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For sensors, the method of trans-
duction rarely limits performance, as 
seen in the multiple techniques that 
can detect single molecules (1–3). 
Rather, sensors commonly fail due 
to the interface between the sensor 
and sample. This is particularly true in 
biosensing, where complex matrices 
such as blood, urine, saliva, and 
sputum typically degrade the limit 
of detection by one to four orders of 
magnitude, or  cause outright failure 
(4). The literature on biosensor surface 
preparation is vast—clear documen-
tation of the time, effort, and resources 
poured into perfecting surface chemis-
tries (5–11). 

An overwhelming di f f icu l ty in 
biosensing is that each sensor material 
must be addressed separately (9–14). 
That is, a surface chemistry that works 
for gold will not work for silicon or 
gallium nitride or any other technolog-
ically relevant material. There would 
be enormous value in separating the 
problem of how a molecule is sensed 
from the problem of how to chemically 

functionalize and passivate that sensor. 
An ideal sur face chemistry would 
produce a film thin enough to keep 
the biomolecules close to the sensing 
element, be conformal, and allow 
for multiple routes toward covalent 
linkages. Moreover, the film must be 
sufficiently robust so that it remains 
intact during washing and sensing, and 
must not interfere with the transduction 
mechanism.

The creation of thin conformal films 
has most often been accomplished 
with se l f-assembled monolayers 
(SAMs) (9,10). Prominent examples 
are silane films polymerized on silicon 
dioxide, alkanethiol films formed on 
gold surfaces, and isothiocyanate films 
on platinum surfaces. While effective, 
these functional ization pathways 
are highly material dependent and 
therefore lack generality. More general 
approaches can be found in layer-by-
layer polymer films, parylene coatings, 
and Janus membranes. Layer-by-layer 
films are formed by the electrostatic 
addition of polymers with opposite 

polarity (15,16). These films are typically 
tens to hundreds of nanometers thick, 
and the initial layer deposition depends 
on and influences the sensor substrate 
material. Ultimately layer-by-layer films 
hold promise for some sensing applica-
tions, but their thickness creates diffi-
culties, and surface charge interferes 
with transduction for techniques such 
as surface plasmon resonance (SPR) 
and field effect transistors (FETs). 

An alternative approach that is 
agnostic to the sensor material is 
the use of parylene films. Parylene 
coatings are self-initiating polymer films 
made with vapor deposition techniques 
(17). Their bioapplication is well-estab-
lished, and they have found signif-
icant use as the nonfouling coating 
on implanted medical devices. The 
great advantage of parylene coatings 
is that these nonfouling f ilms of fer 
multiple pathways toward covalent 
l inkages by using monomers with 
dif ferent pendant groups. However, 
most parylene films are hundreds of 
nanometers in thickness; even the 
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Thin spun-coat films (~4 nm thick) of graphene oxide (GO) constitute a versatile surface chemistry 
compatible with a broad range of technologically important sensor materials. Countless publications are 
dedicated to the nuances of surface chemistries that have been developed for sensors, with almost every 
material having unique characteristics. There would be enormous value in a surface chemistry that could be 
applied generally with functionalization and passivation already optimized regardless of the sensor material it 
covered. Such a film would need to be thin, conformal, and allow for multiple routes toward covalent linkages. 
It is also vital that the film permit the underlying sensor to transduce. Here we show that GO films can be 
applied over a diverse set of sensor surfaces, can link biomolecules through multiple reaction pathways, and 
can support cell growth. Application of a graphene veil atop a magnetic sensor array is demonstrated with 
an immunoassay. We also present biosensing and material characterization data for these graphene veils.

Reports

METHOD SUMMARY
Five technologically important and diverse substrates were coated with a thin, conformal graphene oxide (GO) film, 
subsequently functionalized with an array of chemistries, and then successfully used in immunoassays and nucleic acid 
hybridization assays. We further demonstrate that graphene veils can mask the substrate material from the biological material 
with the growth of human mesenchymal stem cells atop what are otherwise inhospitable substrates.
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thinnest reported parylene films are ~10 
nm thick, which already approaches the 
Debye length at which FET sensors fail 
to transduce. Furthermore, the fabri-
cation of parylene films requires highly 
specialized equipment not common to 
the typical chemistry laboratory.

