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ABSTRACT: With the global rise in incidence of cancer and
infectious diseases, there is a need for the development of
techniques to diagnose, treat, and monitor these conditions. The
ability to efficiently capture and isolate cells and other bio-
molecules from peripheral whole blood for downstream analyses
is a necessary requirement. Graphene oxide (GO) is an attractive
template nanomaterial for such biosensing applications. Favorable
properties include its two-dimensional architecture and wide
range of functionalization chemistries, offering significant
potential to tailor affinity toward aromatic functional groups
expressed in biomolecules of interest. However, a limitation of
current techniques is that as-synthesized GO nanosheets are used directly in sensing applications, and the benefits of their
structural modification on the device performance have remained unexplored. Here, we report a microfluidic-free,
sensitive, planar device on treated GO substrates to enable quick and efficient capture of Class-II MHC-positive cells from
murine whole blood. We achieve this by using a mild thermal annealing treatment on the GO substrates, which drives a
phase transformation through oxygen clustering. Using a combination of experimental observations and MD simulations,
we demonstrate that this process leads to improved reactivity and density of functionalization of cell capture agents,
resulting in an enhanced cell capture efficiency of 92 ± 7% at room temperature, almost double the efficiency afforded by
devices made using as-synthesized GO (54 ± 3%). Our work highlights a scalable, cost-effective, general approach to
improve the functionalization of GO, which creates diverse opportunities for various next-generation device applications.

KEYWORDS: graphene oxide, thermal annealing, phase transformation, oxygen clustering, improved functionalization,
microfluidic-free, enhanced cell capture efficiency

The ability to selectively detect, isolate, and quantify
biomolecules such as DNA, proteins, and cells in their
native environment is an important ongoing area of

research in understanding the physiology of various diseases,1 for
early diagnosis,2,3 and monitoring of response to treatment.4

Toward this end, nanomaterials are ideal for biosensing
applications, owing to their superior optical properties, large
surface area-to-volume ratio, and their dimensions which are
comparable to those of DNA or proteins.5−7 In particular,

carbon-based nanomaterials such as graphene and its derivatives
are well-suited for these applications, owing to their planar
architecture, coupled with a benzene basal structure, which favors
strong interaction with the aromatic functional groups in most
biomolecules of interest.
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Among the various forms of graphene, graphene oxide (GO) is
of particular interest as a next-generation biosensing mate-
rial,8−11 due to the following benefits: (a) the ability to solution
process this material for large-scale, inexpensive production of
thin films,12−15 (b) the ease of deposition on a wide variety of
substrates, with excellent control over the thickness of the sheets
ranging from the micron-scale down to a monolayer,14,15 and (c)
the availability of methods to fine-tune the sensitivity and selec-
tivity of detection11 through additional approaches involving
covalent8,16,17 or noncovalent18,19 functionalization of the rich
carbon and oxygen framework,20 resulting in nanocomposites21

with enhanced performance in biomolecule detection.22

Despite a decade’s worth of research activity in the field of
GO,23 nanosheets of GO are still being employed directly
(in their as-synthesized form) inmany applications, and attempts
to exercise any control over their physical or chemical structure,
with an aim to improve the functionalization density, have been
lacking. As a result, device performance is generally boosted by
making improvements to the device architecture (through
hierarchical designs, such as the use of patterned surfaces in
microfluidic chips), rather than taking advantage of the active
material itself (in this case, GO). Until now, there have been a
few reported examples of the application of GO-based com-
posites for cell-capture: specifically the capture of circulating
tumor cells from whole blood,24−26 or for antimicrobial surface
coatings.27 However, these approaches have relied on function-
alization chemistries to conjugate additional cell-capture
moieties directly on the GO (as-synthesized), or after reduction
to reduced graphene oxide (rGO). For example, when Yoon
et al.24 used GO chips directly, they reported low capture
efficiency∼40%. Only upon usingmicrofabrication to predeposit
“flower-shaped” gold patterns with adsorbed GO were they able
to obtain higher efficiency ∼73%. Subsequently, Li et al.25

reported high sensitivity capture of cells from whole blood, up to
∼93% efficient, using rGO films; however, this approach relies on
the surface topography and the low stiffness, without trying to
specifically improve the conjugation of antibodies on the
substrate at the nanoscale level. These approaches suffer from
significant limitations which preclude their use in high through-
out screening, such as (a) the need to employ expensive fabrica-
tion process for large-area devices, owing to the use of gold
patterning,24 or (b) the use of antibody-functionalization,25,26

which limits the density of capture agents per unit area of device,
due to steric effects owing to their size (∼150 kDa), and increases
the cost of the device due to expensive antibody production
techniques, or (c) the requirement to run the assay under
controlled environments, such as in 5% CO2 at 37 °C for long
durations ∼45 min,25 which may preclude their application in
resource-constrained settings. Evidently, such cell capture
platforms have relied largely on manipulating the device
architecture. To the best of our knowledge, no effort has been
made in the literature to improve the fundamental physical and
chemical structure of the nanomaterial itself, with the aim to
capitalize on the rich carbon−oxygen framework of GO28 to
improve the device efficiency.
In this work, we engineer the structure of GO, coupled with

