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ABSTRACT

Protein interactions on graphene-based materials (GBMs) are predominantly governed by interphase surface properties such as surface chemistry
and roughness; however, the critical role of surface potential (SP) in modulating these interactions remains largely unexplored. In this work, we
investigated a model study highlighting how two distinct GBMs [graphene oxide (GO) and reduced graphene oxide (RGO)] with different SP regu-
late protein interactions, spanning from macroscopic adsorption to molecular-level conformational changes. Through thermal reduction, hydro-
philic GO was transformed into hydrophobic RGO, generating distinct SP of +120mV for GO and +60mV for RGO. This modulation in SP
created a platform for differential protein interactions. The influence of SP on protein interactions was evident when fibronectin (FN) was intro-
duced onto GO and RGO surfaces. Quartz crystal microbalance with dissipation and fluorescence microscopy revealed that the distinct SP of GO
and RGO surfaces significantly affected FN adsorption. On the RGO substrate, which exhibited a lower SP, FN adsorption was ∼3 times greater
than on the GO substrate. In contrast, FN on the GO adopted elongated fibrillar structures, driven by strong polar, hydrophilic, and electrostatic
interactions at the molecular scale, regulating its conformation upon adsorption. Molecular docking simulations further supported these findings,
indicating a stronger and more stable interaction between FN and RGO (binding energy C-score: −3.87, RMSD: 0.01 Å) than between FN and GO
(C-score: −2.24, RMSD: 0.42 Å). Overall, this study underscores the pivotal role of SP of GBMs in modulating protein adsorption, binding stability,
and conformational organization, providing key insights into the rational design of GBM biomaterials with tailored biointerface properties.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0004504

I. INTRODUCTION

Over the years, it is now well demonstrated that adsorbed pro-
teins do not retain their native molecular structure upon interaction
with a biomaterial surface; rather, they undergo molecular confor-
mational changes influenced by the surface’s physicochemical
properties like surface roughness, surface wettability, surface
charge, and surface chemistry.1–3 These changes in protein molecu-
lar conformation and orientation on the biomaterial’s surface can
directly affect cellular processes by altering the availability and
activity of functional domains responsible for receptor binding and
downstream signalling. Thus, there is a growing need to understand
how different biomaterial surface properties influence the

molecular structure and functionality of adsorbed proteins.
Understanding these interactions at the molecular level is essential
for rationally designing biomaterials that can predictably and pre-
cisely modulate cell behavior.

In the last few decades, graphene and graphene-based materials
(GBMs) like graphene oxide (GO), reduced graphene oxide (RGO),
have gained significant attention as promising candidates for the
development of biomaterials in tissue engineering applications owing
to their unique physiochemical characteristics.4–7 The unique physico-
chemical properties (like surface roughness, surface chemistry, and
surface potential) of graphene and GBMs have been shown to signifi-
cantly influence cell response, but how each of these properties influ-
ences cell function mediated by its protein-graphene interphase is not

ARTICLE pubs.aip.org/avs/bip

Biointerphases 20(3), May/Jun 2025; doi: 10.1116/6.0004504 20, 031003-1

Published under an exclusive license by the AVS

 09 August 2025 01:31:31

https://doi.org/10.1116/6.0004504
https://doi.org/10.1116/6.0004504
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1116/6.0004504
http://crossmark.crossref.org/dialog/?doi=10.1116/6.0004504&domain=pdf&date_stamp=2025-06-18
https://orcid.org/0009-0004-6750-5422
https://orcid.org/0009-0004-3513-8074
https://orcid.org/0000-0002-1898-1578
mailto:sachin.kumar@cbme.iitd.ac.in
https://doi.org/10.1116/6.0004504
https://pubs.aip.org/avs/bip


well understood. Few studies have investigated how the surface chem-
istry of GBMs influences protein interaction at the interphase to influ-
ence stem cell response.8,9 Lee et al. showed that insulin adsorbed
onto pristine graphene underwent denaturation, whereas insulin
retained its bioactive conformation when adsorbed onto GO. As a
result, researchers suggested that GO acted as a reservoir of pre-
concentrated insulin in bioactive form facilitating enhanced interaction
with stem cells promoting adipogenic differentiation.10 On a similar
line in our previous study, we highlighted how change in surface
chemistry of GO and RGO regulated fibronectin adsorption and its
molecular-scale morphology change on GO and RGO surfaces regu-
lating differential Arginine-Glycine-Aspartic acid (Arg-Gly-Asp)
domain interaction with stem cells, resulting in differential osteogenic
differentiation of stem cells on the GO and RGO surface.11