A th inner and tru ly sur face-
agnostic alternative is the use of Janus 
membranes created by Turchanin and 
co-workers (18–20). Janus membranes 
are formed by creating a thiolated SAM 
on a gold surface and then crosslinking 
aromatic constituents of the film with 
UV light. Based on the molecule used 
to make the SAM, the Janus membrane 
can have orthogonal chemistry on each 
face and form pores of controlled size. 
Most importantly, the Janus membranes 
can be removed from the gold surface, 
producing ~1 nm thick, freestanding 
f i lms that can be transferred onto 
any sensor material. While an elegant 
solution, the transfer process requires 
multiple steps, including the addition 
of a photoresist, acid digestion of 
the gold film, transfer, removal of the 
photoresist, and additional intermediate 
cleaning steps.

A new material providing a versatile 
chemistry is graphene, which, since its 
recent development in 2004 and subse-
quent recognition with the Nobel Prize, 
has been a subject of intense study 
in many fields (21). With regards to 
sensing, graphene’s excellent electronic 
properties have inspired its use in FETs, 
electrochemical sensors, and as the 
quenching partner in Förster resonance 
energy transfer (FRET) systems (22,23). 
More recently, graphene has been used 
in hybrid applications, such as obser-
vation of electrochemical events with 
SPR (24–27). In these applications, 
graphene is deposited over gold films 
and acts as an electrode, enabling the 
products of electrochemical reactions 
to be monitored with SPR. 

Here we expand upon the idea of 
hybrid graphene surfaces to demon-
strate that graphene oxide (GO) films 
can be placed on a wide variety of 
surfaces, including those notoriously 
difficult to functionalize, such as III-V 
semiconductors (13,28). While there 
has recently been subtle work showing 
the chemical interplay between single 
layer graphene and the underlying 

substrate (29–32), the goal here is not 
to study such substrate ef fects but 
rather to produce a chemical veil that 
effectively masks the substrate while 
being transparent to the transduction 
mechanism. Moreover, it was critical 
that we do so in a simple, inexpensive, 
and routine manner. Consequently, 
the same base surface chemistry was 
applied to all substrates in this study 
to enable multiple pathways toward 
covalent coupling. The generality of our 
approach was demonstrated with both 
nucleic acid and protein bioassays; 
moreover,  graphene ve i ls made 
possible in vitro studies by supporting 
cell growth and function on these same 
sensor substrates. Finally, these thin 
graphene veils were fully characterized 
and were also demonstrated to work in 
complex matrices.

Materials and methods
All reagents were used as acquired 
unless otherwise noted. Ethylene-
diamine (EDA), acetone, powdered 
graphite, sulfur ic acid, potassium 
pe rmanganate,  sod ium n i t ra te, 
hydrogen peroxide, sodium chloride, 
sodium citrate, sodium phosphate 
monobasic, sodium phosphate dibasic, 
r icin A chain toxoid (RCA), mouse 
anti-MYC antibody, and methanol 
were purchased from Sigma-Aldrich 
(St. Louis, MO). Succinimidyl 4-hydra-
zinonicotinate acetone hydrazine 
(SANH), succinimidyl 4-formylben-
zoate (SFB), N-hydroxysulfosuccin-
imide (NHS), 1-Ethyl-3-[3-dimethylami-
nopropyl]carbodiimide hydrochloride 
(EDC), and all magnetic beads [M280 
Dynabeads- sheep anti-mouse; sheep 
anti-rabbit, steptavidin, or oligo (dT)25] 
were purchased from Thermo-Fisher 
Scientif ic (Waltham, MA). Solul ink 
(San Diego, CA) supplied HyNIC-MYC 
peptide reagents. Rabbit anti-RCA 
and biotinylated mouse anti-RCA were 
purchased from Tetracore (Rockville, 
MD). Biotinylated mouse IgG was 
obtained from KPL (Gaithersburg, MD). 
All oligonucleotide sequences were 
custom synthesized and purified with 
HPLC by IDT Technologies (Coralville, 
IA). Human mesenchymal stem cells 
(hMSC), mesenchymal stem cell growth 
media (MSCGM), MSCGM supple-

