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Hydrophilic surfaces modified with polymer brushes have attracted significant
attention due to their applications in biomedical fields, particularly for reducing non-
specific protein adsorption. In the current study, different concentrations of thiol-
poly(ethylene glycol)-acetic acid (thiol-PEG-acetic acid) were used to modify gold
surfaces using surface plasmon resonance (SPR), aiming to reduce non-specific protein
adsorption. Different grafting densities were obtained by using different concentrations
of thiol-PEG-acetic acid, and the results showed that the highest concentration of
thiol-PEG-acetic acid produced a high thiol-PEG-acetic acid grafting density. All
modified surfaces were characterized using advanced analytical techniques, including
X-ray photoelectron spectroscopy (XPS), SPR, and water contact angle measurements.
Furthermore, all surfaces were tested in a bovine serum albumin (BSA) solution. The
study found that a low grafting density of thiol-PEG-acetic acid resulted in high protein
adsorption on the modified gold surface.
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1 INTRODUCTION

urfaces that can reduce protein adsorption while
S also resisting bacterial adhesion have attracted great
attention [1,2]. Surface modification using polymers
has attracted the attention of many researchers due
to biomedical applications, including implants in the
human body, tissue engineering, drug delivery systems,
and biosensing [3,4]. The hydrophilic behavior and
neutral charge of polymers used for modification are key
properties that control protein adsorption on modified
surfaces [5]. Surfaces modified with PEG terminated with
thiol groups show increased hydrophilicity because of the
chemical composition of PEG molecules [6]. Therefore,
the final PEG grafting density and the achieved brush
thickness are the main factors controlling interactions
at biointerfaces [7-9]. Over the last few decades, re-

searchers have found that surfaces modified with PEG-
brush polymers provide antifouling properties and reduce
non-specific protein adsorption [10, 11].

To improve the biocompatibility of PEG-brush poly-
mers, it is important to understand how protein adsorption
occurs and how this complex process is influenced
by the conformation of PEG polymer chains. The
hypothesis is that optimal antifouling properties result
from increased hydration of PEG with increasing graft
density, reaching an optimal point [12-14]. PEG is
non-toxic, biocompatible, and soluble in a wide range
of solvents. In addition, PEG can be classified as a
family of thermally separable polymers with high cloud-
point values exceeding 100 °C. From a physicochemical
perspective, this polymer is hydrophobic, and its side
chains are amphiphilic. Changing the side-chain length
alters hydrophilicity and, thus, the hydration state and
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conformation, which can influence behavior at certain
temperatures. This phenomenon laid the foundation for
a series of comprehensive reviews that discuss how the
molecular size of pPOEGMA affects its thermoresponsive
properties in solution and in biomaterials [15]. Recent
research on protein adsorption onto PEG brush polymers
with controlled graft density and molecular weight is in
excellent agreement with theoretical predictions [16].

In this study, we systematically tested the adsorption
of bovine serum albumin (BSA) onto thiol-PEG-acetic
acid layers with different grafting densities and identified
an optimal surface-modification strategy for thiol-PEG-
acetic acid applications in the biomaterials field. This
was achieved using a “grafting-to” approach, which alters
the surface density of functional groups and can be used
to adjust the surface density of PEG chains and to attach
them to the substrate.

2 MATERIALS AND METHODS

SPR gold sensors with dimensions of 1 x 2 cm and
a thickness of 50 nm were obtained from BioNavis
Ltd. (Finland). Sigma-Aldrich (Australia) provided
thiol-poly(ethylene glycol)-acetic acid (M_w 3000) and
phosphate-buffered saline (PBS). Invitrogen (USA) sup-
plied bovine serum albumin (BSA) (cat # 16000044).

2.1 Thiol-PEG-acetic acid layer in situ using SPR

The SPR gold sensor was ultrasonically cleaned with
acetone, dried under a flow of N, gas, and then treated
with UV/Os (Bio Force Nanoscience, Salt Lake City, UT)
for about 20 min. Different concentrations of polymer
brushes (0.1, 0.5, 1, and 2.0 mM) were prepared in PBS
(pH 7.4), and the in situ reaction period was adjusted to 10
min for each concentration. Sensograms were measured
using a gold sensor attached to a flow cell and washed
with PBS as long as required until a stable baseline was
reached. The flow rate was adjusted to 30 pL min’!, and
the thiol-PEG-acetic acid solution was allowed to form on
the sensor surface within the flow cell for approximately 1
h [17]. All modified gold surfaces were characterized by
XPS, SPR, as well as water contact angle measurements.