the use of nanobodies (single-domain antibodies), to enhance
functionalization, and consequently, device performance for
biosensing applications. This approach addresses the issues of
device scalability, cost and density of cell capture agents dis-
cussed above. We utilize a one-step phase transformation
process, without any chemical treatments, to control and tune
the distribution of oxygen functional groups on the as-

synthesized GO substrates. Further, using a combination of a
sortase-mediated transpeptidation reaction along with a “click”
coupling reaction, we attach fluorescently labeled nanobodies to
the surface of PEG-modified GO substrates. Assembly of this
structure into a cell capture device allows efficient, rapid cell
capture (10 min.), from small volumes of whole blood (30 μL),
under ambient conditions (room temperature incubation,
without fractionation of the blood), at almost double the effi-
ciency compared to devices made using as-synthesized GO. This
has the potential to develop into a robust, unexplored platform of
low-cost diagnostics, for deployment in communities with lack of
access to advanced healthcare facilities. To our knowledge, this
is the principal demonstration of “phase engineering” in GO, and
a showcase of its enormous potential (almost doubling the
efficiency of our biosensor). Given that phase engineering has
been employed successfully in two-dimensional materials such
as transition metal dichalcogenide monolayers to obtain supe-
rior device performance,29,30 it is imperative to investigate the
possibility of using this approach to our benefit in graphene-
based devices. Consequently, the technique proposed in this
work offers a general method to enhance the functionalization of
GO structures, which has broad implications in a range of next-
generation devices using GO as a template material.

RESULTS AND DISCUSSION
Phase Transformation in GO. To begin, we discuss a

method to control and improve the distribution of oxygen
functional groups on the GO nanosheets, using a mild thermal
annealing process, without the use of reduction (thermal or
chemical) or other chemical treatments. As-synthesized GO
structures, with a chemically heterogeneous distribution of
oxygen functional groups, are metastable in nature. At mild
annealing temperatures (50−80 °C), they undergo a remarkable
phase transformation31 into distinct oxidized (sp3) and graphitic
(sp2) domains, which is thermodynamically favored and kinet-
ically accelerated by the thermal treatment. Besides, Monte Carlo
simulations and recent experiments by several groups have also
confirmed32−34 that such a phase transformation is favorable at
the temperatures mentioned above. Specifically, the oxygen
atoms diffuse along the graphene basal plane leading to the
formation of distinct graphitic (1−2 nm) and oxygen clusters, as
shown in Figure 1a, with the overall oxygen content preserved
during this process. We verified this phase transformation
process using X-ray photoelectron spectroscopy (XPS) and
electrical measurements.
To monitor the structural evolution of GO, we deposited

thin films of GO onto clean silicon or glass substrates, and
annealed them at 80 °C for a course of 0−9 days. Figure 1b shows
the variation in the oxygen concentration, sheet resistance, sp2

(CCC) carbon fraction and the absorbance of thin film
samples with annealing time (t = 0, 1, 5, or 9 days). Additional
XPS data, including the C 1s spectra, as well as the analysis of
the C:O ratio and relative fractions of the various functional
groups are presented in Figure S4 and Tables S1 and S2 of the
Supporting Information. The oxygen concentration is observed
to remain constant at∼32−34 atomic percent (at.%) throughout
the duration of annealing, consistent with previous reports,31−35

which confirms that the phase transformation process results in a
redistribution of the oxygen functional groups, without loss in
total oxygen content. The process of oxygen diffusion, which
results in the clustering of oxygen atoms upon thermal annealing,
is discussed in detail in our previous work.31 Mechanistically, the
process may be attributed to thermodynamic favorability (strain
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relief in the GO structures caused by oxygen clustering, leading
to a decrease in the total energy of the system), as well as kinetic
acceleration (activation energy for diffusion of oxygen functional
groups provided by the mild thermal annealing treatment).
In contrast to the oxygen content, the sheet resistance, the

sp2 fraction and the visible absorbance all show gradual changes
over the period of annealing. The sheet resistance decreases by
up to four orders-of-magnitude, while the sp2 fraction increases
from ∼45% to ∼53%, suggesting clustering of sp2 networks to
form distinct graphitic domains, which consequently improves car-
rier hopping across the graphene plane. In addition, our UV−vis
measurements on GO thin film samples showed monotonically
increasing absorbance values in the visible, indicating opening up
of small optical gaps in GO upon mild annealing (for full spectra,
see Figure S1 in the Supporting Information). Since it is well-
known36,37 that the optical gap is inversely related to the sp2

cluster size in amorphous carbon systems containing a mixture of
sp2 and sp3 domains, our result confirms an increase in the
sp2 cluster size with mild annealing. Taken together, these results
indicate that while the total oxygen content of GO sheets is
largely preserved, the oxygen functional groups on the graphene

basal plane undergo a reorganization, which accounts for the
gradual variation in the sheet resistance, the sp2 fraction and the
visible absorbance. This is consistent with the phenomenon
as depicted in the schematic shown in Figure 1a. Additional
characterizations of the phase transformation process, including
direct (Auger electron spectroscopy mapping) and indrect
(2D Raman and PL spectra) evidence, as well as FTIR and
Raman measurements are discussed in our previous work,31 and
subsequently been replicated successfully by several other groups
of researchers.32−34

