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Preservation of Antibody Selectivity on Graphene by Conjugation to

a Tripod Monolayer**
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Interfacing biomolecules and cells to electronic materials is
a longstanding challenge to manufacture sensitive biosensors
and inexpensive diagnostic devices.! Single-layer graphene
(SLG) has emerged as a promising material for this purpose
because of its transparency, conductivity, robust mechanical
properties, and high surface area.’”! Recent developments in
its synthesis using chemical-vapor-deposition methods! pro-
vide large-area, high-quality SLG that is easily transferred to
a variety of substrates. For example, SLG that was supported
on reconstituted silk formed the basis of a wireless biosensor
that was adsorbed onto tooth enamel and detected pathogens
in saliva.”! The function and specificity of such biosensors rely
on assembling active recognition elements on the SLG
surface, ideally through noncovalent interactions that pre-
serve its superior electronic properties.
Noncovalent-functionalization strategies to attach bio-
molecules to SLG are therefore of significant interest. Small
peptides and nucleic acids bind to graphene and have been
used to detect proteins,>® polynucleotides,” and changes in
pH values,®! nanoparticles,”! and cells.! In contrast, the
activity and selectivity of proteins whose function relies on
a specific tertiary or quaternary structure, including anti-
bodies and enzymes, have not been demonstrated unambig-
uously when they are adsorbed to SLG.'"! Furthermore,
both experiments''? and simulations™® have indicated signifi-
cant conformational changes of proteins adsorbed to gra-
phene, as well as loss of function.” Here we demonstrate that
an anti-E. coli antibody (aEAB) readily adsorbs onto SLG,
but loses its specific recognition ability. In contrast, when the
antibody is supported on a self-assembled monolayer (SAM)
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of tripodal graphene-binding molecules, it retains its ability to
recognize E. coli cells. The captured cells divide normally on
the aEAB/tripod SAM and form a biofilm on the SLG
surface. These findings demonstrate the importance of
engineering the graphene-biomolecule interface in order to
preserve protein function and that multivalent binding motifs
provide a solution to this challenge.

The graphene-binding tripod 3, which we used for anti-
body conjugation, is based on a design we have used to
functionalize SLG with redox-active moieties.'>!®) Tripod 3
features a multivalent design in which three pyrene-SLG
interactions provide exceptional SAM stability in both
aqueous and organic solvents. Electrochemical studies of
redox-active tripods with identical binding groups indicated
self-limiting monolayer formation upon exposure to dilute
tripod solutions (uM concentration) and suggested that the
tripods project their active functionality away from the SLG
surface.'® For biofunctionalization experiments, 3 incorpo-
rates an N-hydroxysuccinimidyl (NHS) ester, which has been
used extensively for protein conjugation at exposed lysine
residues. The core of 3 was established through a Sonogashira
cross-coupling reaction between 4-bromoethyl benzoate and
triarylpropyne 1 (Scheme 1). Subsequent demethylation

Oy OEt

Br
1. [Pd(PPhs),Cl,] / Cul
PhMe / iPr,NH / 40 °C

2. BBry / CH,Cly

MeO
e oMe ~78°C—-6°C
MeO 60%
(2 steps)

L o

O
O,

Oo-z

e

O
%

o 3. DIC/ DMAP / DMAP-PTSA
o CHCly /RT
== 0%0
T OH
3 =

Z I S 28%
S (3 steps)

1. NaH / DMF / KI
2. DMF / KOH /100 °C

Scheme 1. Synthesis of NHS—ester tripod 3 and structure of NHS-
pyrene butyrate 4.
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using BBr; provided the tris(phenol) derivative 2, onto which
three pyrene moieties were incorporated under Williamson
etherification conditions. Finally, the ethyl ester was saponi-
fied and subsequently elaborated to an NHS ester using
a carbodiimide-mediated esterification procedure to provide
the NHS ester tripod 3. We also evaluated SAMs comprised
of pyrene butyrate NHS ester 4, which has been used
extensively to functionalize SLG,*!” graphene oxide,'” and
carbon nanotubes.'®! As a monovalent pyrene binding group,
4 also serves to evaluate the importance of the multivalent
tripodal design for effective bioconjugation. Despite the
frequent use of 4 for graphene functionalization, the perfor-
mance of aEAB conjugated to its SAMs suggests that
individual pyrene moieties do not prevent antibody denatu-
ration on SLG (see below).