Surprisingly, most studies on protein interactions with GBMs
have focused on the effects of surface chemistry, such as functionali-
zation with oxygen-containing groups in GO or chemical reduction
in RGO, while largely overlooking the role of surface potential due
to inherently interlinked surface chemistry and surface potential in
graphene-based materials, making it challenging to isolate their
individual effects completely. However, few studies on ceramic bio-
materials with calcium phosphate (Ca-P) functional groups, like
hydroxyapatite (HA), octacalcium phosphate (OCP), biphasic
calcium phosphate (BCP), and β-tricalcium phosphate (β-TCP),
which exhibit similar chemical compositions but possess differences
in surface charge distribution due to different crystal structure and
ion distribution have shown to differently interact with biomole-
cules and regulate biological responses differently.12,13 For example,
it has been demonstrated that HA with a higher net surface charge
and more negative zeta potential exhibits significantly greater
adsorption of lysozyme (LSZ) compared to BCP and β-tricalcium
phosphate (β-TCP).14 This is attributed to stronger electrostatic
attraction between the positively charged LSZ and the negatively
charged HA surface, despite all three materials having comparable
surface chemistry. Thus, it is now increasingly evident that surface
potential, alongside chemical identity, must be considered a key
design parameter in the development of bio-interactive materials.

Similar to ceramic materials, in GBMs, it is well-documented
that changes in factors like carbon to oxygen ratio, vacancies, edge
irregularities, grain boundaries, and graphene layer thickness (few-
layer, typically 2–10 layers) can also contribute to variations in the
local electronic environment affecting overall surface potential of
GBMs. Panchal et al. showed that increasing the graphene thickness
from single-layer graphene (1LG) to bilayer graphene (2LG) results in
a measurable shift in surface potential of approximately 25–30mV.15

Such variations in layer thickness affecting surface potential have been
shown to significantly influence adsorption energetics for small mole-
cules like nitric oxide (NO) and water vapor.16,17 These results clearly
underscore the sensitive nature of GBM surface potential to subtle
structural differences, which, in turn, can have significant impact on
protein adsorption, orientation, and conformation changes at the
material interface. However, the overall effect of surface potential on
protein interactions has not been directly evaluated on GBMs due to
inherently interlinked surface chemistry and surface potential in
graphene-based materials, making it challenging to isolate their indi-
vidual effects completely. However, in this study, we mainly concen-
trated on the influence of surface potential of GBM on protein

interactions. In this study, we conduct a dedicated model study only
highlighting how different surface potentials of GO and RGO can
influence fibronectin adsorption at macroscale and its molecular struc-
ture and interaction with GO and RGO surfaces.

II. MATERIALS AND METHODS

A. Preparation of GO- and RGO-coated substrates

GO- and RGO-coated substrates were prepared using GO
flakes gifted by Parekh Lab, University of Texas, Austin (synthe-
sized by modified hummers methods). Obtained GO flakes were
dispersed into ultra-pure water to make 2 mg/ml solution and then
batch sonicated for 30 min to obtain homogenously dispersed and
exfoliated GO solution. GO solution was spin coated at 2000 rpm
for 30 s on clean ultraviolet ozone (UVO) treatment glass surface
in accordance with previously reported protocol to obtain a
GO-coated substrate.11,18 Obtained GO-coated substrate was subse-
quently thermally heated using vacuum oven for 6 h at 200 °C to
yield thermally reduced RGO-coated substrate as illustrated in
Fig. 1.

B. Characterization of GO- and RGO-coated substrates

The physicochemical properties of obtained GO and thermally
reduced RGO-coated substrate were evaluated using various tech-
niques. Surface morphology of GO- and RGO-coated substrates
was evaluated using optical and scanning electron microscopy. In
brief, the optical image of GO- and RGO-coated glass substrate was
acquired using an inverted microscope (LEICA). After taking
optical image, GO- and RGO-coated glass substrates were gold
sputtered and mounted on a metallic sample holder with a carbon
tape, and scanning electron microscope (SEM) imaging was per-
formed using a SEM (LEO Gemini). Atomic force microscopy
(AFM, Bruker Dimension Icon) under tapping mode was used to
evaluate GO and RGO flakes thickness. Fourier Transform Infrared
(FTIR) spectra analysis was performed to investigate the chemical
nature of obtained GO- and RGO-coated substrates. FTIR spectra
of control clean glass substrate, GO-, and RGO-coated substrates
were recorded using ATR-FTIR NICOLET-iS50 spectrometer
(ThermoFischer) with ATR mode from 4000 to 400 cm−1 range,
with a resolution of 4 cm−1. Raman spectra of GO- and
RGO-coated substrates were recorded using Raman spectroscopy
(uRaman, TechnoSpex) at room temperature with 633 nm laser as
an excitation source. X-ray photoelectron spectroscopy (XPS,
Omicron) was utilized to assess the difference in chemical composi-
tion [Carbon to Oxygen ratio (C:O)] of obtained GO- and
RGO-coated substrates using the area under the curve of the
oxygen and carbon 1s signals and taking the relative sensitivity
factors (RSF) given by photoemission cross sections and analyzer
transmission as per reported literature.19

