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ABSTRACT: Graphene oxide (GO) has immense potential for
widespread use in diverse in vitro and in vivo biomedical applications
owing to its thermal and chemical resistance, excellent electrical
properties and solubility, and high surface-to-volume ratio. However,
development of GO-based biological nanocomposites and biosensors has
been hampered by its poor intrinsic biocompatibility and difficult
covalent biofunctionalization across its lattice. Many studies exploit the
strategy of chemically modifying GO by noncovalent and reversible
attachment of (bio)molecules or sole covalent biofunctionalization of
residual moieties at the lattice edges, resulting in a low coating coverage
and a largely bioincompatible composite. Here, we address these
problems and present a facile yet powerful method for the covalent
biofunctionalization of GO using colamine (CA) and the poly(ethylene glycol) cross-linker that results in a vast improvement in the
biomolecular coating density and heterogeneity across the entire GO lattice. We further demonstrate that our biofunctionalized GO
with CA as the cross-linker provides superior nonspecific biomolecule adhesion suppression with increased biomarker detection
sensitivity in a DNA-biosensing assay compared to the (3-aminopropyl)triethoxysilane cross-linker. Our optimized
biofunctionalization method will aid the development of GO-based in situ applications including biosensors, tissue nanocomposites,
and drug carriers.
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■ INTRODUCTION

Since its discovery in 2004, graphene in both pristine and
oxidized forms has been proposed for a wide variety of
applications, ranging from nanocomposite material develop-
ment to biomedical applications.1−4 This two-dimensional
(2D) material’s unique combination of characteristics, such as
a high surface-to-volume ratio, excellent electrical properties,
chemical resistance, thermal stability, and solubility in aqueous
solutions, makes graphene oxide (GO) of particular interest for
biomedical applications including label-free biosensing and,
more recently, as a drug delivery carrier.1,3,5−7 For example,
feasibility studies have shown that GO can be used as a drug
carrier for the treatment of cancer, multiple sclerosis, and
Alzheimer’s disease; in gene therapy; as an early disease-
detecting biosensor for Parkinson’s disease, Alzheimer’s
disease, and cancer; in glucose immunosensing; as a grafting
composite for tissue engineering; and in cell imaging among
other applications.1,3,5,8−13

From a physicochemical point of view, these applications
share the same critical surface composition requirements. To
render a material functional for biomedical applications, an
organochemical coating has to be added, which provides the
means to covalently immobilize biosensing receptor biomole-

cules, such as antibodies, nucleic acids, and others. Ideally, the
coating should provide homogeneous surface coverage with a
high (bio)molecule density, stable chemical attachment, and
high biocompatibility, while suppressing nonspecific biomole-
cule and cell adhesion.14−16 These characteristics have been
shown to directly impact the target biomolecule selectivity and
sensitivity (in the case of biosensors) and trigger immune
response in different organisms.6,14−19

The challenges of biocompatibility and suppression of
nonspecific biomolecule adhesion have been recently ad-
dressed using poly(ethylene glycol) (PEG) polymer coat-
ings.12,20,21 Since GO is a nondegradable material, its solubility
and in vivo biocompatibility can be significantly improved by
applying physically and chemically inert PEG polymer coatings
that cap the GO surface functionalities and decrease its
hazard.22 Recent studies have evidenced that PEG-function-
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alized GO has significantly decreased toxicity to diverse human
cell lines and living organisms by more than twofold compared
to its pristine form at concentrations as high as 100 μg/
mL.10,22−25 However, achieving chemically stable, dense, and
homogeneous PEG functionalization of the entire GO lattice
remains difficult.21 Currently, immobilization of PEG and
biomolecules to GO is primarily realized using weak
noncovalent and reversible binding strategies to attach
(bio)molecules via electrostatic forces (e.g., π-stacking and
van der Waals forces). Only a few approaches have been
developed for covalent attachment of chemical moieties to
residual oxygen-containing functional groups of GO.12,20

Candidate moieties for possible covalent attachment locations
on GO include randomly distributed epoxides and relatively
abundant hydroxyl groups within the GO hexagonal lattice as
well as less-abundant carboxylic groups and ketones located at
the edges of GO substrates.1,5,26 Covalent (bio)conjugation
can be achieved either via chemical reduction using hydrazine,
but also removes most of the other oxygen-containing
functional groups, or via peptide binding through exposure
to N-(3-dimethyl-aminopropyl-N′-ethyl carbodiimide) (EDC)
or N,N′-dicyclohexyl carbodiimide, combined with N-hydroxy-
succinimide (NHS) reactive groups.9,27 However, this strategy
carries a notable drawback: particularly for GO flakes with
larger dimensions, the use of edge carboxylic groups cannot
provide a high-density coating on the GO lattice, which leads
to both insufficient biocompatibility and decreased biosensing
sensitivity.17,18