mental kit, penicillin, and streptomycin 
were purchased from Lonza (Walkers-
ville, MD). Lonza’s MSCGM supplement 
k i t inc ludes growth supplement, 
L-glutamine, gentamicin sulfate, and 
amphotericin-B. Calcein AM, ethidium 
homodimer (EthD-1), and trypsin EDTA 
were purchased from Life Technologies 
(Grand Island, NY). Corning Incorpo-
rated (Corning, NY) polystyrene tissue 
culture plates and flasks were used for 
all cell culture.

Graphene veil
GO was prepared via the Hummers 
method (33) using powder that was 
f irst dissolved in water (2 mg/mL). 
GO solution was spin coated onto the 
desired surface, one drop at a time, 
under flowing N2 (34). The deposited 
GO films were then annealed at 110°C 
for 1 h to remove water. As measured 
by AFM, the resulting films were ~4 nm 
in thickness.

Amination of graphene veils
GO veils were reacted with 1% EDA in 
acetone for 1 h. Unreacted EDA was 
removed from the surface by washing 
with acetone and water, and lastly blow 
drying in an N2 stream (34,35). XPS, 
ATR-FTIR, and Raman data supporting 
the reaction of EDA with graphene have 
been published previously (35).

Conjugation of aminated graphene veils
Aminated graphene veils can be reacted 
via a variety of conjugation pathways. 
Here, two pathways were demon-
strated. First, amine to amine linking 
was accomplished via the hydrazone 
reaction facilitated by the crosslinkers 
SFB and SANH. SFB was reacted 
with the aminated graphene veil at 
pH 7.2. SANH was reacted with either 
aminated-oligonucleotide strands or 
proteins at pH 7.2, depending on the 
experiment. Finally, the SANH conju-
gated biomolecules were grafted onto 
the SFB conjugated graphene veil at 
pH 5.5.

The second funct iona l i zat ion 
pathway demonstrated was reaction 
of the aminated graphene veil with 2 
mM EDC and 5 mM NHS in pH 7.2 
phosphate buf fer for 15 min. The 
EDC/NHS solution was aspirated and 
replaced with a 1 mg/mL solution of 
neutravidin (NA) in pH 7.2 phosphate 
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buffer for 2 h. Finally, the surface was 
rinsed with water and dried in an N2 
stream.

Conjugation of native graphene veils
The polystyrene surface was coated 
with a graphene veil as described 
above. The surface was exposed for 
2 h to a solution of 5 mM EDC and 1 µg/
mL NA in 100 mM, pH 6.0, MES buffer. 
After conjugation, the veil was rinsed 
with water and dried in an N2 stream. 
Finally, biotinylated DNA probes were 
spotted on the graphene veil.

Nucleotide hybridization assays
Graphene veils functionalized with oligo-
nucleotide strands were hybridized with 
both a target strand and a label strand. The 
complementarity of the interaction resulted 
in the target strand hybridizing with both 
the surface-bound strand and the label 
strand such that terminal functionalization 
was oriented away from the graphene veil; 
specifically, for FFD assays performed atop 
GaN and InAs the biotin group and for the 
FFD assay performed atop polystyrene, 
the poly(A)25 tail was facing away. Either 
steptavidin or oligo(dT)25 conjugated M280 

Dynabeads were then attached to the DNA 
hybrids. Excess beads were removed with 
controlled fluidic forces as described in detail 
in our previous papers (36,37). The GaN, InAs, 
and polystyrene surfaces were exposed to 1 
of 2 different DNA sequences at 100 nM, 100 
nM, and 1 µM target concentrations respec-
tively. All sequences are listed in Table 1.