We first compared the adsorption of aEAB onto pristine,
pyrene-modified, and tripod-modified SLG using a graphene-
functionalized quartz-crystal microbalance (GQCM). Anti-
bodies were chosen because of their importance in biosensors
and because they offer highly selective analyte binding
specificity that relies on maintaining their native conforma-
tion. Furthermore, E. coli is a relevant capture/immobiliza-
tion target for biosensors because it is a known foodborne
pathogen. The QCM is a piezoelectric mechanosensor whose
resonant frequency is sensitive to changes in mass adsorbed
on the surface, and whose resistance is related to both
deposition of mass and the type of mechanical coupling
between the surface and the adsorbed mass. The change in
resonant frequency (Af) is related to the mass of the antibody
deposited on the quartz surface (Am) using the Sauerbrey
equation, Af=—C;Am, in which C;is a constant dependent
on the quartz properties, 56.6 Hzpg™' cm? for the S MHz AT-
cut quartz used here.' All three substrates (tripod- and
pyrene-functionalized and bare GQCM) exhibit exponential
frequency decreases upon introduction of the aEAB and
reach an equilibrium Af~ —50 Hz after ten minutes, corre-
sponding to approximately 20 pmolcm ™ of adsorbed anti-
body (see Figure 1 and Figure S18 in the Supporting Infor-
mation). There is little difference between the mass change
traces for the pyrene-functionalized, tripod-functionalized,
and bare GQCM surfaces. After the frequency stabilized, the
cell was rinsed with blank PBS buffer for 25 minutes, which
caused almost no desorption of the antibody. Atomic-force
microscopy of each functionalized graphene surface showed
no evidence of aggregation (see the Supporting Information).
As an additional control, we formed a monolayer of a tripod
in which the NHS ester had been displaced by ethanolamine
(Supporting Information, compound S3), thus lacking the
ability to form covalent bonds to aEAB. These monolayers
showed reduced frequency responses to antibody introduc-
tion compared to monolayers of 3, further suggesting that
covalent bond formation occurs between the antibody and 3
(see the Supporting Information, Figure S18). Overall, these
results indicate that similar amounts of aEAB are deposited
on NHS-tripod-functionalized and bare SLG and that both
types of antibody—graphene films are stable to washing.

After formation of the aEAB film formation, E. coli cells
that were resuspended in PBS buffer and introduced to the
GQCM induced an apparent increase in the frequency
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Figure 1. A) GQCM trace showing the frequency (blue) and resistance
(red) response to the introduction of aEAB to a surface functionalized
with a SAM of 3 and subsequent introduction of E. coli cells.

B) Corresponding GQCM trace for aEAB adsorbed onto bare SLG.

response, which usually indicates a loss of mass from the
surface. However, the resistance (AR) of the GQCM simul-
taneously increased, which is inconsistent with this interpre-
tation. We attribute these observations to viscoelastic cou-
pling between the bacterial cells and the GQCM, a phenom-
enon that was noted previously for adsorption of bacterial
cells to a SAM-modified QCM.?" Although it is possible in
principle to quantify cell binding through analysis of AR, such
measurements require careful calibration and are quite
susceptible to environmental noise. We instead quantified
E. coli cell binding directly through fluorescence microscopy
of appropriately stained cells.