To improve the GO coating stability and coverage, other
recent developments have focused on the covalent attachment
of alkoxysilane cross-linkers to surface hydroxyl groups
scattered across the GO plane. 3-Aminopropyl-triethoxysilane
(APTES) has been a common choice, even though APTES
modification can promote the formation of inhomogeneous
and multilayered coatings, which render this approach largely
inadequate for applications involving nanostructures.21,28−30

As a promising alternative, the colamine (CA) (β-hydrox-
yethylamine) cross-linker, originating from single-molecule
atomic force spectroscopy, has recently shown superior
functionalization performance for nanoscale semiconductor

structures, for which it can provide dense and homogeneous
monolayer coatings.21,31−33 Comparable with the covalent
attachment of APTES to surface hydroxyl groups, CA forms
covalent ether links with hydroxyl groups via a condensation
reaction.31,32,34,35 In the case of GO, CA covalently ligates to
both epoxides and abundant hydroxyl groups across the GO
material plane, resulting in a significant increase in overall
coating coverage.
In this work, we demonstrate the applicability of CA as a

GO-compatible surface cross-linker superior to APTES. CA
provides a highly uniform monolayer coating for subsequent
dense covalent PEG immobilization to render GO biocompat-
ible. In a step-wise and bottom-up fashion (Scheme 1), we
characterize on a qualitative and quantitative level the surface-
coating efficiency of CA and PEG as well as their performance
as suppressors of nonspecific biomolecule adhesion compared
to APTES−PEG. As a proof of concept, we covalently
functionalize PEGylated CA and APTES-coated GO substrates
with a DNA receptor and detect specific ssDNA “probe”
sequences. Compared to APTES functionalization, the CA−
PEG coating method presented here provides improved
sensitivity due to the superior suppression of nonspecific
adhesion of incompatible ssDNA sequences.

■ EXPERIMENTAL SECTION
Preparation of GO Sheets. GO was prepared from natural

crystalline colloidal graphite using a modified Hummers and Offeman
method.36 Pure graphite flakes (Ma-399.5 RG) were obtained from
NGS Trading and Consulting GmbH with an average size of 45 μm.1

For exfoliation, 69 mL of concentrated H2SO4 was added to a mixture
containing 3 g of graphite flakes and 1.5 g of NaNO3 and cooled to 0
°C. Afterward, 9 g of KMnO4 was gently titrated into the mixture,
while ensuring that the reaction temperature remained below 20 °C.
The mixture was then heated to 35 °C while stirring for a further 30
min. 138 mL of water was added slowly to produce a large exotherm,
up to 98 °C, and the temperature was maintained for 15 min.
Afterward, the sample mixture was cooled using an ice bath for 10
min. 420 mL of water and 3 mL of H2O2 were added, producing
another exotherm. After air cooling, the mixture was filtered with a
polyester fiber filter (Millipore, a 0.22 μm pore size, Merck Millipore,
Germany). The filtrate was centrifuged at 4000 rpm for 4 h, and the
supernatant was discarded. The remaining material was washed

Scheme 1. Bottom-Up Fabrication of Biocompatible GO Sheets Functionalized with Biologically Active Moleculesa

aFrom top left: after (1) exfoliation and oxidation of graphite to GO, (2) CA was covalently coupled to both epoxide and hydroxyl groups on the
GO surface plane. A secondary biocompatible layer consisting of NHS−PEG−R* was (3) covalently attached to primary amino groups provided
by the CA coating. In our study, we (4) covalently attached NH2-conjugated 40-nt ssDNA to a carboxylic PEG-moiety (R*). Diverse binding
strategies using different functional groups (R*) on PEG and target molecules (R#) are possible using this methodology (i.e., peptide binding,
sulfhydryl cross-linking, and click chemistry). (Dashed square box) Examples of biomedically relevant (bio)molecules and drugs that can be
immobilized on functional PEG-coated GO.
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several times with 200 mL of ddH2O, 200 mL of 30% (v/v) HCl, and
200 mL of ethanol. After each washing step, the mixture was filtered
and centrifuged as described above. The resulting material was
coagulated with 200 mL of ether and filtered using a polytetrafluoro-
ethylene membrane (Merck Millipore, Germany) with a pore size of
0.45 μm. The resulting solid was vacuum-dried at 14 psi for 12 h at
room temperature.
Scanning Electron Microscopy of Graphene Oxide. GO flake

preparations were imaged using a desktop scanning electron
microscope (FEI NovaNanoSEM, ThermoFischer) on prime Si +
SiO2 (dry) wafers (Microchemicals GmbH, Germany). Scanning
electron microscopy (SEM) imaging was performed using a voltage of
5−15 kV and a 5 mm working distance.
X-Ray Photoelectron Spectroscopy of Amino-Function-

