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lectronic sensors based on single-

walled carbon nanotube field effect

transistors (SWNT-FETs) are useful for
detection of both general molecular and
biomolecular adsorption.’ * Although some
FET sensors employ Schottky contact elec-
trodes as active sensing areas,>® most nano-
tube or nanowire sensors use intrinsic chan-
nels for this purpose. For selective detection
of biomolecular analytes, target-specific
recognition elements such as antibodies,”
aptamers,® or molecular imprinted poly-
mers (MIPs)® are immobilized on the side-
walls of SWNTs or nanowires. In the case of
silicon nanowires, silane groups on nano-
wire surfaces’ or Si surfaces can be directly
used to link recognition elements.'® With
SWNTs, either noncovalent binding linkers
such as pyrene-based molecules' or alkyl
chains may be employed,'? or carboxyl
groups produced after acid treatment can
be used to attach recognition elements.” In
all cases, linkers are designed so that one
arm binds to the sensor surface and the
other reacts with recognition elements. In
most instances, recognition element-
binding sites are N-hydroxysuccinimide
(NHS) or aldehyde groups, which can react
with primary amines provided in biomole-
cules by lysine residues. Unlike synthetic
recognition elements, most antibodies con-
tain multiple lysine residues, some of which
are located in the antigen-binding variable
regions. Therefore, antibody immobilization
using lysine-binding linkers results in ran-
domly oriented recognition elements; this
lack of structure may reduce the amplitude
of the signal emitted after antigen binding.
This can be a serious problem with one-
dimensional nanostructures, because the
total number of recognition elements that
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ABSTRACT We herein demonstrate that Ni-decorated single-walled carbon nanotube field effect transistors

(SWNT-FETs) combined with antibody fragments can be used as effective biosensing platforms. Nanoscales Ni

particles 20 to 60 nm in diameter were formed on the sidewalls of SWNT-FETs using an electrochemical method.

Carcinoembryonic antigen (CEA)-binding single chain variable fragments (scFvs) with a hexahistidine tag [(his)]

were synthesized using genetic engineering, and ordered immobilization of anti-CEA ScFvs on Ni nanoparticles was

achieved by exploiting the specific interaction between hexahistidine and Ni. Whereas randomly oriented anti-

CEA scFvs did not impart a noticeable change of conductance upon addition of CEA, a clear increase in conductance

was observed using Ni-decorated SWNT-FETs functionalized with engineered scFvs.

KEYWORDS: scFv -
transistor - hexahistidine

can be immobilized on nanostructures is al-
ready restricted.

In this report, we show that single-chain
variable fragment (scFv) antibodies geneti-
cally modified with a hexahistidine tag
[(his)e] can be immobilized onto Ni nanopar-
ticles decorating the sidewalls of SWNT-
FETs, and that the change of conductance
upon target binding was much greater than
that seen after random immobilization of
scFvs.

RESULTS AND DISCUSSION

Scheme 1 shows our experimental de-
sign. While Scheme 1a,b demonstrates
SWNT sensors containing randomly ori-
ented whole antibodies and scFvs, respec-
tively. The scFvs are immobilized with all
antigen-binding sites fully accessible on the
Ni nanoparticles of Scheme 1c. Red spheres
in Scheme 1 mark antigen binding moi-
eties in antibodies or scFv.

Carcinoembryonic antigen (CEA), a well-
known tumor marker,'* was used as a
model target. Sera from patients with col-
orectal, gastric, pancreatic, lung, and breast
carcinoma, and from patients with medul-
lary thyroid carcinoma, had levels of

Ni nanoparticle - single-walled carbon nanotube field effect
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time. Insulation of electrodes
is necessary in order to have
selective decoration of metal
nanoparticles on SWNTs. The
source and drain electrodes of
the SWNT-FET were used as
working electrodes, Pt wire
served as a counter-electrode,
and Ag/AgCl was the reference
electrode. The size and den-
sity of Ni nanoparticles can be

(b) (c)

Scheme 1. Schematic diagram of the experimental system: (a) diagram of a SWNT-FET with bound
randomly-oriented whole antibody; (b) diagram of a SWNT-FET with randomly-oriented scFv; (c) dia-
gram of a Ni-decorated SWNT-FET with bound scFv.

CEA greater than seen in healthy individuals. CEA is nor-
mally detected by immunochemistry, using specific
antibodies. In the present report, genetically engineered
CEA antibody fragments (scFvs) were employed, be-
cause a small recognition element can be of great ben-
efit in construction of sensors of the FET type.'® Re-
cently, So and colleagues® and Kim and co-workers'®
demonstrated the advantages of using smaller recogni-
tion elements (aptamers and antibody fragments, re-
spectively) in SWNT-FETs. Further, it is possible to in-
sert a biomolecular “glue”, such as a hexahistidine
[(his)e] tag, into antibody fragments using genetic
engineering.