2.2 Protein adsorption
2.2.1 BSA adsorption to the thiol-PEG-acetic acid layers

The BSA solution was prepared at a concentration of
0.1% in PBS (pH 7.4). BSA adsorption on the modified
surfaces was assessed using SPR by injecting the diluted
mixture at a flow rate of 30 uL min™! for 10 min, followed
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by rinsing with PBS for about 10 min. Protein adsorp-
tion was evaluated using the variation in total internal
reflectance (ATIR) to calculate the adsorbed surface
mass density using the de Freiter method (Equation 1),
which depends on baseline differences before and after
adsorption [18].

A6 -k-dp

p= dn/dc 1

For the SPR Navi 210 instrument, the k.dp values in water-
based buffers with Au-based sensors are approximately:
670 nm = 1.0% 10~ "nm/degree. For proteins, with dn/dc =
0.182 cm3/g, this means: 670 nm = A8 * 550 ng/cm2 [18].

2.2.2 Contact angle measurements

The water contact angle of the modified surface was
measured by placing a static sessile drop of Milli-Q water
(0.5 nL) on the surface using a contact angle goniometer
(FTA1000 Instrument, USA). Three distinct spots on each
surface were analyzed for each sample (n = 3).

2.3 Advanced surface characterization techniques

2.3.1 Surface plasmon resonance (SPR)

The MP-SPR Nav™ 210A VASA (BioNavis Ltd,
Finland) device was utilized to study grafting of the
PEG-thiol molecule onto a gold sensor. The instrument
is equipped with a type (II) laser diode (600-1000
nm, tunable) and an optical range of 40-78° (internal
reflection). All measurements were carried out at the
same location using two wavelengths, 670 nm and 785
nm. This allowed determination of changes in the critical
angles throughout the measurements, which were then
used to estimate the thickness of the PEG-thiol layer. The
overall thickness was determined by fitting a reflectance
spectrum to a Fresnel model using the MP-SPR Nay™
Layer Solve™ software [19].

2.3.2 X-ray photoelectron spectroscopy (XPS)

XPS spectra were obtained using an AXIS Nova
spectrometer (Kratos Ltd, Telford, UK) with a monochro-
matic aluminum source (Al Ka, 1486.6 eV) operated
at 150 W. The pressure inside the analysis chamber
throughout the measurements was approximately 10!
mbar. Three different data points were evaluated for
each sample surface. For each sample, an elliptical area
of approximately 0.7 mm x 0.4 mm was analyzed. All
elements were detected using survey spectra acquired at a
pass energy of 160 eV. To obtain additional details such as
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oxidation state, high-resolution spectra were collected for
selected peaks at a pass energy of 20 eV. Data analysis was
performed using CasaXPS version 2.3.15 along with the
instrument sensitivity factors. High-resolution spectra
were fitted using a Gaussian-Lorentzian function after
linear background subtraction. Spectra were referenced
by assigning the C—C/C-H bond energy to 285.0 eV [20].

2.3.3 Contact angle measurements

Substrate wettability was determined by measuring
static sessile drops of Milli-Q water (0.5 puL) using the
contact angle goniometer (FTA1000 Instrument, USA).
A total of three different spots were analyzed for each
sample (n = 3) [21].

3 RESULTS AND DISCUSSION

3.1 SPR analysis of thiol-PEG-acetic acid grafting in
situ

To measure the binding effect of different concentra-
tions of thiol-PEG-acetic acid on the gold surface and
determine the surface coverage area, full-width scanning
reflectance spectra were recorded by SPR in PBS. The
variation in total internal reflectance (ATIR) before and
after exposure of the Au slide to PEG thiol is shown in
Figure 1 (baseline shown to indicate the actual value).
The change in the angle of reflection measured by SPR
confirms the binding of thiol-PEG-acetic acid to the gold
surface [22].

Figures 2 and 3 indicate that the critical angle for
thiol-PEG-acetate bonding at different concentrations
changes with exposure duration. The Au sensor slide is
immediately covered with thiol-PEG-acetic acid bonds,
and the PEG layer forms rapidly within the first 2—5
min. The magnitude of the ATIR variation followed the
sequence 2.0 > 1.0 > 0.5 > 0.1 mM. This trend is likely
due to denser packing of PEG molecules on the gold
surface at higher thiol-PEG-acetic acid concentrations.