alized GO. High-resolution (HR) X-ray photoelectron spectroscopy
(XPS) spectra were recorded with a ThermoFisher K-Alpha system
using Al Kα radiation with a photon energy of 1486.7 eV. The
samples were loaded into the spectrometer without further
purification and immobilized on a copper tape (Plano GmbH,
G3397). For carbon and nitrogen spectra, 40 high-resolution XPS
spectra were recorded using a spot size of 400 μm, a 50 eV pass
energy, and a 0.1 eV step size. Charge neutralization was applied to
minimize the effect of surface charges. All peaks were calibrated,
referencing the carbon 1s peak to 285 eV. Additional high-resolution
spectra were used to determine the binding states by deconvoluting
the peaks using Thermo Avantage software (v5.952). After smart-type
background subtraction, the peaks were fitted using Gaussian−
Lorentzian product functions. The atomic ratios were quantitatively
determined by correcting the peak areas with the TPP-2M sensitivity
factor and compared with their corresponding peaks to verify their
goodness of fit.
Raman Spectrometry. Graphite and GO samples were deposited

on Si and SiO2 wafers by drop casting. Confocal Raman spectroscopy
(inVia Reflex, Renishaw, UK) was performed using a 785 nm diode
laser at 10% intensity with a signal integration time of 10 s, coupled to
a low-noise CCD detector (Centrus, Renishaw, UK). Sample
positioning was executed manually, and 5−10 graphite and GO
substrates were measured for each experimental condition. Raman
spectral analyses were performed with RStudio.
Atomic Force Microscopy. Atomic Force Microscopy (AFM)

topography images (AFM Dimension FastScan, Brucker) were
obtained in air in tapping mode using silicon nitride cantilevers
(FASTSCAN-A, Bruker) with a nominal spring constant of ∼18 N/m
and a resonance frequency of ∼800 kHz. The dimensions and height
of the GO substrates (five measurements per substrate) were
extracted and analyzed with Gwyddion.37

GO Surface Functionalization. The GO surface functionaliza-
tion procedure with CA in this study is a modified version of a
method described previously for SPM techniques.33,38 Here, GO
substrates were sonicated in anhydrous dimethyl sulfoxide (DMSO,
Sigma, USA) or dimethyl fumarate (DMF, Sigma-Aldrich) for 30 min
and then incubated for 12 h in DMSO or DMF containing 5 M 2-
aminoethanol hydrochloride (CA, Sigma-Aldrich, USA). Afterward,
100 μL of the GO solution was deposited onto a cleaned borosilicate
cover glass support; then washed once with either DMSO or DMF,
respectively, twice with ethanol, and once with Milli-Q H2O; and then
dried in a nitrogen flow.
For silanization with APTES, GO substrates were sonicated in

anhydrous DMSO for 30 min and washed with Milli-Q H2O three
times. The GO solution was deposited on clean borosilicate glass
supports and washed with ethanol and once again with Milli-Q H2O.
The silanization with APTES was performed by adding 10 μL of 5%
(v/v) APTES in toluene to the deposited GO flakes and incubated for
15 min at 75 °C. Afterward, the samples were rinsed thoroughly with
methanol and Milli-Q H2O and then dried in a nitrogen flow.
The dried deposited GO sheets, with either CA or APTES

functionalization, were PEGylated by depositing 2 mM heterobifunc-
tional NHS−PEG−COOH (MW 3400, LaysanBio, USA) in
anhydrous chloroform containing 0.5% (v/v) triethylamine for 1 h
at room temperature in a closed, humid box. After PEGylation, the

samples were washed five times with Milli-Q H2O and dried in a
nitrogen flow. For covalent ssDNA attachment, NH2-labeled 40-nt
ssDNA oligonucleotides (5′-NH2-CCACTCGTGACGCATT-
CACCTCAGCAGCACTCCT CCTCGG-3′, Purimex, Germany)
were conjugated to the PEG-coated substrates via peptide binding
at a concentration of 10 pmol/μL ssDNA in 100 mM 2-(N-
morpholino)ethanesulfonic acid (MES, Sigma, USA, pH 4.7) buffer
containing 50 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC, Sigma, USA) for 1 h at room temperature. After covalent
ssDNA immobilization, the support was washed twice with Milli-Q
H2O, incubated for 10 min in a 10 mM KCl (potassium chloride,
Sigma, USA) solution to eliminate nonspecifically adhered oligonu-
cleotides, and finally incubated for 5 min in Milli-Q H2O, followed by
drying in a nitrogen flow. The hybridization of the Atto647N-labeled,
complementary 40-nt ssDNA strand (5′-Atto647N-CCGAGGAG-
GAGTG CTGCTGAGGTGAATGCGTCACGAGTGG-3′, Purimex,
Germany) was carried out for 30 min at room temperature in TRIS−
HCl buffer (20 mM TRIS, 100 mM NaCl, pH 7.5). Afterward, the
samples were washed in 2× saline-sodium citrate (SSC, pH 7) buffer
for 5 min and in 0.01× SSC buffer for another 5 min to remove
nonspecifically adsorbed ssDNA.