Peptide immunoassay
MYC peptide was attached to the 
graphene vei l with a var iation of 
amine-to-amine conjugation; HyNic is 
the equivalent of the SANH half when 

Table 1. Oligonucleotide sequences for nucleic acid hybridization assays.

Substrate Probe Sequence (5´-3´)

GaN

capture 1 amine-TCTAGGCTGACGGATAACCGAAGA

target 1 TTTTTTCTTCGGTTATCCGTCAGCCTAGATAACCGAGCAAGACACTTGTACAGCAGCAAGTGATTGTTGCAGTCAACCTATCCACTGGGCTCCCAGG

label 1 GCTGTACAAGTGTCTTGCTCGGTT-biotin

InAs

capture 2 amine- AACAAGTGTTTATATATTCGGTTA

target 2 TTTTTTATCGGTTGGCGTTAAACACGCTAACCGAATATATAAACACTTGTTTAAGCTCAGGTGATTGTTGCAGTCAACCGATCCACTGGGAGCCGAATTCTTCCCAGTT

label 2 TGACTGCAACAATCACCTGAGCTT-biotin

polystyrene

capture 3 GCTGTACAAGTGTCTTGCTCGGTT-biotin

target 3 TTTTTTCTTCGGTTATCCGTCAGCCTAGATAACCGAGCAAGACACTTGTACAGCAGCAAGTGATTGTTGCAGTCAACCTATCCACTGGGCTCCCAGG

label 3 AAAAAAAAAAAAAAAAAAAAAAAAATCTAGGCTGACGGATAACCGAAGA

Keeping a watchful eye on cytosolic DNA.
Innate immune detection of intracellular DNA derived from 
viruses and invasive bacteria is very important to initiate an 
effective protective response. This crucial step depends on 
cytosolic DNA sensors (CDSs), which upon activation, trigger the 
production of type I interferons (IFNs) and the induction of IFN-
responsive genes and proinflammatory chemokines. InvivoGen has 
developed innovative tools in order to facilitate the study of CDS.
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reacting with SFB for surface functional-
ization. The SiO2 substrate with peptide 
functionalized graphene veil was placed 
in a flow cell and exposed to 100 ng/mL 
mouse anti-MYC antibody for 5 min in 
stop flow. Flowing buffer removed the 
excess antibody and introduced sheep 
anti-mouse conjugated microbeads. 
The beads were allowed to settle for 
3 min before application of controlled 
fluidic forces to remove nonspecifically 
attached beads.

RCA immunoassay
NA was attached to the graphene veil 
with SFB/SANH chemistry. Next, the 
surface was spotted with goat anti-RCA 
antibody. FFD assays were performed in 
5 min stop flow steps with the addition 
of 100 ng/mL RCA toxoid in either buffer 
or 100% beagle serum, followed by 1 
µg/mL mouse anti-RCA antibody. FFD 
immunoassay was completed with 
sheep anti-mouse microbeads.

IgG immunoassay
The magnetic microchip was coated 
with a NA coated graphene veil. Bioti-
nylated mouse IgG antibody was 
spotted over a subset of sensors. The 

sensor chip was sealed in a flow cell and 
exposed to sheep anti-mouse micro-
beads. Following the FFD assay, the 
sensor chip was read magnetically in 
the cBASS prototype instrument and 
then removed for optical inspection.

Cell growth on graphene veil
hMSC cell cultures were initiated from 
frozen stocks and grown in 175 cm2 
tissue culture f lasks for 1 week in 
MSCGM media that included growth 
supplements and antibiotics. Culture 
expansion was performed with trypsin 
release to seed six tissue culture flasks 
that were grown for an additional week’s 
time.

