
by a spherical AFM tip. 80—120 points of indentation
measurements were conducted over the whole surface. The
contact area, A, between the tip and surface is given by A = 7R?
for axially symmetric tip, where R is the contact radius that is
smaller than the tip radius of 6 nm.>* Indentation experiments
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Figure S. AFM topography images and corresponding pore depth profiles of unfunctionalized surfaces (left) and streptavidin functionalized

cylindrical and striped pores (right).

were conducted on a single pore or polymer area in each
measurement since nanopores are much larger than the contact
radius of the tip. The Young’s modulus (E,) was calculated
using the Hertz model:">*° E, = 3(1 — v*)k.,Ad/4R"*K*?,
where v is the Poisson’s ratio (v = 0.4), k_ is the cantilever
spring constant, Ad is the cantilever deflection, R is the tip
radius, and 4 is the indentation depth. When the tip is indented

into a soft sample, the cantilever deflection (Ad) and
indentation depth (h) were obtained using Ad = AI/S, h =
AZ — Ad, where Al is the photodiode current change, AZ is
the piezo displacement, and the optical sensitivity (S) is
calibrated on a clean, unmodified silicon surface. Topographic
images of thin films before and after protein attachments are
shown in Figure 5. It is measured that depths of open pores are
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0.20 Table 2. Activity of Lysozyme-Functionalized Nanopores
and Lysozyme on a Flat Surface
0.16 sample total activity (U/mL)  specific activity (U/cm?)
PS-C25 (cylindrical) 15.0 + 0.15 5.56 + 0.06
= PS-LIS (striped) 14.5 + 0.06 543 £ 0.02
% 012 silanized flat surface 28.1 + 1.18 391 + 0.44
.8 lysozyme in solution 2072 + 04 N/A
Q. 0.08 7
successful in some of the pores while some remained open both
004 for the cylinder and striped pores.
’ Statistical Nanoindentation Analysis on PS Nano-
A patterned Surfaces. Force—distance measurements were
0.00 % i : conducted along several line scans across the samples at step

1 2 3 4
Young's modulus (GPa)

Figure 6. Young’s moduli histogram of streptavidin functionalized
cylinder pores in PS films.
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Figure 7. Elastic moduli of PS and streptavidin inside the pores.
Modulus of PS is shown before and after protein functionalization.
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Figure 8. Comparison of elastic moduli of lysozyme inside pores and
attached on a flat surface in PBS solution and in dry state.

5—8 nm and their depths decrease but fluctuate in the protein
attached films. This indicates that steptavidin attachment was

sizes of 1.5 ym, with a total of ~150 measurements in four line
scans. Elastic moduli histograms represent the elastic
heterogeneity of surfaces (Figure 6). We measured that the
modulus for the polymer regions before protein attachments
was found to be ~2—5 GPa; thus, moduli smaller than 2 GPa
were attributed to the protein sites.

Figure 7 shows the average moduli of protein sites and
polymer regions which are derived from Figure 6. Elastic
moduli of streptavidin is 1.35 GPa in cylindrical and 1.94 GPa
in striped pores. We also did nanoindentation measurements
on selective points using the MFP-3D BioAFM (Asylum
Research) located at the Center for Functional Nanomaterials
of Brookhaven National Laboratory. After imaging a small area
(500 x 500 nm?) in tapping mode, nanoindentation experi-
ments were conducted in contact mode on the same points.
The averaged moduli for streptavidin was found as 1.19 + 0.1
GPa in cylindrical and 1.43 + 0.2 GPa in striped pores, which
are both close to the values collected by statistical indentation
analysis. A similar indentation experiment was performed on
lysozyme modified pores, and the average moduli of attached
lysozyme was found to be smaller than that of streptavidin, 0.66
GPa in cylindrical and 1 GPa in striped pores (Figure 8; see
Figure S4 for AFM topographies after lysozyme functionaliza-
tion). We note that polymer stiffness after functionalizing the
pores do not change (~3—3.7 GPa), revealing that there is no
indication of physical adsorption of proteins on the polymer
regions of nanopatterned surfaces, which is also consistent with
the fluorescence microscopy images in Figure S3.