C. Surface charge and surface potential measurement
of GO- and RGO-coated substrates

Measuring surface charge of the coated film of GO and RGO
using zeta potential was challenging; as a result, we carefully
scraped off the coated GO and RGO flakes and dispersed them
into an appropriate solvent (0.5 mg/ml) to form a stable dispersed
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solution. Later, the surface charge on GO- and RGO-suspended
flakes was studied using zeta potential measurements. In brief,
0.5 mg/ml of dispersed GO (in water) and RGO (in chloroform)
was prepared using probe sonication for 30 min to form a homoge-
nous dispersed solution and subjected to zeta potential measure-
ments using Zetasizer NanoZS90 (Zetasizer Nano ZS90). Static
water contact angle measurements were used to assess the surface
wettability of obtained GO- and RGO-coated substrates. The
surface potential of the GO- and RGO-coated films was evaluated
using Kelvin probe force microscope (KPFM) measurements
(KPFM, Bruker Dimension Icon XR) in accordance with reported
literature.20,21 In brief, dispersed GO and RGO solution were drop
cast on silica surface, and its surface profile and surface potential
were obtained in dual-pass lift mode capturing first the height
profile followed by surface potential difference measurement.

D. Protein adsorption study

Spin-coated GO and RGO substrates were placed into 12-well
plates, and 10 μg/ml solution of fibronectin (FN) and fluorophore
label fibronectin (80:20 ratio) (Sigma-Aldrich) in phosphate-buffered
saline (PBS); pH 7.4 was added into well plates containing GO and
RGO substrates, respectively, and incubated at room temperature for
1 h to allow the FN to adsorb. Protein-adsorbed GO and RGO

substrates were gently washed with PBS multiple times to remove non-
adsorbed FN. Adsorbed FN on GO and RGO substrates was imaged
using a fluorescence microscope (EVOS M7000, ThermoFisher
Scientific) under green channel.

Real-time FN adsorption and its molecular interaction on GO
and RGO substrates were studied using a quartz crystal microbalance
with dissipation monitoring (QCM-D) in accordance with previously
established protocol.11 In brief, the QCM-D sensor (QSensor, QSX
303 SiO2) was first cleaned and spin coated with GO and RGO sheets
as described above. Prepared GO- and RGO-coated QCM-D sensors
were equilibrated by using PBS solution at a steady flow rate of
0.1ml/min for 5min at room temperature to establish a stable base-
line. Thereafter, FN protein solution at a concentration of 10 μg/ml in
PBS was introduced, and the adsorption process was monitored in
real-time by recording changes in the resonance frequency and dissi-
pation over time, which reflected the mass of FN adsorbed and inter-
action onto the GO- and RGO-coated sensor surface. The surface
mass density of adsorbed FN on GO and RGO substrates was deter-
mined using the Sauerbrey equation,

Δm ¼ �C
n
Δf ,

where C = 17.7 ng cm–2 s–1, n = overtone number, and Δf = frequency

FIG. 1. Schematic representation of the preparation of GO- and RGO-coated glass substrates. (a) Coating of glass with GO using spin coating technique at 2000 rpm for
30 s. (b) Thermal reduction of GO-coated glass using vacuum heating at 200 °C for 6 h to obtain RGO-coated glass substrate.
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change. For data analysis, overtone number (n = 3) was used.
Adsorbed FN on GO- and RGO-coated QCM-D sensors was used to
evaluate structural features and conformational changes of FN upon
adsorption using AFM operated in tapping mode, enabling high-
resolution imaging of the FN morphology at nanoscale.

E. Computational modelling study of FN interaction
with GO and RGO

Molecular docking simulations were performed to provide a
more profound understanding of the molecular interactions that regu-
late FN adsorption on GBMs. Fibronectin (PDB ID: 1FNF) was
retrieved from the RCSB Protein Data Bank,22 whereas the molecular
structures of GO and RGO were constructed using ChemDraw
(version 23.1.2). The GO surface comprised approximately 30% oxy-
genated functional groups, including epoxy, hydroxyl, and carboxyl
groups, distributed across the basal plane, whereas the oxygen content
in RGO comprised around 10%, indicative of the surface after thermal
reduction. The protein structure was pre-processed in UCSF Chimera
by eliminating non-essential residues, such as water molecules and
heteroatoms, to guarantee precise docking configurations.23,24

Likewise, GO and RGO structures were examined and refined in
UCSF Chimera prior to undergoing docking simulations with
AutoDock Vina.25 A blind docking method was utilized to thoroughly
investigate the FN surface and identify potential binding regions on
the GBMs. Binding energy (c-score) was employed for analyzing the
docking results, and the conformation with the lowest energy was
chosen since it revealed the most favorable interaction. To enhance the
evaluation of binding quality, hydrophobic interactions between FN
and GBMs were analyzed, offering insights into the fundamental
mechanisms influencing protein adsorption. Furthermore,
root-mean-square deviation (RMSD) values of the docked complexes
were computed using PYMOL software to assess the precision and
stability of the final protein–ligand interactions. The visualization soft-
ware (Biovia Discovery Studio Visualizer v24.1.0.23298) was also uti-
lized to analyze the docking results of FN with GO and RGO and to
produce interaction illustrations.