SiO2 and InAs substrates (~ 1 cm2) 
were sterilized with ethanol, dried in an 
N2 stream, and attached to the bottom 
of tissue culture dishes. hMSCs were 
released from the culture flasks with 
trypsin and then subcultured onto the 
tissue culture plastic and substrate 
materials at a density of 4500 cells/cm2. 
Cells were grown at 37°C in a humid-
ified incubator with 5% CO2 for 3 weeks. 
Media was exchanged twice a week. 
Following three weeks of growth, all 
samples were exposed to a live/dead 

stain. The cells were stained with calcein 
AM and ethidium homodimer (EthD-1) 
for 1 h at 37°C. The stain was then 
exchanged with fresh growth media for 
imaging on a fluorescence microscope. 
Micrographs were collected immedi-
ately after staining at 10× magnification 
using the ex. 482 nm/em. 534 nm filter 
cube to image the calcein AM and the 
ex. 543 nm/em. 591 nm filter cube to 
image the EthD-1. Dual color images 
were created in Photoshop.

Results and discussion
The substrate–sample inter face is 
critical to the success or failure of 
sensor technologies. Vast amounts 
of time, effort, and money have been 
expended in optimizing sensor surface 
chemistries (6–11), reflecting the fact 
that every sensor has its own material-
dependent chemistry. Consequently, a 
generalizable surface chemistry that 
would be agnostic toward the under-
lying sensor materials is desirable. 
Optimization would only need to be 
done once, and any subsequent 
improvement would be equally appli-
cable to al l such coated sensors. 

Figure 1. Characterization of graphene veils. (A) Scheme of graphene veil. Graphene oxide (GO) was spin cast atop a sensor material. The 
graphene veil was reacted with ethylenediamine (EDA) and amine reactive crosslinkers, and finally functionalized with biomolecules. (B) AFM 
topography of a GO film scratched (right side) to expose the substrate. (C) Height histogram showing the 3.98 ± 3.38 nm film thickness of the 
broad (yellow) GO peak. The narrower, more pronounced peak (red) is the substrate and was set to zero height. (D) Raman spectrum of a GO 
film showing the expected D and G band intensities with a D/G peak intensity of ~1.
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Such a material would need to be thin, 
conformal, provide multiple pathways 
toward covalent linkages, and most 
importantly permit transduction by the 
underlying sensor.

Producing graphene veils requires 
only common laboratory techniques 
and no special equipment (Figure 1). 
While also commercially available, the 
GO used in this study was produced in 
our laboratory via the Hummers method 
(33), spin cast onto the substrate, and 
annealed to remove excess water 
and compact the film. The resulting 
conformal films were 3.98 ± 3.38 nm 
thick as measured by AFM (Figure 1, B 
and C) where the error is the standard 
deviation in the Gaussian f it of the 
film peak. The Raman spectra of the 
resulting films evidenced the expected 
G and D bands (1580 and 1350 cm-1, 
respectively) indicative of GO, specifi-
cally the incorporation of oxygen in the 
form of epoxide, alcohol, and carboxyl 
groups (Figure 1D). The consistent 
Raman spectra across the substrate 
also demonstrated that we achieved 
a conformal coating of all sur face 
features, including the nanostructures 
present in our group’s bioFET sensors 
(34); on that sensor substrate, planar 
sensor areas are interspersed with 
10 nm high gold contacts. Literature 

reports further indicate that GO films 
are good coatings for nanoarchitectures 
as shown by the conformal coating of 
nanoparticle agglomerates made from 
tin oxide nanoparticles, each ~15 nm in 
diameter (38) and the coating of TiO2 
nanocables, each 200 nm in diameter 
(39). We note that the ~5 nm GO coating 
observed on the TiO2 nanocable is of a 
similar thickness to our graphene veils.