Fluorescence Microscopy. The amount of GO-immobilized
ssDNA was evaluated using an epifluorescence microscope (Nikon
TE2000U, USA) with a Peltier-cooled back-illuminated EMCCD
camera (IXON3, 1024 × 1024 pixels, Andor, Ireland) for sensitive
fluorescence detection in combination with a 100× oil-immersion
objective (CFI APO TIRF, NA. 1.45, Nikon, USA). Fluorophore
excitation was achieved using a 150 W mercury-vapor lamp and a
filter set (F41-008 AHF, Tübingen, Germany) specific to the
excitation and emission wavelengths of Att647N (640, 690/20 nm,
respectively). For each sample, the fluorescence intensity (in photon
counts/s) was measured by taking the average over 10 areas
consisting of 10 × 10 pixels. Each experiment was repeated three
times to test the reproducibility and for statistical analysis.

Quantitative Evaluation of Nonspecific DNA Adhesion
Suppression. Epifluorescence microscopy was also used to evaluate
the amount of nonspecific adhesion of DNA to the different surface
compositions. For these experiments, 24 × 24 mm borosilicate cover
glasses (#1, Menzel GmbH, Germany) were cleaned by incubating
them in a 5% (v/v) aqueous Hellmanex II-solution (Hellma GmbH,
Germany) and sonicating for 20 min at 40 °C. Afterward, the cover
glasses were washed thoroughly with Milli-Q H2O and sonicated
again for 20 min in Milli-Q H2O. The cover glasses were dried in a
nitrogen flow, and the generation of surface hydroxyl groups was
carried out by applying oxygen plasma (SE80, Barrel Asher Plasma
Technology, USA) for 15 min (50 sccm O2, 200 W, 100 mTorr).
Either APTES (Sigma-Aldrich, USA) or CA (β-hydroxyethylamine,
Sigma-Aldrich, USA) was then attached covalently to the oxidized
cover glasses. The silanization with APTES was performed by adding
10 μL of 5% (v/v) APTES in toluene between two cleaned cover
glasses and incubating for 15 min at 75 °C. The silanized glass
supports were then rinsed thoroughly with methanol and Milli-Q
H2O and then dried in a nitrogen flow. CA coating and PEGylation
were performed as described for GO functionalization.

Nonspecific adhesion of ssDNA to cover glasses coated with
APTES, CA, and the PEG cross-linker was tested using the
fluorescently labeled ssDNA described above. To do so, 1 μM
Atto647N-labeled 40-nt ssDNA in TRIS/HCl buffer (20 mM TRIS,
100 mM NaCl, pH 7.5) was added to the differently coated cover
glasses and incubated for 1 h at room temperature in a dark, humid
box. Afterward, the surfaces were washed three times with TRIS/HCl
buffer for 5 min each, rinsed briefly with Milli-Q H2O, and dried
gently in a nitrogen flow.

Quartz Crystal Microbalance with Dissipation Monitoring
Data Acquisition and Sample Preparation. Surface functionaliza-
tion with APTES and CA was monitored by quartz crystal
microbalance with dissipation monitoring (QCM-D), where changes
in resonance frequency Δf and dissipation ΔD correspond to
variations in adsorbed mass and viscoelastic properties of the film,
respectively.39 QCM-D measurements were performed with a QSense
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Analyzer system (Biolin Scientific, 578 Vas̈tra Frölunda, Sweden) and
AT-cut quartz crystal chips coated with a ∼50 nm SiO2 film (Biolin
Scientific). Δf and ΔD were monitored and recorded with sub-second
temporal resolution at the fundamental tone (i = 1) and five
overtones (i = 3, 5, 7, 9, 13), corresponding to resonance frequencies
f i ≈ 5, 15, 25, 34, 45, 55, 65 MHz, respectively. Average (±SD)
normalized frequency shifts, Δf = Δf i/i, and dissipation shifts, ΔD =
ΔDi, for i = {5, 7, 9} are presented in Figures 1 and S1.
Similar to the borosilicate cover glasses, SiO2-coated quartz crystals

were treated with oxygen plasma (Diener Electric GmbH & Co., KG,
Germany) for 5 min (25 sccm O2, 50 W) to generate surface silanol
groups for covalent APTES and CA attachment, followed by washing
with ddH2O and drying in a nitrogen stream. The system was
operated at a constant flow rate of 10 μL/min using a peristaltic pump
(MS-2/6, Ismatec GmbH, Germany) at room temperature (23 °C).
Prior to the functionalization experiments, solvents (DMSO for CA
and toluene for APTES) were injected into the flow cells until both Δf
and ΔD reached a stationary value.