F. Statistical analysis

All experimental data, derived from a minimum of three inde-
pendent experiments, are expressed as mean ± standard deviation.
Quantitative data analysis was conducted employing ImageJ (National
Institutes of Health, USA), and the results were graphically illustrated
using Origin 2024. Statistical comparisons among groups were per-
formed using one-way ANOVA, followed by Tukey’s post hoc test for
multiple comparisons. Statistical significance was established at
p < 0.05, denoted by symbols in the corresponding figures.

III. RESULTS AND DISCUSSION

A. Preparation and characterization of GO- and
RGO-coated substrates

Graphene oxide (GO), the oxidized form of graphene, is fre-
quently reduced by various methods (like chemical, thermal, hydro-
thermal, electrochemical, and photocatalytic) to obtain RGO, which
exhibits distinct properties compared to its oxidized counterpart for
biomedical application. Among these reduction techniques, thermal

reduction stands out as a simple, safer, and economic alternative
method, allowing precise control over the degree of reduction and
enabling the production of two distinct forms of graphene-based
materials GO and RGO for biomedical applications. For preparation
of GO and RGO substrates, aqueous dispersed GO (2mg/ml) solution
was spin coated on plasma-treated glass cover slip. Spin coating of GO
solution leads to rapid removal of the solvent due to spinning that
improves the interaction between GO- and plasma-treated hydrophilic
glass substrates, which provides strong adhesion with continuous film
coating with minimal wrinkling. After coating GO on cleaned plasma-
treated glass, a semitransparent brownish color can be seen due to cov-
ering of few layers of GO sheets as shown in Fig. 1(a). The GO-coated
substrate was later subjected to thermal reduction in accordance to
previous report to obtain the RGO-coated substrate.11 After thermal
reduction, the brown color changed to black color, a visible indicator
of GO reduction to RGO as shown in Fig. 1(b).

The optical micrographs of the GO-coated substrate showed
nearly transparent flaky sheet coverage, whereas the RGO-coated
substrate showed visible darkish contrast as shown in Figs. 1(a)
and 1(b) (for better contrast, see Fig. S1 in the supplementary
material). The darkish contrast and color change from brownish to
black for the RGO film can be ascribed to restoration of sp2 hybrid-
ization in graphene sheets enhancing light absorption of RGO
sheets in the visible regions. The SEM micrograph of GO- and
RGO-coated substrates showed well coverage of GO and RGO
sheet like flakes without any wrinkled morphology with a thin
coating of 1–3 layers. The wrinkle free and thin coating of GO and
RGO can be ascribed to centrifugal force during spinning, which
creates a shearing force to align the GO sheets parallel to the sub-
strate surface, minimizing overlapping and ensuring a smooth
wrinkle free morphology and uniform thin coverage.

AFM micrograph [Fig. 2(a)] of the GO coating showed thin-
coated sheeted flaky morphology with an individual sheet thickness of
around 1.2 nm. After thermal treatment, flake thickness decreased to
0.9 nm indicating the removal of oxygenated functional groups from
GO surface, in consistent with previous reports.26 The impact of
thermal reduction on chemical functional groups on GO and RGO
surfaces was observed in their FTIR spectra [Fig. 2(b)]. It is important
to note that the spectral analysis of very thin coatings using FTIR
requires careful consideration of the IR transparency of the control
substrate to avoid interference and ensures accurate identification of
functional groups. To address this, IR spectra of the clean glass sub-
strate were first collected to find IR-sensitive region (Fig. S2 in the
supplementary material). The FTIR spectra of the clean glass substrate
showed no IR peaks at higher wavenumber from 4000 to 1500 cm−1,
whereas at lower wavenumber at around 1400 and 940 cm−1, the
control glass substrate showed IR peaks (Fig. S2 in the supplementary
material) corresponding to the intrinsic Si–O–Si bending and stretch-
ing vibrations typical of silicate-based glass.27 This observation indi-
cated that IR spectra collected between 4000 and 1500 cm−1 on the
glass substrate could be appropriate for detecting thin-coated materials
as supported by previous studies for analyzing thin immobilized, self-
assemble molecules (SAM) or graphene oxide (GO) and its derivatives
coating on the glass substrate.28–30 IR spectra collected from 4000 to
1500 cm−1 for the GO-coated glass substrate showed hydroxyl stretch-
ing (–OH), CH stretching shoulder, carbonyl (–C=O), and alkenes
(–C=C–) functional group peaks at 3000–3500, 2800, 1720, and
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1620 cm−1, respectively [Fig. 4(b)].31 In contrast, the FTIR spectrum
of RGO showed significant reduction in hydroxyl and oxygen-
containing carbonyl (–C=O) groups and retention of high alkenes
(–C=C–) functional group peaks at ∼1620 cm−1 reflecting the
removal of oxygen functionalities and restoration of the sp2 hybridiza-
tion upon thermal reduction. However, some residual fraction of
oxygen-containing groups often remains, as is evident from small
shoulder and humps seen for carboxyl groups at 1720 cm−1, making
RGO distinct from pristine graphene.32