It has been demonstrated that the 
GO epoxide sites are spontaneously 
reactive with primary amines, and 
the addition of ethylenediamine (EDA) 
results in a facile amination (34). XPS, 
ATR-FTIR, and Raman data supporting 
the reaction of EDA with graphene 
have been published previously (35). 
Aminated GO films can then react with 
a wide range of commercial biocon-
jugation products that rely on succin-
imidyl chemistry. Figure 2 depicts 
assays using three dif ferent linkers 
taken from combinations of SANH, 
SFB, NHS, and EDC. Amine-to-amine 
coupling was achieved with the combi-
nation of SFB and SANH; each half links 
to a primary amine via a succinimidyl 
group and then crosslinks the two 
halves with hydrazone chemistry (40). 
Likewise, EDC by itself, or in combi-
nation with NHS, is a carboxyl-to-amine 
crosslinker (41).

Here we primarily use aminated 
graphene veils. The advantages are 
several-fold: First, the l iterature is 
replete with amine reactive chemistries, 
so much so that numerous commercial 
products have been developed for 
amine reactions. Second, amine groups 
are common in biology and therefore 
one of the most popular functional 
groups for conjugation reactions. 
Third, the reaction of EDA with GO is 
highly favorable and helps avoid issues 
of steric hindrance when attaching 
some biological entities directly to the 
2-D surface. Lastly, should there be 
a need to reduce the GO film back to 
pristine graphene, the EDA chemistry 
is known to survive the harsh exposure 
to hydrazine (35). Nevertheless, the 
concept of a graphene veil does not 
have to use amine coupling; for example, 
a graphene veil with carboxyl linkage is 
also shown in Figure 2.

Cr it ical ly, graphene vei ls must 
function reproducibly regardless of the 
substrate materials they coated. Figure 
2 shows the results for fluidic force 
discrimination (FFD) assays performed 
on five diverse sensor materials. FFD 
assays (36,37) are sandwich-style 
assays that capture a target molecule 
between a capture agent tethered to 
the graphene veil and a second capture 

Figure 2. FFD sandwich immunoassays and DNA sandwich hybridization assays on graphene veils coating five diverse sensor materials. The 
assay type, assay target, and the linker used to attach the capture biomolecule to the graphene veil are listed for each column. The top row of 
positive results shows FFD assays where all components needed for bead capture are present. The bottom row of negative results shows FFD 
assays where only the target biomolecule was omitted.
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agent tethered to a microparticle. 
Following biorecognition, a controlled 
fluidic force was applied to the bead 
labels that was strong enough to push 
off nonspecifically captured beads, but 
too weak to disrupt the specific interac-
tions. Figure 2 shows results from both 
immunoassays and nucleic acid hybrid-
ization assays. The row of positive 
assay results shows beads captured 
on and bound to the graphene veil via 
biorecognition following FFD. The row 
of negative assay results shows the 
same surface when the assay target 
is missing and therefore specif ic 
biorecognition is not possible; FFD can 
remove the nonspecifically attached 
bead labels. For the silicon dioxide 
substrate, the MYC peptide was grafted 
onto the graphene veil with SFB/HyNIC 
chemistry, and an anti-MYC monoclonal 
antibody was detected. HyNIC is the 
commercial analog of SANH conjugated 
to the molecule, in this case the MYC 
peptide. The graphene veils atop the 
III-V semiconductor surfaces, GaN and 
InAs, were first functionalized with NA 
protein using SFB/SANH chemistry. NA 
functionalization offers two important 
advantages: it l inks to biotinylated 
biomolecules, and its net neutral 
charge reduces nonspecific binding. 
An immunoassay for ricin A chain toxoid 
(RCA) and DNA hybridization assays 
for 104 bp oligonucleotide targets 
were achieved on the III-IV semicon-
ductor surfaces. Similarly, a graphene 
veil was added to a fourth material, 
silicon nitride, and a successful FFD 
assay for RCA was performed. Impor-
tantly, this assay was performed atop 
the graphene veil with the RCA target 
present in 100% beagle serum. The 
slightly higher background signal due 
to matrix effects (~10%) was expected 
and was consistent with previously 
published FFD assay results atop a 
glass slide using conventional surface 
passivation chemistries (36,37). Finally, 
a graphene vei l was successful ly 
added to a flexible plastic substrate, 
polystyrene. For this experiment, NA 
was covalently linked to the graphene 
veil through the native carboxyl groups 
using EDC as a crosslinker; there was 
no EDA intermediate layer present. 
A DNA hybridization assay for a 104 
bp oligonucleotide target was then 
successfully performed.