■ RESULTS AND DISCUSSION

The aim of the study is to provide a versatile multistep
functionalization method that fulfills the requirements of GO
being implemented in diverse biomedical applications, such as
chemical stability, biocompatibility, high (bio)molecule cover-
age, and high nonspecific biomolecule adhesion suppression
performance.
The first step in functionalizing GO with high chemical

stability is the essential covalent attachment of a surface cross-
linker. Therefore, we compared the covalent coupling
efficiency of the commonly used cross-linker APTES with
our newly introduced CA to surface silanol groups on SiO2
supports (Figure 1A) as well as their ability to form surface
mono- or multilayers as a function of reaction time. Here, we
note that while GO is our target material, a first comparison of
cross-linker coating efficiencies via fluorescence microscopy

and QCM-D provides a more quantitatively accurate approach
as GO preparations can vary in chemical composition and
degree of structural defects.40

Following this reasoning, we first performed surface
functionalization of SiO2-coated QCM-D crystals with
APTES and CA, with both over 1 h (Figure 1B,C) and 12 h
(Figure S1A,B), while monitoring mass deposition on the
surface in real time. QCM-D measures changes in resonance
frequency Δf and dissipation ΔD of the sensor crystal resulting
from mass interactions upon the modification of the surface by
cross-linkers.39 To a first approximation, the observed decrease
in Δf for APTES (Figures 1B and S1A) and CA (Figures 1C
and S1B) indicated an increase in the amount of adsorbed
mass density over time, while the increase in ΔD verified the
formation of a soft, viscoelastic surface coating. Strikingly,
while Δf for CA deposition reached saturation within 20 min
(Figures 1C and S1B), the shift in Δf for APTES decreased
more slowly but steadily throughout a ∼12 h reaction time
(Figures 1B and S1A). Subsequent washing with the solvent
was performed to remove physisorbed cross-linkers and reveal
the mass of cross-linkers that remained covalently bound
(Figure 1D). For both reaction times, the areal mass density of
APTES was ∼30-fold higher than that of CA (Figure 1D: gray
bars). Considering that APTES can polymerize into large
molecular chains, we reasoned that under the imperfectly
anhydrogenous experimental conditions, the increase in
APTES mass density has been caused by chain polymerization.
To estimate the number of surface layers formed by CA and

APTES, while taking into account the van der Waals volumes
of both cross-linkers (Figure 1D: blue bars), we found that
APTES formed multiple layers over time (∼20 after 1 h, ∼130
after 12 h).41 This observation is in agreement with previous
observations that have shown APTES forming hyperbranched
polymers under hydrogenous conditions.29,30,42 In contrast,

Figure 1. CA provides a homogeneous single-layer coating of primary amines for subsequent PEGylation. (A) APTES and CA were covalently
bound to silicon oxide surface hydroxyl groups. (B,C) Surface deposition of (B) APTES and (C) CA over time monitored via QCM-D. Δf and ΔD
were measured with sub-second temporal resolution. Average (±SD) normalized frequency shifts, Δf = Δf i/i, and dissipation shifts, ΔD = ΔDi, for
the overtones i = {5, 7, 9} are presented here and in Figure S1. (D) Areal molar density (gray) and estimated molecular layers (blue) of APTES and
CA remaining bound after washing. (E) Example false-color wide-field fluorescence images for qualitative comparison of APTES (left) and CA
(right) surface coating homogeneity via covalently coupled NHS-Atto647N fluorophores. (F) Comparison of the relative fluorescence of
nonspecifically adhered 40-nt Atto-647N-labeled ssDNA on APTES, CA, and APTES and CA with covalently bound NHS−PEG−COOH and CA
with covalently bound NHS−PEG−COOH (see Scheme 1) (N = 10 each), normalized to the value obtained for APTES. Statistical analysis
consisted of an unpaired, two-tailed t-test (p: *** ≤ 0.001; ** ≤ 0.01). See also Figures S1 and S2.
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CA formed a monolayer after 12 h. The near-zero dissipation
after the washing procedure supports the notion of a very thin-
film deposition.
To verify the QCM-D results and assess the homogeneity of

the APTES and CA coatings, we employed fluorescence
microscopy with single-molecule detection sensitivity. We
visualized the surface-grafted cross-linkers by covalently
coupling NHS-ATTO647N fluorophores to the primary
amino moieties provided by APTES and CA (Figure 1E).33