Figure 2(c) shows Raman spectra of GO- and RGO-coated
substrates. Spot Raman spectra taken from GO- and RGO-coated
substrates showed their characteristic D and G bands at 1325 and
1588 cm−1. Furthermore, to understand the effect of thermal reduc-
tion on the removal of oxygenated functional groups from basal
graphene surface and edges, we measured the ID/IG ratio as an indi-
cator of defect density created by the presence of oxygenated func-
tional groups on graphene sheets. ID/IG ratio of GO decreased from

1.4 to 1.1 for RGO after thermal reduction, indicating a partial res-
toration of sp2 hybridization of a carbon network in graphene due
to the removal of oxygenated functional groups. Figure 2(d) shows
the XPS spectra of GO- and RGO-coated substrates with elemental
carbon (C1s) and oxygen (O1s) peaks at 283 and 531 eV, respec-
tively.33 After thermal treatment of GO, the relative elemental ratio
of C1s/O1s increased from 4.7 (for GO) to 9.8 (for RGO), indicat-
ing around 52% removal of oxygenated functional groups aligning
with FTIR and Raman spectra suggesting a partial restoration of
the graphene sp2 carbon network.

B. Surface charge and surface potential measurement
of GO- and RGO-coated substrates

For zeta potential measurements, the coated GO and RGO
sheets were carefully scraped off the coated substrate and dispersed
into an appropriate solvent to form a stable dispersed solution. The

FIG. 2. Physiochemical characterization of GO and RGO. (a) AFM images depicting the surface morphology of GO and RGO flakes accompanied by the height profile.
(b) FTIR spectra of neat clean glass, GO-, and RGO-coated glass substrate, displaying characteristic peaks for oxygen-containing groups in GO and their subsequent
reduction in RGO. (c) The Raman spectra of GO and RGO revealing the D and G bands, with the ID/IG ratio decreasing for RGO. (d) XPS spectra for GO and RGO illus-
trating the C1s and O1s peaks and the area under the curve of carbon and oxygen 1s signals were taken along with the RSF for calculating C:O ratio.
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average zeta potential of obtained GO solution was −37.5 mV,
which can be attributed to the presence of negatively charged oxy-
genated functional groups on the graphene surface. After thermal
reduction, the zeta potential decreased to −17 mV but still
remained negative as shown in Fig. 3(a), indicating that during
thermal treatment major fraction of negatively charged oxygenated
functional groups were removed while some oxygenated functional
groups were retained as evidenced by FTIR spectra.

Achieving a reliable evaluation of surface potential requires a
thin coating over the underlying substrate to maintain contrast
between the coated material and the substrate. However, the
obtained full coverage coating of GO and RGO flakes may obscure
the substrate completely, resulting in an equipotential surface
across the scanned area hindering the accurate surface potential
mapping. To address this challenge, we used a low concentration
GO solution (0.1 mg/ml) to achieve a thin and less coverage
coating on the silica substrate via spin coating followed by thermal
treatment. This approach ensures that the underlying silica sub-
strate remains partially visible, allowing us to maintain clear con-
trast during surface potential scans. The surface potential profile of
indivisible GO and RGO sheets along with their height profile was
evaluated using KPFM technology. The topographic image of GO
and RGO with respective height profile is shown in Fig. 3(b),
whereas Fig. 3(c) shows simultaneously obtained surface potential
image of GO and RGO sheets. The height profile of GO and RGO
showed thickness of 1.3 and 0.9 nm consistent with previous AFM
thickness measurements. Surface potential imaging exhibited clear
distinguished potential mapped areas (blue for GO, magenta for
RGO) with respect to underneath silica substrate (yellow color).
Measured surface potential of GO and RGO with respect to the
silica substrate was 120 and 60 mV, respectively, as shown in
Fig. 3(d). The high surface potential for GO can be attributed to
the presence of high amount of ionizable oxygenated functional

groups like hydroxyl and carboxyl groups, which creates localized
charges and dipoles contributing to a high electrostatic potential on
the GO surface. The decrease in surface potential upon thermal
reduction for RGO indicated that most of oxygenated functional
were removed leading to a decrease in surface charge density and
promote restoration of the graphitic network increasing its conduc-
tivity in consistent with literature.34,35 These change in surface
potential for GO and RGO indicate they may have altered elec-
tronic interactions with adsorbed species.