Anti-CEA scFv recombinant antibodies with (his)g
tag were genetically produced and purified according
to the protocol described in Methods section. SWNTSs
were grown on the Si/SiO, substrate by chemical va-
por deposition technique and fabricated into devices
using photolithography. The detailed device fabrication
process is described in the Methods section as well.
For immobilization of (his)s-tagged scFvs, we decorated
Ni nanoparticles on sidewalls of SWNTSs using electro-
chemical technique.'”'® Briefly, SWNT-FETs were first in-
sulated using a SiO, layer, and chronoamperometry, in
a probe station, was performed using a standard elec-
trochemical system (2 mM NiSO, solution with 100 mM
KCl as supporting electrolyte) for defined periods of
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concentration in solution,
pulse height, and time. We obtained closely packed Ni
nanoparticles, of uniform diameter 15—30 nm, by ap-
plying 0.4—1 V for 5 s. Figure 1 shows an AFM image of
a Ni-decorated SWNT-FET and /—V, measurement taken
before and after the Ni decoration. The effect of Ni
decoration on electronic transport characteristics of
SWNT-FETs depends heavily on particle sizes and spac-
ing. As shown in Figure 1a, when we have densely
packed, smaller (<30 nm) nanoparticles, a decrease of
on-current and almost metallic behavior has been ob-
served from Ni-decorated SWNT-FET. When particle
sizes are larger than ~30 nm and they are far apart from
each other, a positive shift of gate voltages are ob-
served upon Ni decoration. We presume that while
smaller Ni nanoparticles instantly oxidized to NiOj,
which has a work function similar to that of SWNTs
(4.8 eV)," larger nanoparticles maintain their original
work function (~5.3 eV).

ScFvs were immobilized on Ni-decorated SWNT-
FETs for 6 h in a humidified chamber. After incubation,
the transistors were washed with generous amounts of
buffer, followed by DI water, and dried in a moisture-
free N, gas stream prior to further reaction and charac-
terization. Normally, the (his)s tag binds well to Ni?*
ions; we initially confirmed that the tag also bound effi-
ciently to electrochemically grown Ni nanoparticles.
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Figure 1. AFM images of Ni-decorated SWNT-FETs and /—V, characteristics before and after the Ni decoration.
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Figure 2 shows atomic force micros-
copy (AFM) images, and a laser confo-
cal micrograph of an Ni-decorated
SWNT-FET, after incubation with (his)e-
tagged green fluorescent protein (GFP).
The diameter of the Ni nanoparticles
was about 20—60 nm in this specific
sample. Recently, Park and colleagues
reported the oriented immobilization of
(his)e-tagged virus particles on Ni nano-
hairs grown by an electrochemical tech-
nique, using an alumina template.?'
Detection of CEA using anti-CEA
scFv immobilized on Ni-decorated SWNT-FETs was per-
formed as follows. First, 3 L of buffer solution (100 wM
phosphate buffered saline; PBS) was added to an FET
and conductance was measured using the Ag/AgCl ref-
erence electrode as a liquid gate. When conductance
became stabilized, a target solution of known CEA con-
centration was added to the FET and conductance was
monitored in real time. After reaction, each device was
washed with an ample amount of DI water and blown
dry, and the /—V, characteristics were measured using
Si as a backgate. Figure 3 panels a and b show the real-
time conductance measurement and the /—V, data, re-
spectively. As shown therein, an increase in conduc-
tance was observed, in real time, upon introduction of
CEA solution, and here we applied 100 mV bias and
—100 mV liquid gate voltages (Ag/AgCl). Conductance
measured from the devices tends to saturate upon
10—100 ng/mL CEA depending on the device charac-
teristics (Supporting InformationFigure S1). Inset of Fig-
ure 3a shows an AFM image of the device after Ni deco-
ration. The increase of conductance observed cannot
be explained with electrostatic gating effect, since
metal nanoparticles (Ni) sandwiched between the
SWNT and target may screen extra charges from the in-
teraction. Rather, we explain this with the change of

onto the device.

Figure 2. AFM image and confocal micrograph of an Ni-decorated SWNT-FET. The Ni
nanoparticles are about 20—60 nm in diameter, and (his)s-tagged GFP is immobilized