Construction of the Cell Capture Device. To investigate
the impact of nanoscale phase transformation on cell capture
performance, we carried out cell capture experiments on devices
using GO nanosheets as a suitable template for functionalization.
The device presented here provides a simple platform to capture
cell populations efficiently on flat substrates. GO nanosheets
were coated onto standard microscope glass slides as substrates,
measuring 25 × 75 mm in size, to obtain continuous thin films
(see Figures S2 and S3 in the Supporting Information). GO-
coated slides were then annealed at 80 °C in a temperature-
controlled oven, up to a period of 9 days to facilitate phase

Figure 1. Phase transformation in GO structures. (a) Schematic of the phase transformation process induced in GO structures. Upon mild
annealing of as-synthesized GO at 80 °C, the mixed sp2−sp3 phase gradually separates into distinct sp2 (graphitic) and sp3 (oxidized) domains,
while largely preserving the oxygen content. The yellow spheres represent the carbon atoms forming the graphene basal plane, while the red and
blue spheres represent oxygen and hydrogen atoms, respectively. (b) Variation in the oxygen content (at.%), sheet resistance, sp2 fraction and
optical absorbance (at 550 nm) of GO thin films, relative to the properties of as-synthesized GO, measured as a function of the duration of
annealing at 80 °C. While the oxygen content remains mostly unchanged, the others show a gradual change with the annealing time, from t = 0
(as-synthesized) to 9 days, indicating that GO undergoes a structural change with the oxygen content preserved, consistent with the schematic
shown in (a).
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transformation and oxygen clustering in GO. Slides were
retrieved at intervals of 1, 5, and 9 days, to obtain GO samples
with varying degree of oxygen clustering, with the day 0 sample
showing no clustering, and the day 9 sample showing the
greatest degree of clustering. Hereafter, we refer to the day 0
(as-synthesized GO) as the control sample, and days 1−9
collectively as the treated samples.
We followed a sequential chemical functionalization route to

graft nanobodies onto the GO substrates (see Figure 2a for
the reaction scheme, as well as Figure S5 in the Supporting
Information for a schematic of the functionalization procedure).
The GO nanosheets were covalently functionalized with the
diamino poly(ethylene glycol) linkers (NH2−(PEG)12−NH2).
The free end of the PEG linker was then functionalized with an
NHS-activated dibenzocyclooctyne (DBCO). The single-
domain antibody fragment (VHH7), which had been labeled
with an azide through an LPETGGG peptide motif in a sortase-
catalyzed reaction,38 was then “clicked” onto the DBCO in a
strain-promoted cycloaddition reaction. VHH7 is a nanobody
(heavy-chain-only single-domain antibody), specific for murine
class II MHC-positive cells from mouse whole blood. An added
advantage of using nanobodies compared to conventional
antibodies is their smaller size (∼15−20 kDa, compared to
∼150 kDa for the latter), expected to result in a higher func-
tionalization density, leading to enhanced cell capture.
The VHH7-GO functionalized slide was assembled with a

second glass slide to form a cell capture chamber (Figure 2b).
Two strips of double-sided tape served as spacers to yield a
chamber of 12 × 25 × 0.1 mm, for a total volume of 30 μL. The
VHH7 is thus directly attached to one of the surfaces of the

capture chamber. Assembly of this device requires no more than
two-sided tape and a second, uncoated glass slide. Delivery of
30 μL of whole blood, or a spiked cell suspension is then
achieved39 by contacting the opening of the chamber with the tip
of a mechanical pipetting device. Within seconds, discharge of
the intended volume then fills the chamber by capillary action.
After incubating the sample in the chamber for 10 min, wash
steps are conducted in a similar fashion by the delivery of PBS
buffer to one open side of the chamber, and wicking off buffer at
the opposite end of the chamber, using filter paper to ensure flow
across the chamber surfaces. The mechanism of the capture of
cells from whole blood is shown in the schematic in Figure S6 in
the Supporting Information.
This approach is elegantly adaptable for it to be used in less

affluent communities, and could enable a sophisticated platform
of low-cost diagnostics (a single cell-capture device based on our
treated-GO platform works out to be under $5, see Table S3 in
the Supporting Information for an estimation of the cost).