The density of bound E. coli cells was determined for the
following three antibody-functionalized graphene surfaces:
aEAB on bare SLG, aEAB conjugated to pyrene butyrate 4,
and aEAB conjugated to tripod 3. We also performed two
additional control experiments: The first utilized a mis-
matched antibody, anti-bovine serum albumin (aBSA), which
does not recognize E. coli cells, conjugated to a SAM of 3
(Figure 2). The second employed the tripod monolayer
incapable of bioconjugation (S3) that had been exposed to
aEAB. Each surface was incubated with a suspension of the
bacterium (10° cfumL™" in lysogeny broth) for ten minutes
and then rinsed to remove weakly bound cells. The remaining
surface-bound cells were stained with propidium iodide and
their density was measured repeatedly using a fluorescence
microscope (Figure 3). Notably, surfaces on which aEAB was
immobilized on the tripodal SAM showed a nearly five-fold
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Figure 2. Cell count histograms for A) aEAB on tripod SAMs of 3, B) aEAB adsorbed on monopod SAMs of 4, C) aEAB adsorbed on bare SLG,

and D) aBSA conjugated to tripod SAMs of 3.
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Figure 3. Captured E. coli binding densities for aEAB on SAMs of 3
(red), on SAMs of 4 (blue), on bare SLG (green), and on SAMs of S3
(purple). E. coli binding density for aBSA on SAMs of 3 (orange).

higher density (7.8 +1 x 10° cellscm2) than when aEAB was
supported on the monovalent pyrene butyrate SAM (1.4 +
0.4 x 10° cellscm™2) or on bare SLG (1.7 + 0.3 x 10° cellscm ™).
The aBSA conjugated to the tripod SAM also showed nearly
identical density of bound cells (1.940.3x10° cellscm™?)
compared to the aEAB films that were not interfaced to
SAMs of 3. Since aBSA does not recognize E. coli cells, we
attribute the lower density to nonspecific cell adsorption.
These results therefore suggest that aEAB exhibits little or no
specific E. coli cell recognition when it is adsorbed on bare
graphene or conjugated to pyrene 4, yet retains this function
when conjugated to tripod 3. The S3 monolayers that are
incapable of bioconjugation also showed quite low density of
bound cells (1.8 4 0.5 x 10* cellscm?), indicating that cova-
lent attachment between the SAM and antibody are neces-
sary for cell capture. Collectively, these differences in
densities of bound cells suggest that the nature of the SLG-
antibody interface is crucial for antibodies to retain their
desirable specific binding function.

Finally, we confirmed that E. coli cells captured by aEAB
on tripod SAMs are viable by monitoring their division on the
SLG surface (Figure4). The immobilized cells replicate
exponentially and remain attached to the surface, eventually
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Figure 4. A) Growth curves for E. coli cells in solution (dashed line),
on aEAB on SAMs of 3 (red), and on aEAB on bare SLG (green).

B) Optical images of E. coli cell division on aEAB/tripod SAMs,
indicating the progression of biofilm formation.

forming a graphene-conjugated biofilm (Figure 4 A, red). In
contrast, E. coli cells that were immobilized on aEAB on bare
SLG did not remain attached to the graphene surface, and
biofilm coherence was lost above a colony size of two
individuals (Figure 4B, green). E. coli cells responsible for
biofilm growth on tripod-conjugated aEAB divided with
a doubling time of only 50% longer than cells grown in
solution under similar conditions (Figure 4). These observa-
tions further confirm that the nature of the antibody-
graphene interface strongly influences antibody function,
and suggest that immobilizing biomolecules on tripod SAMs
will enable studies of cell growth and differentiation. SLG is
an intriguing analytical platform for such investigations, in
part because it can serve as a transparent barrier material, as
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was shown by Alivisatos for imaging nanoparticles within
bilayer graphene pockets.*!]

In conclusion, we have shown that similar masses of anti
E. coli antibodies deposit onto both bare SLG and NHS-
functionalized aromatic SAMs. The binding specificity of the
antibody depends strongly on the nature of SLG-functional-
ization method. The antibodies retain their specificity when
conjugated to tripodal SAMs, but exhibit poor E. coli cell
recognition when immobilized onto the monovalent binding
group or bare SLG. Antibody activity on tripodal SAMs was
further confirmed by the observations that captured bacterial
cells readily divide, remain bound to the graphene surface,
and form biofilms. This study answers fundamental questions
about interfacing biomolecules to SLG that are relevant to
both biosensor applications and fundamental studies at the
abiotic-biotic interface. Further studies will elaborate on the
functionality and orientational control that we have demon-
strated through the use of site-selective bioconjugation
strategies and will investigate practical SLG-based biosensors.
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