Surface wettability of GBMs have shown to be regulated by
multiple factors, including the underlying substrate, surface con-
tamination, ambient environmental conditions, sample condition
(freshly exfoliated versus non-freshly exfoliated), thickness
(number of layers), intrinsic surface chemistry, surface roughness,
and the specific measurement method employed.36 Similar to these
parameters, the surface potential of different GBMs can alter the
distribution of charges and provide dipole moments on the surface,
which can influence the ionic interaction between the GBM surface
and water molecules, affecting wettability.37 Thus, using one of the
most classical techniques of the sessile water droplet method, we
measured contact angle of the GO- and RGO-coated substrates.
The GO-coated substrate with polar oxygenated functional groups
and high surface potential showed low water contact angle of 38.2°
resulting in wetting the surface. On other hand, RGO with low
polar oxygenated functional groups and low surface potential
resulted in high water contact angle of 89.8° on the surface
[Fig. 3(e)]. The measured contact angles of GO (38.2°) and RGO
(89.8°) are in close agreement with reported values, wherein GO
typically exhibits hydrophilic behavior (30°–50°) and RGO displays
increased hydrophobicity (80°–90°).37,38 This consistency confirms
the successful surface modification from GO to RGO and further
supports the notion that changes in surface potential critically
influence the wettability of graphene-based materials. Studies have

FIG. 3. Characterization of the surface properties of GO and RGO. (a) Zeta potential analysis of dispersed GO and RGO flakes. (b) Surface potential profiles of GO and
RGO obtained through KPFM, accompanied by their respective height profiles. (c) GO and RGO surface potential map images captured concurrently with KPFM. (d)
Surface potential measurements of GO and RGO with respect to the silica substrate. (e) Water contact angle micrographs of GO and RGO as a function of hydrophilicity.
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shown that materials with high surface potential shows strong
polar and electrostatic interactions with water molecules making
them hydrophilic in nature, whereas surfaces with low surface
potential reduces ionic interaction capacity with water resulting in
high water contact angle on the surface making them hydroponic
in nature.39

C. Fibronectin protein adsorption and interaction on
GO- and RGO-coated substrates

The wettability of GO and RGO influenced by surface
potential may further play a pivotal role in determining the
initial interaction of GBMs with their biological microenviron-
ment. To further elucidate the role of GO and RGO surface
potential in modulating these interactions, we conducted a
protein adsorption study using fibronectin, a most common
protein found in the extracellular matrix (ECM). Figure 4(a)
illustrates a quartz crystal microbalance plot showing progressive
decrease in frequency over time, corresponding to the adsorption
of FN onto GO and RGO substrates. A more rapid frequency
shift was observed on RGO substrates compared to GO, with the
frequency reaching saturation at −183 Hz for RGO and −80 Hz
for GO. These frequency shifts correspond to average mass densi-
ties of 1079.7 ± 97.3 ng/cm2 for RGO and 472 ± 68.1 ng/cm2 for
GO, which indicates that the RGO substrate exhibited

approximately threefold greater adsorption of fibronectin com-
pared to the GO substrate. Obtained QCM-D FN adsorption
study was consistent with the results from fluorescence micros-
copy studies, which also revealed significantly higher adsorption
of fluorophore-labelled FN on RGO surfaces compared to GO
surfaces as shown in Fig. 4(b).

The high adsorption of FN on the RGO surface can be attrib-
uted to its low surface potential, hydrophobic nature, and reduced
negative surface charge. These properties create an energetically
favorable environment for the displacement of weakly interacting
water molecules by FN adsorption. In addition, FN has an isoelec-
tric point at pH 5.92, so it carries a net negative charge under phys-
iological conditions. As a result, lower negative charge density on
RGO surfaces reduces electrostatic repulsion, thereby promoting
high FN protein adsorption. Consistent with our result, Lin et al.
demonstrated that FN proteins exhibit less polarization when
adsorbed onto negatively charged surfaces with low surface poten-
tial compared to those with high surface potential.39 The reduced
polarization of FN was attributed to the weaker electric field gener-
ated by surfaces with lower potential, which minimizes the distor-
tion of the protein’s charge distribution, leading to less electrostatic
repulsion by negatively charged surfaces with low surface potential.
Overall, these results indicated that the combination of hydropho-
bic interactions and reduced electrostatic repulsion due to low
surface potential facilitates enhanced FN adsorption on RGO

FIG. 4. Fibronectin adsorption on GO and RGO. (a) Real-time QCM-D adsorption profile of FN on GO and RGO. (b) Fluorescence microscopy images of adsorbed FN
on GO and RGO (scale bar = 100 μm). (c) QCM dissipation per frequency (ΔD/ΔF) plot of FN on GO and RGO. (d) AFM images revealing structural morphology of FN
on GO and RGO surfaces (scale bar = 200 nm).
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compared to more negatively charged and high surface potential
surfaces like GO.

Most of the study mainly concentrates on the macroscopic
adsorption behavior of proteins on material surfaces and provides
insights into the affinity and amount of protein adsorption on the
material surface.40,41 However, it is equally critical to evaluate the
strength, nature of the interactions, molecular conformation, and
stability between the adsorbed proteins and the materials surface as
these factors directly influence the materials’ biological perfor-
mance. To gain a comprehensive understanding of protein-material
interactions on GO and RGO having different surface potential, we
studied the adsorption energy of FN on the GO- and RGO-coated
surface by quantifying the dissipation per frequency (ΔD/ΔF) using
QCM-D data, which provides insights into the hydrodynamic size,
packing density, molecular conformation, and binding strength
of surface-adsorbed proteins.42 Studies have shown that a larger
(ΔD/ΔF) ratio indicates loosely packed protein layers on the mate-
rial surface, while changes in the slope of the (ΔD/ΔF) plot during
protein adsorption reflect molecular rearrangements, highlighting
dynamic conformational adaptations as the proteins stabilize their
structure on the surface.43,44 Figure 4(c) shows a plot of dissipation
changes per frequency changes (ΔD/ΔF) for FN adsorption on GO-
and RGO-coated surfaces.