Cell Capture Experiments. As a start, we verified indi-
vidually the contribution of GO nanosheets and VHH7 nano-
bodies in the cell capture device, using a mouse B-cell lymphoma
(A20) cell line. The cells were spiked in PBS to obtain a cell
loading 2 × 105 cells per 30 μL, and loaded into the device for
10 min at room temperature (see Methods). After the cell
capture, the cells were stained with Alexa Fluor 488-labeled
anti-murine class II MHC antibody, for fluorescence microscopy.
We observed negligible cell capture (or nanobody grafting) in
the case of the substrates prepared without VHH7 (or GO nano-
sheets) respectively (see Figures S7 and S8 of the Supporting
Information). These decoupled observations indicate that both

Figure 2. GO functionalization route and cell capture device. (a) Schematic showing the functionalization scheme to graft nanobodies onto the
GO thin films. GO nanosheets are coated onto the glass substrate, and subsequently functionalized with diamino-polyethylene glycol (NH2−
(PEG)12−NH2) linkers. The other end of the PEG linker is functionalized with an NHS-activated dibenzocyclooctyne (DBCO). The single-
domain antibody protein (VHH7), which has been labeled with an azide linker through the LPETGGG motif in a sortase-catalyzed reaction is
then “clicked” onto the DBCO in a strain-promoted cycloaddition. (b) Schematic of the cell capture device, with the assay conditions, and a
digital color photograph of the loaded capture chamber, constructed to capture cells from murine whole blood.
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GO nanosheets and the VHH7 nanobodies play essential roles,
respectivelyas a template for nanobody grafting, and as a
capture agent for specific binding of cells.
We then tested the cell capture performance of VHH7-

functionalized treated-GO substrates, and compared it with the
control case, using the same A20 cell line, for two cases: (i) cells
spiked in PBS, and (ii) cells from fresh murine whole blood.
Figure 3a,b present results from the spiked in vitro assay,
while Figure 3c−e show the results for cell capture from whole
blood.
For the cell capture experiments from cells spiked in PBS,

Figure 3a shows a series of fluorescence images comparing
captured cells for the control- and treated-GO cases. Interestingly,
in the case of treated-GO substrates, we observe monotonically
increasing cell capture efficiencies with increasing duration of
annealing (day 1−9), evident from the images by a greater degree
of the density of fluorescence of the captured cells. Normalized
relative to the control-GO case, our analysis (Figure 3b) shows a
∼2−3× increase in the number of cells captured by the devices

made using treated-GO substrates. These results hold promise for
further improving the device performance to achieve significantly
higher cell capture efficiency, by using the one-step, mild thermal
annealing process for the GO substrate.
Following this, we tested the performance of VHH7-

functionalized treated-GO substrates, in their ability to capture
cells from fresh whole blood samples (Figure 3c−e). Fresh whole
blood was obtained fromClass II MHC-eGFP knock-in mice, for
ready visualization of MHC+-cells by their green fluorescence.
The cell concentration was estimated to be 15,000 cells per
30 μL. From the fluorescence images in Figure 3c, we observe
significantly higher degree of cell capture on devices made from
day 9 treated-GO substrates, compared to the devices based on
day 0 control-GO. From image analysis, we report (Figure 3d)
an average capture efficiency of ∼54 ± 3% on the VHH7-
functionalized nanosubstrate for the day 0 case. In contrast, the
cell capture efficiency is increased to ∼92 ± 7% for the day 9
treated-GO case, indicating an almost double improvement in
performance over the as-synthesized GO substrates.

Figure 3. Enhanced cell capture using nanobody functionalization on treated-GO substrates. (a) Quantification of captured A20 cells (from cells
spiked in PBS) on the control- (day 0) and treated-GO (day 1−9) substrates. The cells are stained with an Alexa 488-labeled anti-Class II MHC
antibody. Scale bar is 200 μm for all images. (b) The relative cell capture efficiencies, for the assay corresponding to (a). Clearly, the number of
cells captured increases with the duration of the mild annealing treatment. (c) Quantification of captured class II MHC-positive eGFP+ cells from
murine whole blood samples, on devices made using control- (day 0) and treated-GO (day 9) substrates. Scale bar is 200 μm for all images in
(a) and (c). (d) The relative capture yield, for the assay corresponding to (c), reveals an almost double cell capture efficiency (92± 7%) for the
treated-GO, compared to the as-synthesized control-GO case (54 ± 3%). The error bars in (b) and (d) represent the standard deviation of
triplicates. (e) (Top panel) Captured cells on the day 9 treated-GO substrates were stained with DAPI (blue) and compared with the green
fluorescence of the eGFP+ MHC-positive cells. The merged image shows excellent colocalization, with very little nonspecific binding, indicated
by the presence of DAPI+/eGFP− signal (white arrows). (Bottom panel) High resolution images reveal that the captured cells emit green
fluorescence on the cell surface, further confirming that they are indeed class II MHC-positive eGFP+ cells. Scale bar is 100 μm for the top panel
and 5 μm for the bottom panel images.
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It is worth highlighting that these experiments were carried out
at room temperature, under ambient conditions, while achieving
an efficiency of ∼92%. This is important for several reasons.
Our method avoids the use of an incubator to maintain the
temperature at 37 °C, without the need for separation of the
serum components prior to cell capture. Combined with the use
of a simple device architecture (using only two glass slides and
double-sided tape, without the need for expensive lithography
patterning or microfluidic-based geometries), scalable materials
processing on large-area substrates, and relatively inexpensive
nanobodies as cell capture agents, this approach facilitates device
fabrication and cell capture to be used in remote communities,
and in less affluent regions, with lack of access to advanced
healthcare facilities.
We performed additional characterization of the captured