The APTES coating resulted in a highly inhomogeneous
surface, resembling the previously observed island topography
that resulted from thick APTES coatings.29,43 Prior studies
identified that the polysiloxane structures within these islands
are composed of a mixture of loosely bonded and 3D cross-
linked APTES networks, as could also be observed in our
fluorescence images.44 In contrast, the CA coating was
homogeneously distributed across the surface with a consistent
density. These results indicate that the use of CA is more
advantageous than the use of APTES for the functionalization
of nanoscale structures, where dense and homogeneous
monolayers are vital.
Using the same methodology, we next coated SiO2 supports

with APTES and CA in the presence and absence of
conjugated NHS−PEG−COOH to probe the ability of each
coating to suppress nonspecific ssDNA adhesion (Figure 1F).
We made use of heterobifunctional NHS−PEG−COOH to
allow the peptide-binding reaction between the PEG NHS
group and the cross-linker primary amino group to occur
without the addition of catalyzers. This approach prevents
PEG coupling to the surface with both ends and ensures that
the PEG COOH group remains freely accessible for
subsequent covalent biomolecule attachment. After PEGyla-
tion, fluorophore-labeled 40-nt ssDNA was allowed to
nonspecifically adhere to the different coatings, and quantita-
tive fluorescence microscopy was used to measure the degree
of nonspecific adhesion. Since GO exhibits strong autofluor-
escence in the green wavelengths (Figure S2), we chose
Atto647N to label the ssDNA used in the adhesion and
biosensing experiments.45 Compared to the commonly used
APTES coating, CA coating exhibited a statistically significant
decrease of ∼40% in nonspecific ssDNA adhesion. The
decrease in adhesion can be explained by the denser and
more homogeneous surface coverage by CA, while APTES
coverage may have been more defective, exposing bare areas of
SiO2 where electrostatic binding of DNA could occur more
strongly.21 The addition of biocompatible PEG to APTES and
CA improved the efficiency in suppressing nonspecific ssDNA
adhesion by approximately ≥90% compared to APTES alone.
This vast improvement likely resulted from both the chemically
and physically inert character of PEG and the increased
distance between the surface and biomolecule that PEG
provides. Under the physiological conditions used here, the
effective Debye length range in which strong electrostatic
interactions occur is ∼1 nm, which can be overcome by the
Flory radius of PEG (MW 3400) of ∼5 nm.46 In direct
comparison, however, the CA coating with conjugated PEG
was further able to significantly improve the suppression of
nonspecific ssDNA adhesion with respect to APTES−PEG.
This result further supports the notion that a dense and
homogeneous monolayer composition for a surface cross-
linker represents an important property for the design of
coatings with high nonspecific biomolecule adhesion-suppress-
ing performance.

Since a coating with CA conjugated with PEG largely fulfills
the physicochemical requirements for coating inertness
resulting in increased biocompatibility needed for in situ
biomedical applications, we next focused on developing a
procedure for coating GO with CA and PEG. As pictured in
Scheme 1, the bottom-up workflow of our protocol for
functionalizing GO can be divided into three major steps. First,
graphite is chemically exfoliated and oxidized using a modified
Hummers and Offeman method to produce GO (Figure
S3A,B).36 Next, the hydroxyl and epoxide groups on the GO
lattice are covalently functionalized with CA in an anhydrous
solvent. Finally, the heterobifunctional NHS−PEG−COOH
cross-linker is covalently coupled to the CA primary amine
groups on the GO surface. We note here that the carboxyl
functional group can be tailored to any other chemical
bioconjugation strategy.
Following this workflow, we first prepared exfoliated GO

and assessed dimension, layer thickness, and degree of
oxidation via SEM, AFM, and Raman spectroscopy,
respectively. AFM topography measurements (Figure 2A)

revealed that the GO flakes mostly consisted of monolayers
and few multilayers (Figure 2B,C), with an average GO layer
thickness of 7 ± 4 (SD) nm, equivalent to 3−4 GO
monolayers. The average surface area of the exfoliated GO
flakes (Figure 2D: H2O) was 320 ± 60 μm2 (SEM), and they
displayed a high surface-area-to-thickness ratio of ∼44,000.
The surface-area-to-thickness ratio, a more appropriate

Figure 2. Dimensions and layer thickness of exfoliated GO flakes. (A)
Example AFM topography of a single-layer GO flake with a minimum
thickness of 1.4 ± 0.2 nm (the yellow dashed line indicates an
example cross-section). (B) Example thickness profiles of four GO
flakes [the yellow line corresponds to the example cross-section in
(A)], showing GO flakes with thicknesses of 1−4 monolayers. (C)
Measured GO flake thickness distribution. GO samples exhibit an
average thickness of 7 ± 4 nm (SD; red line depicts Gaussian fit; N =
33), corresponding to 3−4 monolayers. (D) Average total surface area
(±SD; N = 100) of GO flakes stored in H2O (for 7 days), DMSO,
and DMF (for 24 h each). Statistical analysis consisted of one-way
ANOVA with the Tukey post-hoc test (n.s. = nonsignificant). See also
Figure S3.
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parameter for thin-film and 2D materials than surface-to-
volume ratio, is an important quality factor for achieving a high
molecule/drug density at small carrier sizes and increased
stability in nanocomposites.14 Raman spectroscopy (Figure
S3C) revealed the characteristic spectral changes previously
reported that are associated with successful oxidation of the
graphite precursor. The GO flakes showed a slight shift of the
G peak (graphite: 1580 ± 0.48 cm−1; GO: 1598 ± 0.57 cm−1),
attributable to in-plane vibrations of sp2-bonded carbon atoms,
as well as the appearance of a second-order vibrational D peak
(GO: 2935 ± 0.52 cm−1), caused by defects in the hexagonal
carbon lattice originating from existing oxidative functional
groups.40,47 Due to the increased amount of disorder in
oxidized GO in comparison to graphite, both peaks also
became wider as has previously been observed for graphite.48