We emphasize that biosensing 
requires exceptionally high quality 
sur face chemistry since complex 
matrices lead to reduced sensitivity, 
fouling, and often outright failure of 
sensors (4). We demonstrated that both 
nucleic acid hybridization and immuno-
assays can be performed in either 
buffer or complex matrices. Notably, 
the background in the FFD assay for 
RCA in 100% serum was comparable 
to our previous results, meaning that 
the graphene veil added no signif-
icant background contribution when 
compared with an optimized, conven-
tional surface chemistry. Moreover, the 
number of captured beads for each 
target concentration also agrees with 
our previous FFD assay results atop 
an optimized, conventional surface 

chemistry. Finally, the versatil ity of 
the graphene veil makes possible the 
addition of many passivation strategies, 
should one chose such additions. In 
addition to the neutrally charged NA 
coating we have demonstrated, the 
covalent attachment of polyethylene 
glycol (PEG), albumin, or other passiv-
ation entities can be completed via the 
described amine or carboxyl chemistry.

Delamination was not observed for 
graphene veils on any of the substrate 
materials tested. The robust nature of 
the graphene veil was demonstrated by 
our choice of a mechanically demanding 
assay. FFD assays are performed in a 
flow cell to enable the fluid to push on 
the beads and thereby to pull on the 
biomolecular interactions that connect 
them to the f i lm. This lowers the 

Figure 3. Fluorescence live/dead images of human mesenchymal stem cells grown atop SiO2 and InAs. 
Cells were grown on surfaces with and without a graphene veil coating. Also shown is the 
control surface, tissue culture plastic. Micrographs are a composite of live (green; calcein AM) 
and dead (red; EthD-1) stains.
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background by removing nonspecifically 
bound beads but also requires a strong 
tethering to the substrate for the specifi-
cally bound beads. The reproducible 
and uniform distribution of beads in 
the positive results shown in Figure 2 
is the clearest demonstration that the 
graphene veils do not delaminate; in 
addition, the excellent background in 
the negative control images make the 
same point since delamination would 
lead to nonspecific binding.

In addition to its ability to biofunc-
tionalize a wide range of technologi-
cally important substrates, GO also 
enables the growth of l iving cells. 
Figure 3 demonstrates that graphene 
veils support the growth and function 
of human mesenchymal stem cells 
(hMSC), a fairly delicate class of cells 
(42,43). Shown are micrographs for 
hMSCs grown atop SiO2 or InAs, either 
with or without a graphene veil coating. 
The fluorescence images show live 
(green) / dead (red) stained hMSCs 
on each substrate material and also a 
tissue culture plastic control surface 
after three weeks of growth. Healthy, 
confluent cell beds were observed 
atop the graphene veil, but almost no 

cells were attached to the substrate 
materials without the intermediary 
graphene veil. These results highlight 
a key to the graphene veil’s generality; 
the film masks the substrate’s surface 
properties from the attached biomole-
cules. This means that functionalization 
is only dependent on the biological entity 
interacting with the GO film, and the 
same surface chemistry can be applied 
to many different sensor substrates. 
Nowhere is this more important than 
in the graphene veil’s ability to support 
cell growth and function. Cell compat-
ibility with graphene surfaces is well 
known, with many reports in the liter-
ature (44–47). Here we demonstrate that 
sensor substrates that would otherwise 
be inhospitable for cell culture are viable 
choices if a graphene veil is used as an 
intermediary layer. This method poten-
tially opens up a wide variety of new 
materials and transduction methods to 
in vitro studies.