3.2 Thiol-PEG-acetic acid thickness

The overall thickness was calculated using the re-
fractive index of PEG-thiol (n = 1.45), and the protein
coverage area was also calculated [12]; the results are
presented in Table 1. The thickness of each PEG-modified
surface increased with increasing concentration of the
PEG-thiol solution.
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Fig. 1 Angular spectra for the Au controls both before and
after adding the HS-PEG-COOH at different concentrations:
(a) 0.1 mM, (b) 0.5 mM, (c) 1.0 mM, and (d) 2.0 mM at 20 °C

@ (b)

Fig. 2 The SPR sensograms were recorded for coating Au
slides with PEG-SH-COOH at (a) 0.1, 0.5 mg/ml, (b) 1.0, 2.0
mg/ml at 20 °C

() (b)

Fig. 3 The SPR sensograms recorded for adsorption of BSA
on PEG-SH-COOH at (a) 0.1, 0.5 mg/ml and (b) 1.0, 2.0
mg/ml at 20 °C
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Table 1 The total thickness of thiol_PEG-acetic acid at

different concentrations

Cpeg | PEG thickness (nm) | A TIR (degrees) covg'salg&es(u:l'gccimz )
0.1 mM 2.33 0.05844 32.1
0.5 mM 2.55 0.02505 13.8
1.0 mM 3.78 0.00008392 <0.55
2.0 mM 4.08 -0.003044 <0.55

3.3 XPS analysis

XPS analysis was performed for all thiol-PEG-acetic
acid-treated surfaces. The presence of carbon and
oxygen on the Au control indicates contamination from
sample cleaning and transport to the XPS spectrometer.
Although this contamination is unavoidable, its effect on
the PEG-coated surfaces is minimal because the thiol-
PEG-acetic acid layer was prepared on a freshly cleaned
Au slide. As expected for PEG-layer grafting, increasing
the concentration of thiol-PEG-acetic acid in solution
led to overall increases in carbon and oxygen signals,
accompanied by a decrease in the Au signal, consistent
with an increase in overlayer thickness. All results are
shown in Table 2.

Table 2 XPS elemental compositions were found upon
PEG-thiol grafted surfaces under various conditions at 20 °C

Sample %o Au* % C* %0 O*
Au (control) 585+1.5 [352+1.1] 6.2+0.4
HS-PEG-COOH_0.1 mM | 45.2+0.8 |37.3+2.2|174+1.4
HS-PEG-COOH_0.5 mM | 43.10 +4.0 | 38.8 +3.0 | 17.7+ 0.3
HS-PEG-COOH_1.0mM | 422+19 |40.2+1.4|184+0.5
HS-PEG-COOH_2.0 mM | 38.03 +4.3 | 42.7+5.4| 187+ 1.1

Collected from C 1s, O 1s and Au 2p spectra

High-resolution XPS investigation of the C 1s region
was performed for all thiol-PEG-acetic acid—modified
surfaces, providing further evidence of successful grafting
due to the presence of an abundant ether bond (C-O)
at 286.5 eV (20). The presence of a C—C/C-H peak
at 285.0 eV indicates unavoidable residual hydrocarbon
contamination on these surfaces. However, consistent
with the O 1s and Au 4f signals, the ether content increased
with increasing thiol-PEG-acetic acid concentration in
solution (Figure 4).

3.4 Water contact angle measurements
Contact angle measurements were performed to
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Fig. 4 High-resolution C 1s spectra for (a) Au control (b)
HS-PEG-COOH in (0.1) mM and (¢) HS-PEG-COOH in (2.0)
mM

evaluate the wettability of the thiol-PEG-acetic
acid-modified surfaces. The results are shown in Table
3. The surfaces became more hydrophilic after polymer
grafting compared with the Au control surfaces [23].
Using the highest thiol-PEG-acetic acid concentration
(2.0 mM) reduced the static sessile-drop contact angle of
the Au control from 91.55° to 42.14°, 37.60°, 34.16°, and
26.91°, respectively (Figure 5), consistent with previous
reports. The PEGylated layer is known to increase the
hydrophilicity of the modified surface and to adhere
firmly to the substrate. Therefore, covalent attachment is
the preferred approach for achieving prolonged adhesion
of PEG on modified surfaces [24].
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Table 3 Comparison of Classification Results.

Sample C vEG Water contact angle (6)
Au (control) - 91.55+2.1
0.1 mM 42,14+ 1.1
0.5 mM 37.60 £ 3.0
HS-PEG-COOH 1.0 mM 34.16+2.4
2.0 mM 2691 +0.4

Fig. 5 Water contact angles of (a) Au controls, (b)
HS-PEG-COOH, at (0.1) mM, (c) HS-PEG-COOH at
(0.5 mM, (d) HS-PEG-COOH at (1.0) mM and (e)
HS-PEG-COOH in (2.0) mM

4 CONCLUSION

To investigate the role of grafting density in protein
adsorption, gold surfaces were modified in situ using
SPR at varying thiol-PEG-acetic acid concentrations.
The surfaces were also characterized using XPS and
contact angle measurements to determine surface density
under both wet and dry conditions. We found that the
grafting density of the modified surface is a critical factor
controlling protein adsorption. High protein adsorption
was observed on surfaces prepared with the lowest thiol-
PEG-acetic acid concentrations.
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