cells, using confocal microscopy, to determine specificity. All
cells captured on the devices were stained using DAPI, in order to
evaluate selectivity of our device toward Class II MHC-positive
cells. Since DAPI is a nuclear stain, it stains all captured cells
equally, thus enabling comparison with the green fluorescence
signal expected from the eGFP+ MHC-positive cells, to identify
nonspecific binding events. Figure 3e (top panel) shows very low
quantities of nonspecific binding (for example, due to T-cells), as
indicated by the white arrows, corresponding to a DAPI+/eGFP−

signal. This suggests that the phase transformation process used
in our approach to increase the capture efficiency does not result
in undesirable characteristics such as nonspecific binding. Fur-
ther, high-resolution images in the bottom panel of Figure 3e

reveal that the green fluorescence is localized to the cell surface,
confirming that they are indeed class-II MHC-positive cells. The
captured cells are viable, and available for further staining and
analysis.
As a second, independent confirmation of the specificity of

cell capture, we repeated the experiment with VHH4 nano-
bodies conjugated on to the GO substrates, instead of VHH7
(see Figure S10 of the Supporting Information). Given that
VHH4 nanobodies are specific to human Class-II MHC, the lack
of appreciable cell capture detected from murine whole blood
samples demonstrates the excellent specificity of our cell capture
platform.

Mechanism of Enhanced Cell Capture Due to Oxygen
Clustering.We hypothesized that the observed enhancement in
cell capture is a result of improved antibody grafting, facilitated
by improved functionalization of the treated-GO nanosheets
(see schematic in Figure 4a). We verified this hypothesis by
assessing the concentration of nanobodies bound to the GO
substrates. By engineering a sortase-ready version of the VHH7
with an LPETG motif near the C-terminus, and using standard
sortagging protocols,38 we introduced a Gly peptide equipped
with a TAMRA fluorophore and an azide linker to partner with
the DBCO moiety during the click reaction, for direct visualiza-
tion of the conjugated linker through fluorescence imaging.
Figure 4b shows a series of fluorescence images comparing

the nanobody-functionalized control- and treated-GO samples.
The results exhibit a monotonous increase in the fluorescence
intensity and distribution from day 0 to day 9 samples, indicating

Figure 4. Improved nanobody grafting and linker concentration on treated-GO substrates. (a) Schematic of the surface chemistry redistribution
caused by the oxygen clustering process, resulting in improved linker- and nanobody-functionalization on treated-GO substrates, compared to
the control (as-synthesized) sample. (b) Fluorescence microscope images, revealing increasing density of nanobodies conjugated on the GO
substrates, with increasing duration of annealing. The antibodies are labeled with a TAMRA fluorophore, which is responsible for the red
fluorescence. Scale bar is 50 μm for all images. (c) The relative conjugate fluorescence, for the microscope images corresponding to (b), showing
up to∼4× increase in the density of functionalization with annealing time, from t = 0 to 9 days. The error bars represent the standard deviation of
triplicates. (d) Fluorescencemicroscope images of TAMRA-conjugated linker (without the presence of the nanobody), on the control (day 0) and
treated-GO (day 5) substrates, proving that the increased concentration of the linker functionalization in the treated-GO results from the phase
transformation process (see also Figure S11 in the Supporting Information). Scale bar is 15 μm for both images.
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greater concentration of antibody grafting onto the GO sub-
strates that have undergone phase transformation. Specifically,
we find an increase in the conjugate fluorescence by ∼4× in
the day 9 treated-GO case, compared to the day 0 control-GO
(Figure 4c), thereby confirming that the enhanced cell capture is
a direct result of improved attachment of nanobodies on the GO
substrates.
Further, in order to decouple the effects of antibodies on

enhanced cell capture, and to directly probe the concentration of
linkers on the surface, we performed an experiment as described
above, albeit without VHH7. In this case, the TAMRA fluoro-
phore was conjugated directly to the diamine-PEG linker
attached to the GO substrate. The fluorescence images obtained
from this experiment for the control amd treated samples (day 5
case) are shown in Figure 4d. These images reveal a clear increase
in the fluorescence for the latter case, indicating a greater
concentration of linkers on the treated-GO substrates. We con-
tinued the annealing process for a longer period. Samples
annealed for 9, 12, and 15 days showed saturation in the TAMRA
fluorescence intensity (see Figure S11 in the Supporting
Information for the full set of images). This suggests that a
steady-state is attained31,32 at a time point between day 9 and
day 12, and a corresponding limit is reached in the maximum
density of linkers that can be grafted on to the GO substrate.
These results imply that improved nanobody grafting onto the
GO substrates is a direct consequence of the enhanced
functionalization density of the linkers, which itself is a result
of the phase transformation process effectuated in the treated-GO
samples.
Molecular Dynamics (MD) Simulations. In order to