FN on GO surfaces showed higher (ΔD/ΔF) value with a change
in a slope value in comparison to the RGO surface [Fig. 4(c)], which
suggests that FN molecules on the GO surface adsorb at a slower rate
and form a more loosely elongated packed structure, indicating they
might have undergone a conformational change during adsorption.
On the other hand, adsorbed FN displays a single slope with lower
(ΔD/ΔF) indicating a faster adsorption rate of FN and formation of a
more rigid and compact structure. Tagaya et al. have very well high-
lighted that a higher slope in the dissipation versus frequency shift
(ΔD/Δf) plot during protein adsorption typically reflects lower
adsorption rates and is often associated with unfolding of the protein
upon surface interaction and undergoes conformational changes.43

AFM study further confirmed the morphology and conformational
changes of FN on the GO and RGO surfaces at nanoscale [Fig. 4(d)].
FN on GO showed elongated fibrillar structures, whereas FN on RGO
appeared as globular compact structures. Several studies have pointed
out that electrostatic interaction of FN on the material’s surface regu-
lates its native compact folded structure. FN on a surface with low
negative charge density has shown minimal reorientation of the FN
domain, as a result molecules adsorb immediately on the surface
making a rigid compact structure as shown by a decreased dissipation
factor on the RGO surface. On material with high negative charge
density, FN has shown to mediate the slow rate of adsorption with
unfolding of the compact structure into elongated structures due to
rearrangement of the molecular structure in FN so that its polar or
positive charged domains interact strongly with high negative charge
surface. On a similar note, Renner et al. observed that fibronectin
(FN) formed a rigid, compact, and densely packed layer on hydropho-
bic surfaces with a high carbon-to-oxygen ratio, such as poly
(octadecene-alt-maleic anhydride) (POMA). In contrast, on hydro-
philic surfaces with a low carbon-to-oxygen ratio, like poly
(propene-alt-maleic anhydride) (PPMA), FN adopted a more flexible
and elongated conformation, as evidenced by an increased ΔD/ΔF
ratio.44 These results suggested that the difference in

carbon-to-oxygen ratios of GO and RGO surfaces influenced their
surface potential, which might have played a significant role in modu-
lating fibronectin (FN) electrostatic interactions at the molecular scale,
thereby regulating its conformation upon adsorption.

D. Computational modelling of FN interaction with GO
and RGO surface

To further investigate how graphene-based materials (GBMs)
with varying carbon-to-oxygen (C/O) ratios having different surface
potentials influence protein conformation through molecular interac-
tions, we employed a computational simulation study. This approach
allowed us to explore the molecular-scale mechanisms driving protein
adsorption and conformational changes on GO and RGO surfaces,
providing deeper insights into the role of surface properties in regulat-
ing protein-material interactions. The docking analysis demonstrated
varying binding affinities and conformational stability of FN on GO
and RGO, as illustrated in Figs. 5(a) and 5(b), respectively, highlight-
ing the significance of surface potential in influencing protein-
material interactions, aligning with the findings from fluorescence
microscopy and AFM analyses.

For the molecular docking studies, we employed the minimized
crystal structure of fibronectin and energy-optimized models of GO
and RGO surfaces as the input conformations. Each docking simula-
tion sampled roughly 50 conformations, with energy values for these
conformers varying from approximately −0.5 to −3.9 kcal/mol,
depending on the interaction surface. The conformer with the lowest
energy was utilized to determine the docking scores (C-score), with
the C-scores for FN adsorption onto GO and RGO recorded at −2.24
and −3.87, respectively [Fig. 5(c)], suggesting a greater binding affinity
of FN to RGO in comparison to GO. The disparity in binding energy
is attributed to the decreased surface potential of RGO, which
enhances hydrophobic interactions and reduces electrostatic repulsion,
thus fostering stable protein adsorption. The reduced surface potential
of RGO, resulting from the elimination of oxygenated functional
groups during thermal reduction, establishes a thermodynamically
advantageous setting for FN attachment. The higher surface potential
of GO likely induces electrostatic repulsion between the negatively
charged FN molecules and the material surface, thereby lowering
binding strength. Figure 5(d) illustrates the hydrophobicity and hydro-
gen bonding interaction maps of FN with GO and RGO, emphasizing
the distinct binding mechanisms. FN-GO interactions were predomi-
nantly influenced by hydrogen bonding resulting from oxygenated
functional groups, while FN-RGO demonstrated more robust hydro-
phobic interactions, which enhanced adsorption stability.