Since we established that the functionalization of GO with
CA should occur in an aprotic polar solvent over 12 h (Figure
1) to achieve a dense monolayer, we compared the ability of
the two most commonly used solvents, DMSO and dimethyl
formamide (DMF), to maintain the monodispersity of GO
flakes, which is another important parameter for efficient
functionalization in solution. Compared to H2O, a common
storage solvent that maintains GO flake monodispersity,
neither solvent showed a significant difference in flake
dimensions, which would increase by agglomeration after 24
h (Figure 2D), indicating that either solvent would be suitable
for maintaining monodispersity during the CA-coating process.
We next performed the covalent functionalization of GO

with CA in both DMSO and DMF using the same approach as
for SiO2 coating. The presence of CA and the ether formation
of oxygen-containing functional groups (Figure 3A) upon
successful GO functionalization were measured via HR XPS.
Following functionalization, the presence of CA on the GO
surface was detected by the emergence of a new peak for C−N
bonds (286.17 eV) in the carbon HR-XPS spectrum (DMSO:
Figure 3B; DMF: Figure S4A), together with a significant
relative increase in N−C bond content (401.57 eV; Figure 3E)
in the nitrogen HR-XPS spectrum (DMSO: Figure 3C; DMF:
Figure S4B). The existing N−C and N−N (399.55 eV) bonds
prior to GO functionalization most likely originated from
residual contamination in the untreated GO sample and the

fixation tape, respectively. Upon treatment with CA, the C−
O−C peak (286.50 eV) notably increased in the oxygen HR-
XPS spectrum (Figure 3E; DMSO: Figure 3D; DMF: Figure
S4C), indicating successful ether formation between CA and
GO surface hydroxyl and epoxide functional groups. The
changes in N−C and C−O−C bond content upon CA coating
(Figure 3E) were approximately the same in both solvents
([N−C]CA/[N−C]control ∼ 5; [C−O−C]CA/[C−O−C]control ∼
2).
After successful covalent CA coating of GO flakes, we

functionalized the substrates with biocompatible, heterobifunc-
tional NHS−PEG−COOH using the same process as for SiO2
substrates. The ability of the CA−PEG coating on the GO
substrates to allow biosensing of a specific biomolecule was
tested next by preparing a DNA biosensor assay with our
functionalized GO−CA−PEG substrates in comparison to
GO−APTES−PEG samples.49−52 Commonly, such biosensor
assays with electrically conductive transducers like GO are
performed without labels by sensing changes in conductivity
upon biomolecule binding to its specific receptor. However,
coating coverage and local biomolecular interactions cannot be
evaluated with such approaches. In contrast, fluorescence
microscopy with single-molecule sensitivity can qualitatively
and quantitatively evaluate multiple material characteristics,
including PEG coverage, coupling of primary amino-labeled
ssDNA to the heterobifunctional PEG, and the degree of
nonspecific biomolecule adhesion.
To this end, nonfluorescent, primary amino-labeled 40-nt

ssDNA (receptor) was covalently coupled to the GO−CA−
PEG and GO−APTES−PEG coatings to the freely accessible
carboxylic group of heterobifunctional PEG via peptide
binding using EDC as a catalyzer.21 We then allowed
complementary (target) Atto647N-labeled 40-nt ssDNA to
hybridize with the receptor DNA on the PEGylated GO flakes
during a 30 min incubation (Figure 4A) and assessed the
coverage of receptor DNA immobilization on PEG after
washing. False-color fluorescence microscopy of the function-
alized GO−CA samples (Figure 4B) exemplified the successful
PEGylation and receptor DNA immobilization with a dense
coating across the entire GO lattice. Complementary photo-
bleaching experiments (Figure 4B) of this sample revealed

Figure 3. XPS analysis of CA-functionalized GO. (A) Schematic of covalent binding of CA to surface hydroxyl and epoxide groups. (B) Carbon,
(C) nitrogen, and (D) oxygen HR-XPS spectra before (top panels) and after (bottom panels) addition of CA in DMSO. (E) Relative atomic
amounts of oxygen and nitrogen extracted from the multipeak fits to the HR-XPS spectra in (C,D) and Figure S3A-C. Statistical analysis was
performed using a two-tailed, unpaired t-test (p: *** ≤ 0.001). See also Figure S4.
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spatially uniform bleaching of target DNA-coupled fluoro-
phores (Figure 4B, t = 6 min). Both the CA- and APTES-
functionalized GO samples showed a comparable 2-fold
decrease in overall intensity after 6 min of continuous
fluorescence excitation (Figure 4C). This observation confirms
that the fluorescence emission signal originated mainly from
the fluorescently labeled target ssDNA and not from the
autofluorescence of GO (Figure S2B). The slight irregularities
in the coating layers commonly originate from defects in GO
material integrity or the folding of differently sized GO sheets
at the edges, as previously described.53