understand the reasons behind improved functionalization of
GO nanosheets with NH2-terminated linkers, we carried out
classical MD simulations based on reactive force fields (ReaxFF).
The simulations were designed to investigate changes in the
surface chemistry that could lead to improved reactivity of the
GO structures upon mild annealing. We recall that the difference
between the control- (as-synthesized, day 0) and treated-GO
(day 1, 5 and 9) structures lies in the arrangement of the oxygen
functional groups (Figure 1a). In the former, the oxygen func-
tionalities are randomly distributed across the graphene plane,
while in the latter, the oxygen groups diffuse and form distinct
clusters. Although we know that such a process is energetically
favorable from our previous work31,40 and other literature,35,41,42

what exactly happens to the surface chemistry upon clustering,
i.e., changes in the relative concentration of oxygen functional
groups, remains unknown to date. In what follows, we use MD
simulations to shed light on the changes in the surface chemistry
of the functional groups on the GO nanosheets, and correlate
these results to the changes in the surface reactivity, which is
crucial to understanding the improved linker functionalization
observed in our experiments.
Model GO structures with different sizes of oxidized and

graphitic domains (0, 3, and 6 graphene rows) were prepared
(Figure 5a) keeping the oxygen concentration fixed, in order to
mimic the phase separation process (as depicted in the schematic
in Figure 1a). Initially, the oxidized domains consisted of ran-
domly distributed epoxy and hydroxyl groups attached to both
sides of the graphene sheet, consistent with previous reports14,43

showing the dominant presence of such functional groups in GO.
To account for local variations in the oxygen concentration and
fraction of functional groups on the GO sheet, we studied oxygen
concentrations (in at.% hereafter) of 10 and 20% in the initial
GO structures, and prepared samples with epoxy to hydroxyl

ratios44,45 of 3:2 and 2:3. GO structures were then annealed at
300 K using MD simulations (see Methods for details).
Upon equilibration, our MD simulations lead to the formation

of realistic, disordered GO structures with distinct graphitic and
oxidized domains, containing a mixture of epoxy, hydroxyl and
carbonyl functional groups, with a small amount of water
molecules, consistent with previous literature.46 The generation
of 10 samples for each composition allows us to present mean-
ingful ensemble averages of the computed properties. Figure 5b
shows the relative functional group distribution of the phase-
transformed GO structures generated from our MD simulations.
Interestingly, we observe that upon annealing, the relative
fraction of the carbonyl functional group increases at the expense
of the epoxies and hydroxyls, with increasing oxygen clustering.
Specifically, in the case of epoxy-rich GO structures (3:2) at
higher oxygen concentration (20%), the relative fraction of the
carbonyl functional group nearly doubles upon phase separation.
These results are further corroborated by O 1s XPS spectra

collected on our control- (as-synthesized) and treated-GO sam-
ples (Figure 5c). In addition to the presence of the C−O peak at
532.5 eV in the control sample, we find the appearance of a
distinct peak at 531 eV in treated-GO (day 5) sample, which is
attributed44 to the oxygen forming double bonds with the car-
bon atom (CO). This observation suggests that carbonyl
formation is consistent with our MD simulations, which explains
the role of oxygen clustering in improving the reactivity toward
functional linkers, as described below. Additional details about
XPS analysis of the functionalized GO substrates, for both
control- and treated-GO samples, are provided in the Supporting
Information. Figure S4 shows the C 1s spectra, while Table S1
lists the relative fractions of the carbon and oxygen components.
We observe no significant loss in the oxygen content upon
thermal annealing, in contrast to thermal or chemical reduction
of GO to rGO, indicating a mere redistribution of the oxygen
functional groups caused by oxygen clustering during the phase
transformation process. This is supported by the data presented
in Table S2, which estimates the relative fractions of the vari-
ous forms of carbon bonds. The ratio of sp2-bonded carbon
(CCC) increases, as well as the amount of carbon for-
ming carbonyl functional groups, at the expense of the epoxies
(C−O−C). Further, our MD results are also in agreement with
DFT computations by Sun et al., who showed47 the formation of
carbonyls and lactones to be energetically favored when epoxy
groups are present in close proximity.
It is important to note that such rearrangements have been

reported previously44,48 only when GO nanosheets are subjected
to high temperature thermal reduction, where the application
of substantial thermal energy drives carbonyl formation, along
with oxygen removal. In contrast, our results suggest that the
redistribution of the functional groups, and hence the surface
chemistry, is strongly affected by a simple process of oxygen
clustering on the graphene basal plane induced by our mild
thermal annealing treatment, with the overall oxygen concen-
tration remaining constant.
Given our MD results, we proceed toward understanding the

role of changing the surface chemistry through oxygen clustering
on enhancing the reactivity of GO nanosheets to amine (NH2)
linkers. Our results clearly show that carbonyl groups are gen-
erated at the expense of the epoxy groups that are initially present
in majority in the GO structures. It is well-known that the
carbonyl bond is inherently more reactive49 toward nucleophiles
(such as R−NH2) inmild acidic conditions,