The analysis of RMSD confirmed the stability of the docked
complexes. The RMSD values were 0.42 Å for FN-GO and 0.01 Å
for FN-RGO, indicating a markedly more stable conformation of
FN on RGO. The minimal deviation observed for FN on RGO
indicates a rigid and well-anchored protein structure. In contrast,
the higher RMSD for FN on GO suggests greater conformational
flexibility, likely resulting from weaker interactions and increased
molecular rearrangement across the surface. This is in line with
experimental results from QCM-D and AFM, which showed that
FN adopted an elongated and loosely packed conformation on GO
while forming a compact rigid layer on RGO.
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FIG. 5. Computational prediction of FN binding with GO and RGO. (a) Molecular docking of FN with GO highlighting hydrophobic interactions. (b) Molecular docking of
FN with RGO highlighting hydrophobic interactions. (c) Affinity and stability analyses of FN with GO and RGO in terms of C-score and RMSD values. (d) Hydrophobicity
and hydrogen bonding maps of FN interaction with GO and RGO.
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Hydrophobic interactions significantly influenced FN adsorp-
tion onto RGO, supporting the hypothesis that reduced surface
potential improves protein-material interactions by decreasing elec-
trostatic repulsion. In contrast, the elevated surface potential of GO
enhanced electrostatic interactions, resulting in increased protein
rearrangements and reduced overall adsorption stability. The find-
ings underscore the significant influence of surface potential on
protein adsorption affinity, stability, and conformation at the
molecular level. The improved FN binding to RGO highlights the
importance of tweaking surface charge and chemistry in the devel-
opment of graphene-based biomaterials with regulated biointerface
characteristics.

IV. LIMITATIONS OF THE STUDY

One of the main goals of this study was to evaluate how the
surface potential of GBMs influences protein adsorption and
molecular interaction. However, in GBMs, it is really challenging to
isolate chemistry and surface potential, which are inherently inter-
linked in graphene-based materials, making it one of the limiting
and challenging factors. This work sets the platform to initiate
thinking around the role of the surface potential of GBMs in regu-
lating protein interactions, emphasizing the need to extend this
exploration further.

In relation to surface potential, in this study, only two levels of
surface potential variation (+120 mV for GO and +60mV for
RGO) were considered; however, for a better in-depth understand-
ing, one should think of a broader range of surface potentials,
which provide deeper insights and strengthen the parallels with
studies on surface chemistry modifications. Such investigations,
however, demand precise control, reduction of experimental vari-
ability, and rigorous optimization to precise control of surface
potential variation with minimal variation in chemistry of GBM,
through several parameter optimization, which can be very chal-
lenging and may be considered in future studies.

Another limitation of this work is that it mainly focuses on a
single-protein system, specifically fibronectin [as a simple founda-
tional model keeping standardized conditions like pH (7.4) and iso-
tonic PBS buffer to mimic a biomimetic environment to provide
insights into the influence of surface potential on adsorption
behavior], which does not fully capture the complexity, dynamics,
and competitive adsorption of multicomponent protein environ-
ments encountered in physiological conditions governed by phe-
nomena like the Vroman effect. This multicomponent competitive
adsorption behavior is influenced by factors such as different
protein concentration, size, charge, diffusion kinetics, pH, and
binding energy, which can significantly alter the nature and confor-
mation of the final protein layer on materials with different surface
potentials.45,46

V. CONCLUSIONS

This study focuses on the impact of surface potential on
protein interactions with GO and RGO substrates. Spin-coated GO
substrate was thermally reduced to RGO to obtain two distinct
GBM having distinct surface potential. GO having rich amount of
oxygenated functional groups showed high surface potential
(+120 mV) in comparison to RGO (+60mV) with reduced

oxygenated functional groups. Reduction in surface potential on
the RGO surface supported enhanced FN adsorption with strong
interaction forming globular structure on its surface, whereas FN
on GO showed low adsorption with elongated fibrillar structures
with an apparent formation of a protein network. These results
suggested that the obtained GO and RGO having difference in
carbon-to-oxygen ratios can influence their surface potential,
which might have played a significant role in modulating fibronec-
tin (FN) electrostatic interactions at the molecular scale, thereby
regulating its molecular conformation upon adsorption.
Additionally, the molecular docking simulation supported these
experimental results, showing that FN-RGO interactions were
stronger than FN-GO interactions, as indicated by a lower C-score
and a lower RMSD. The reduced surface potential of RGO lowered
electrostatic repulsion and strengthened hydrophobic interactions,
resulting in a more stable binding conformation. Overall, the study
highlights the importance of surface potential in protein adsorp-
tion, binding stability, and molecular conformation on GBMs, pro-
viding insights into the development of graphene-based
biomaterials with improved biointerface properties for tissue engi-
neering and biomedical applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following: Figure S1:
Digital images of RGO-coated glass substrate, GO-coated glass sub-
strate, and neat glass substrate; Fig. S2: FTIR spectra of neat clean
glass, GO-coated glass, and RGO-coated glass substrate.
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