Next, we replaced the complementary target ssDNA with
noncomplementary control ssDNA to assess the nonspecific
adhesion-suppressing efficacy of the functionalized CA−PEG
and APTES−PEG coatings. Here, we added a high

concentration (1 μM) of noncomplementary Atto647N-
labeled 40-nt ssDNA to receptor ssDNA-functionalized GO−
CA−PEG and GO−APTES−PEG flakes (Figure 4A) for an
extended time, 1 h, to increase the probability of nonspecific
ssDNA physisorption. After extensive washing with the
physiological buffer, we observed a 10-fold lower fluorescence
intensity compared to the hybridized target ssDNA on
functionalized GO−CA−PEG samples (Figure 4D). In
comparison, the functionalized GO−APTES−PEG samples
exhibited only a 5-fold decrease in the fluorescence intensity.
While these results demonstrate that the PEG coating was able
to efficiently suppress nonspecific ssDNA adhesion in the case
of both surface cross-linkers, nonspecific ssDNA adhesion was
more than 2-fold lower in the case of GO−CA−PEG than for
GO−APTES−PEG (Figure 4E). This observation indicates
that the use of CA over APTES as a GO surface cross-linker
results in a significantly increased biosensing sensitivity and
specificity due to reduced unspecific adhesion of biomolecules.

■ CONCLUSIONS

Our results demonstrate dense covalent functionalization of
the entire 2D GO lattice with biocompatible PEG and ssDNA
using a multistep functionalization methodology. We found
that CA was a superior surface cross-linker compared to
traditional alkoxysilane (APTES) functionalization as it
resulted in a denser and more homogeneous monolayer
coating. The addition of covalently attached PEG to the CA
coating strongly suppressed nonspecific biomolecule adhesion,
which are prerequisites for its use in biomedical applications.
In our method, heterobifunctional PEG cross-linkers further
expand the method to other covalent coupling strategies by
providing a second, variable functional group at the PEG
terminus. Our proof-of-concept DNA-biosensing assay ex-
hibited that our coating method increases the detection signal-
to-noise ratio of the GO-based biosensors, facilitating the
development of GO biosensor platforms for early disease
detection.
This multistep functionalization methodology enhances the

chemical robustness, coating coverage, and reliability of both
GO-based biosensors and nanocomposites which may notably
improve the applicability and performance of current and
future designs. Importantly, the high PEG coverage achieved
with this method may increase the biocompatibility of GO
composites, therefore facilitating the use of GO in future in
vivo biomedical applications, ranging from drug delivery and
tissue printing to electrochemical measurements within cells
and living organisms. The provided method using solely wet
chemistry approaches further avoids the use of very specialized
equipment, rendering this methodology accessible for a large
range of laboratories.

■ ASSOCIATED CONTENT
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QCM measurements of APTES and CA coupling to
SiO2 substrates over 12 h; autofluorescence of GO
flakes; characterization of GO flakes with SEM and
Raman spectroscopy; and XPS spectra for functionalized
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Figure 4. CA−PEG−functionalized GO detects target ssDNA in a
biosensing assay more specific than APTES−PEG. (A) Schematic of
the ssDNA detection assay on PEG−functionalized GO flakes.
Noncomplementary 40-nt control ssDNA (purple) and complemen-
tary 40-nt target ssDNA (green) were fluorescently labeled with
Atto647N for quantitative fluorescence detection. (B) Example
images of (left) bright-field microscopy of a GO flake covalently
functionalized with CA, PEG, and 40-nt receptor ssDNA and (right)
fluorescence microscopy of the same GO flake after addition of
complementary, Atto647N-labeled 40-nt target ssDNA after 0 min
and 6 min of continuous fluorescence excitation. (C) Average
fluorescence intensity (±SD) of GO samples (N = 3 each) coated
with APTES−PEG−receptor ssDNA or CA−PEG−receptor ssDNA
and with hybridized target ssDNA after 0 min and 6 min of
photobleaching. (D) Average fluorescence intensity (±SD) of
APTES−PEG−receptor ssDNA or CA−PEG−receptor ssDNA (N
= 9 each) after the addition of 40-nt control ssDNA or
complementary 40-nt target ssDNA. (E) Ratio of fluorescence
intensities between control and target 40-nt ssDNA deposition
resulting from (D). Statistical analyses were performed using a two-
tailed, unpaired t-test (p: * ≤ 0.05; ** ≤ 0.01; *** ≤ 0.001; n.s. =
nonsignificant).
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