50 compared to epoxy
or hydroxyl groups. This is because the carbocation intermediate
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formed in the case of a carbonyl group is strongly stabilized by
the resonance electron donation from the bonded oxygen atom,
thereby lowering the energy of the transition state significantly.
As a result, the nucleophilic addition/elimination reaction is
kinetically favored and proceeds faster, leading to the formation
of imines (with a CN group, Figure 5d), which have been
reported to be observed12,51,52 in the context of GO function-
alization. Thus, we infer that the generation of carbonyls in favor
of the epoxy groups increases the reactivity of the GOnanosheets
toward amine linkers, resulting in improved functionalization.

CONCLUSIONS

In summary, we have developed a method to enhance the ability
to efficiently capture cells from whole blood, using graphene
oxide nanosheets coupled with nanobodies, by engineering the
structure and chemistry of graphene oxide, rather than modifying
the device architecture. As a result, our GO-based cell capture
devices offer distinct advantages, of being (a) high efficiency,
compared to devices based directly on as-synthesized GO, as a
result of increased density of functionalization of the linkers
for attaching nanobodies, and extremely good specificity of cell
capture; (b) easy to manufacture, with a planar architecture,
using only two glass slides and double-sided tape, without the
use of complex lithographic patterning such as those used in

microfluidic devices; (c) scalable and applicable to large
area devices through the mild thermal annealing treatment;
(d) inexpensive, due to the use of nanobodies, which can be
easily expressed and grown in large-scale at high yield in
bioreactors, compared to full-sized antibodies; and (e) highly
rapid, ambient-conditions cell capture assay, without the need for
incubators or refrigeration equipment, which makes it possible to
be deployed in Point-of-Care testing and in areas with lack of
access to advances healthcare facilities.
In particular, compared with other reported immunoaffinity-

based cell capture technologies based on as-synthesized or
reduced GO substrates, we have demonstrated a planar, highly
sensitive device using our treated-GO with an efficiency of ∼92%
for the capture of Class II MHC-positive cells frommurine whole
blood at room temperature, which is almost double the effi-
ciency offered by devices made directly using as-synthesized GO.
Using MD simulations coupled with experiments, we show that
the enhanced efficiency stems from improved reactivity and
functionalization of GO structures with linkers and nanobodies,
as a result of chemical changes induced by oxygen clustering
during the phase transformation in GO. Since the functionaliza-
tion of GO nanosheets plays a central role in a variety of other
applications including catalysis, batteries, solar energy con-
version, supercapacitors and chemical sensors, to name a few,

Figure 5. Molecular Dynamics explains the mechanism behind improved functionalization. (a) Representative model GO structures used in MD
simulations, to study the impact of oxygen clustering on the chemical group distribution, and subsequent reactivity of the GO structures. Each
structure consists of two distinct oxidized and graphene regions with different domain sizes, or “rows”, mimicking different degrees of oxygen
clustering. Carbon, oxygen and hydrogen atoms are represented as gray, red and white spheres, respectively. (b) The relative distribution of the
functional groups, at different degrees of oxygen clustering (0, 3, and 6 graphene rows) shown in (a), for GO structures with different initial
epoxy: hydroxyl ratios of 3:2 (left) and 2:3 (right). The oxygen concentration is chosen to be 20 at. %. (c) O 1s XPS spectra collected on control-
(day 0) and treated-GO (day 5) samples, showing the appearance of a distinct peak at 531 eV in the latter, attributed to the oxygen double bonds
forming with the carbon atom (CO), at the expense of the epoxy functional groups. (d) Nucleophilic attack by primary amines on the different
functional groups in GO, suggesting enhanced reactivity of the enriched carbonyl species toward linker functionalization.
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it is worth noting that the methods and analyses presented in this
work can be applied broadly to improve the device performance
in such applications. These results open up exciting opportunities
for tuning the functionalization of as-synthesized GO structures
through oxygen clustering, and highlight methods for pushing
the efficiency limits of next-generation GO-based devices.