Graphene veils’ utility requires not only 
the functionalization of diverse sensing 
materials but also that the sensors 
can transduce with the veil in place. 
Figure 4 demonstrates the detection 
of mouse IgG antibody following a 

FFD assay performed atop a sensor 
chip with embedded magnetic field 
sensors. Magnetic based biosensing 
is a small, but burgeoning field, and 
the U.S. Naval Research Laboratory’s 
cBASS system has demonstrated rapid, 
attomolar protein detection (48). The 
sensor chip for cBASS was coated with 
silicon nitride to prevent the magneto-
resistive wires from shorting while in 
aqueous buffers. A graphene veil was 
cast atop the silicon nitride surface, 
then functionalized with NA using EDC/
NHS coupling, and individual sensors 
were spotted with biotinylated capture 
antibody. The bar graph shown in Figure 
4 depicts the average response from 
five antibody functionalized sensors for 
the detection of mouse IgG antibody. 
For comparison, the average signal at 
five sensors without capture antibody is 
given. Representative images of a bead 
covered sensor following FFD assays 
are inlayed to demonstrate the corre-
lation between bead capture and the 
magnetic signal measured. Note that 
the thin design of the graphene veil 
makes this transduction possible. For 
magnetoresistive sensors, signal drops 
off as r6 as the bead is separated from 
the substrate, so the thinnest coating 
possible is required to maximize signal 
(48).

Magnetoresistive sensors are just 
one of many sensor classes that depend 
critically on separation distance. For 
example, distance dependent trans-
duction is observed for both bioFETS 
and SPR biosensors. It is well estab-
lished that bioFETS are subject to 
Debye screening, which limits sensing 
to the first 10 nm above the sensor 
surface. Similarly, SPR sensors show a 
distance dependence of ~100 nm above 
the substrate (14). All 3 types of distance 
dependent sensors discussed are 
therefore accommodated by the thin, 
~4 nm profile of the graphene veil. Liter-
ature also suggests that graphene veils 
are compatible with electrochemical 
and optical transduction methods. 
Carbon electrodes are well established 
for electrochemical measurements, 
and the conductivity of the aminated 
graphene veil can be established by 
reduction of the GO with hydrazine (35); 
importantly, the EDA functionalization is 
known to survive the reduction process. 

Figure 4. FFD immunoassay for detection of mouse IgG performed on a graphene veil coating a 
magnetic sensor chip. Bar graph depicts the average signal measured at five embedded magnetic 
sensors. The inlaid pictures show representative images of the graphene veil coated sensor chip.
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Graphene veils are transparent in visible 
and near-IR wavelengths, meaning that 
optical transduction such as colori-
metric and ELISA assays should be 
possible. Fluorescence detection has 
even been demonstrated atop graphene 
films by spacing the fluorophores further 
than the FRET quenching distance (49).

In conclusion, we have demonstrated 
that graphene veil coating of sensors 
is a versatile surface functionalization 
strategy for a wide range of bioassays. 
The thin films are inexpensive, easy 
to produce, and perform reproducibly 
independent of the substrate. We have 
coated five diverse sensor materials, 
including organic and semiconductor 
materials, to demonstrate the generality 
of the approach. Additionally, the SPR–
graphene work discussed demonstrates 
that the approach can be expanded to 
metal films as well. This method delivers 
conformal coatings of sensor substrates. 
Graphene veils provide multiple reaction 
pathways for functional ization as 
shown by our attachment of peptides, 
antibodies, globular proteins, and DNA. 
The attached biomolecules were fully 
functional and bioavailable, allowing us 
to perform nucleic acid hybridization 
and immunoassays in both buffer and 
serum, showing no greater background 
accumulation in the latter as compared 
with optimized conventional chemis-
tries that were substrate-dependent. 
The robust nature of the graphene veil 
was demonstrated by our choice of a 
mechanically demanding FFD assay. The 
reproducible and uniform distribution of 
beads in the images shown in Figure 2 
is the clearest demonstration that the 
graphene veils do not delaminate and 
are well adhered to the surface. Finally, 
graphene veils expand the possibil-
ities for in vitro studies by supporting 
cell growth and function on what would 
otherwise be inhospitable materials.
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