Activity of an enzyme in biological fluid is of great
importance as the formation of hydration layers affects its
activity, conformation, and elasticity.”*™** We measured the
stiffness of lysozyme in PBS solution and compared it with the
values measured in dry state (Figure 8). Our results showed
that nanopores in solution present lower modulus of lysozyme
than measurements on dry films. It is known that the
conformational flexibility of protein changes its elasticity and
biological activity.”” Thus, the elasticity of proteins in solution
is generally connected to the structural changes of proteins in
their hydrated forms. We also measured the stiffness of proteins
attached to silanized flat surfaces as a reference sample to see
whether stiffness by itself is a measure of confinement which
could enhance the specific activity. As seen in Figure 8,
confined proteins behave less stiff than proteins on the flat
surface in dry state. The higher modulus of proteins tethered
on flat surfaces may be due to the higher graft density of
proteins. The existence of hydrophobic environment inside
nanopores can influence the protein binding and their activity
and elasticity. Thus, we concentrate on discussing surfaces with
different pore sizes and on their specific activities in PBS
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and the surface was not rinsed with Tween 20 solution.
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Figure 10. Stiffness of streptavidin functionalized pores of varying sizes in the range of 180—250 nm. Each point is the averaged elastic moduli of 80
measurements in dry state. Pore diameters are labeled on the AFM topographical image.

solution. We characterized the bioactivity of the immobilized
lysozymes within nanopores. Table 2 shows the activity values
of lysozyme immobilized within cylinders and stripes. The
activities were found to be significantly higher than the previous
reported values for lysozymes conjugated on poly(oligo-
(ethylene glycol) methacrylate)-b-poly(glycidyl methacrylate)
(POEGMA-b-PGMA) modified surfaces.”" Since the covalent
binding protocol will lead to a random lysozyme orienta-
tion,"”'® the total activity loss compared to that of free
lysozyme in solution (100 uL) is attributed to the conforma-
tional structure changes and inaccessibility of lysozyme to
functional sites. Our nanoporous surfaces can retain higher
activities (U/cm?) compared to lysozyme grafted on silanized
silicon surfaces.

Nonuniform functionalization of the 15 nm nanopores, the
statistical indentation results, and the presented depth profiles
have led the preparation of larger pores which provided higher
probability for proteins to react with the functional groups.
More importantly, the submicron pores can be indented
directly rather than randomly indenting the points. We have
prepared submicron size pores using AFM lithography as
described in the Experimental Section. PMMA was chosen as
the polymer substrate because it is a biocompatible polymer
with moderate hydrophobicity and can be degraded easily with

applied voltage. We precisely indented the probe into the
selected areas of degraded regions in which proteins were
chemically tethered. Data from nanoindentation profiles were
obtained through the linear region of force—distance curves in
AFM. Figure 9 presents the results of indentation measure-
ments on streptavidin functionalized pores, PMMA brushes,
and streptavidin washed PMMA brushes. As shown in the
graph, physically adsorbed protein on PMMA brush had the
highest Young’s modulus (1.30 GPa), indicating that adsorbed
streptavidin behaves more elastic on PMMA surface.
Streptavidin functionalized biotinylated pores had a similar
stiffness to that of the pure PMMA brush (0.76 GPa). We
found that for very large physically adsorbed protein
aggregations with thicknesses larger than 2 ym on PMMA
surface the corresponding elastic modulus was measured larger
than 3 GPa. Since there is no preferential orientation transitions
in adsorption of globular-like proteins as observed with
anisotropic proteins,”’ we conjecture that the packing density
of protein layer may be a factor for the observed high stiffness.
Figure 10 shows that the modulus of streptavidin decreased
with increasing pore size.
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Bl CONCLUSION

We have functionalized the nanopores of polymer thin films
with proteins to investigate surface elastic properties. Pores of
varying sizes were fabricated in PS and PMMA films and were
functionalized with proteins. FTIR, nanoindentation, and
contact angle measurements confirmed that proteins were
chemically tethered into cylindrical and striped pores.
Indentation experiments conducted on these heterogeneous
polymer—protein functionalized surfaces revealed that strepta-
vidin confined in nanopores was found to be stiffer than the
one within submicron pores. Activity results showed that the
immobilized enzymes in nanopores remained active. These
results suggest that stiffness of proteins changed with the
hydrophobic polymer at confining medium, and this effect may
lead to a decrease in protein activity when compared to the free
protein in solution. The elasticity of polymer—protein tethered
surfaces presents novel findings as most studies investigate the
topography and protein adhesion but not the mechanical
properties. Direct immobilization of proteins into the porous
copolymer templates offers wide range of applications from
biosensing to biomedical devices. Further studies on these
heterogeneous polymer—protein functionalized surfaces will
focus on the relations between protein stiffness, polymer type,
protein size, and their bioactivity.
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