METHODS
GO Thin-Film Preparation and Characterization. GO solutions

(4 mg/mL, in water) were purchased (SKU #777676, Sigma-Aldrich,
MO, USA). GO coating on clean glass substrates was carried out as
follows. To begin, the substrates were coated with 3-aminopropyl-
triethoxysilane (APTES). GO suspension was immobilized on APTES-
functionalized glass through dip coating, by means of electrostatic forces
of attraction between the oxide groups of GO and the amine end-
terminus of APTES. After coating the substrates for 1 h, the samples
were air-dried and then annealed in an oven at 80 °C for t = 0
(as-synthesized, or control), 1, 5, and 9 days (treated), along with an
uncoated glass substrate sample (which served as a blank control for our
absorbance measurements). For the sake of XPS and electrical
measurements, we prepared GO thin films on clean silicon substrates
by drop-casting 100 μL of GO solution, resulting in ∼2 μm-thick and
∼1 cm-wide (in diameter) films.
UV−vis measurements of GO films on glass were taken using a Cary

500i dual-beam spectrophotometer. The scan range was 300−800 nm at
a rate of 600 nm/min, and an integration time of 0.1 s with a step size of
1 nm. A dual beam source was used, with a source changeover at 350 nm,
which corresponds to the step seen in the plots in Figure S1 of the
Supporting Information. The absorbance data was plotted with a zero
baseline correction corresponding to a blank (uncoated) glass substrate.
Electrical transport measurements of GO thin films on silicon were car-
ried out using a four-point probe technique (Model 2525, The Micro-
manipulator Company, NV, USA) at room temperature. Measurements
were taken by varying the applied voltage from −1 to +1 V. XPS
measurements were taken using a PHI VersaProbe II Scanning XPS
microprobe (Physical Electronics Inc., MN, USA). An Al Kα source was
used, with an incident X-ray photon energy of 1,486.7 eV. The spot size
was 200 μm, with a sample tilt of 45° and a hemispherical analyzer with
a pass energy of 23.5 eV. In order to obtain the sp2 fraction, the C
1s spectra were fitted to 3 Gaussian−Lorentzian peaks (CCC,
284.6 eV; C−O−C, 286.8 eV; andCO/HOCO, 288.2 eV) using
the constraint of equal Gaussian−Lorentzian prefactors, while leaving
the full-width at half-maximum (fwhm) of the peaks to be freely variable.
A similar fitting technique was used for the O 1s spectrum.
GO Functionalization and Cell-Capture Experiments. Coating

of glass slides was performed by dip-coating in a solution of GO, and
the immobilization of VHHs was performed using a click reaction
(see Figure 2a) onto DBCO-modified53 GO nanosheets. Briefly,
GO-coated slides were initially activated with (1-ethyl-3-[3-(dimethy-
lamino)propyl] carbodiimide) andN-hydroxysulfosuccinimide in 0.1 M
MES buffer (2-[morpholino] ethanesulfonic acid, 0.5 M NaCl, pH =
6.0). Slides were washed and coupled with poly(ethylene glycol, n = 12)
bis(amine) in PBS at 25 °C, followed by installation of dibenzocy-
clooctyne-sulfo-N-hydroxysuccinimidyl ester in PBS. Both treated- and
control-GO substrate slides were assembled with another blocked glass
slide to form a cell capture chamber.
Murine A20 cells were maintained in complete RPMI-1640

medium containing 10% inactivated fetal calf serum (IFS), 55 μM
β-Mercaptoethanol, 1 mM sodium pyruvate and 1% penicillin/
streptomycin (P/S). Different A20 cell concentrations were adjusted
by diluting with PBS (from a starting concentration of 2 × 105 cells per
30 μL). The cell suspensions (total volume of 30 μL) were gently loaded
into the functionalized capture chamber and incubated at room tem-
perature for 10 min. After 3× PBS washes, the cells were fixed, washed
with PBS and incubated with the anti-murine Class II MHC (I-A/I-E)
Alexa 488-labeled antibody (Cat. #107616, Biolegend, CA, USA), in a
1:1000 dilution, for 1 h. at 25 °C. After washing, the captured cells were
observed under fluorescence and confocal microscopy. In parallel,
capture chambers without VHH7 loading (no functionalization), or

with VHH4 loading, served as the negative controls for the cell capture
assays.

For cell capture fromwhole blood, fresh blood samples were obtained
from Class II MHC-eGFP knock-in mice, and collected in heparin tubes
(the concentration was determined to be 15,000 cells per 30 μL). The
blood samples (total volume of 30 μL) were then loaded into the capture
chamber at room temperature for 10 min. For quantitative analyses,
the average number of captured cells was obtained by counting 10
representative micrographs from 3 independent cell capture device
experiments.

Molecular Dynamics Simulations. MD simulations used to
prepare realistic GO structures were carried out using the LAMMPS
package54 with the ReaxFF reactive force-field, chosen here for its ability
to accurately describe bond-breaking and formation events in
hydrocarbon systems.55 We used 3 × 1.3 nm periodic graphene sheets
with different oxidized and graphitic domain sizes, functionalized with
randomly distributed epoxy and hydroxyl groups. The temperature of
the GO sheets was increased from 10 to 300 K over a time interval of
250 fs. The system was then annealed at 300 K for 250 ps to allow for
structural stabilization. A time step of 0.25 fs and the NVT Berendsen
thermostat was employed in our simulations.
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