metal work function, as in the case of Au-decorated
SWNT-FET sensors. However, change of conductance
due to the change of capacitance should be taken into
account as well, since SWNT surfaces are fully packed
with Ni nanoparticles and therefore with receptor mol-
ecules.”2 [-Vy measurements taken after the reaction
also show an increase of conductance whether we use
liquid gate or back gate measurement after drying the
samples. Figure 3b shows the evolution of /—V, charac-
teristics (back gate) upon reaction, and the inset of Fig-
ure 3b shows liquid gate characteristics. We measured
more than 20 Ni-decorated, scFv functionalized SWNT-
FETs, and all of them showed increased conductance of
50—100% after the reaction with CEA (Supporting Infor-
mationFigure S2). By comparison, SWNT-FET sensors
with randomly oriented whole antibodies showed a
maximum of 20% change in conductance with 100
ng/mL CEA.2 The reason for such increase in conduc-
tance upon reaction is not fully clear, but CEA is a lin-
ear, large molecule of ~240 kDa,?* and, as scFv mol-
ecules immobilized on Ni nanoparticles were closely
packed, a sensitivity greater than that afforded by use
of whole antibodies may be expected. Also, the surface
area of Ni-decorated SWNTs is about 30-fold greater
than that of bare SWNTs.? Increasing the sensor sur-
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Figure 3. Real-time conductance, and evolution of I—V, characteristics, in Ni-decorated, scFv-functionalized SWNT-FETs. (a)
Real-time conductance. (b) Evolution of I—V, characteristics throughout detector—ligand interaction. The blue curve shows
data after Ni decoration, the green curve shows measurements after addition of scFv, and the orange curve is the /I—V, data ob-
tained after reaction with CEA. The bias voltage was 100 mV. Inset shows the liquid gate measurement from the same device.
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bodies failed to generate signal,
we examined the protein structure
of anti-CEA scFv, and Figure 5
shows details obtained from crys-
tallographic studies. Ten lysine re-
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Figure 4. Real-time conductance, and evolution of /—V characteristics, in SWNT-FETs carrying red color indicates the comple-
randomly oriented scFvs. (a) Real-time conductance. Almost no conductance change was ob- mentarity determining regions

served after introduction of CEA. (b) Evolution of I—V, characteristics throughout detector— (CDRs; th hort ami id
ligand interaction. The red curve shows measurements from the bare SWNT-FET, the blue curve s these are. S. ortamino aci
shows data after pyrene addition, the green curve shows measurements after addition of scFv,  sequences providing the receptor
and the black curve is the -V, data obtained after reaction with CEA. Again, the bias voltage was  \yith specificity for any particular

100 mV. antigen) of the heavy chain, and

blue color is used to depict the
face area is valuable in improving sensitivity and reduc- DR regions of the light chain.
ing detection time.?® The crystal structure of a ligand-free anti-CEA scFv
To explore the effectiveness of oriented immobiliza-  antibody termed MFE-23 has been determined by
tion using the (his)s tag, we immobilized anti-CEA scFv  Boehm and colleagues.”” The antigen-binding site of
antibodies employing 1-pyrene-N-hydroxysuccinimide  an immunoglobulin includes six hypervariable regions,

ester (pyrene). For such immobilization, a device was three from the V. domains (L1, L2, L3) and the other
immersed in 6 mM pyrene in dimethylformamide (DMF)  three from V} domains (H1, H2, H3).28 In randomly ori-
solution for 2 h, washed with clean DMF, and further ented immobilization of anti-CEA scFv using pyrene,
washed with DI water for 1 h to prevent nonspecificad-  lysine groups on the surface of anti-CEA scFv will be em-
sorption. Immobilization of anti-CEA scFv then pro- ployed for immobilization. MFE-23 contains 10 candi-
ceeded as described above for Ni-decorated SWNT- date lysines shown in Figure 5 able to conjugate with
FETs. Figure 4 shows electrical characteristics of the succinimidyl ester.?? Among these, four residues partici-
reaction with CEA using randomly oriented anti-CEA pate in hydrogen bonding that plays an important role
scFv molecules. As shown by the real-time conductance  in antibody function, and two participate in cation—
measurement of Figure 4a, almost no change of con- interactions that ensure stability of the B-sheet. There-
ductance was seen even with high concentrations fore, even though these residues are exposed to sol-

(10 pg/mL) of CEA. In addition, the /—V, characteris-  vent, they cannot participate in linker conjugation

K56

K45 K179

K267

7 f K205

K29 K199 (his),

Figure 5. Protein structures of anti-CEA scFv (MFE-23, PDB ID; 1QOK), showing lysine residues and the (his)s tag at the
C-terminus of the protein. Red color indicates the complementarity determining regions (CDRs; these are short amino acid se-
quences providing the receptor with specificity for any particular antigen) of the heavy chain, and blue color is used to de-
pict the CDR regions of the light chain. The hexahistidine tag was tethered at the C-terminus of the anti-CEA scFv, next to the
K267 lysine residue. H1 loop structure is shown in a cartoon model while others are depicted using surface model.
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events with maintenance of antibody
structural stability. The interactions of
these residues are summarized in
Table 1.3

The remaining four lysines may be-
come covalently bonded to succinimidyl
ester. However, if the linker conjugates
with K56 or K29, which are located near
the H1 loop (shown in a cartoon model in
Figure 5), the antigen binding region will
be directed toward the surface of the
SWNT. The K263 residue is also excluded,
because it is too deeply located to be im-
mobilized with succinimidyl ester. The last
lysine residue, K179, is fully exposed; the amine group
of the side chain can thus react with the linker. There-
fore, the probability of CEA detection using randomly
oriented anti-CEA scFv is only 10%, whereas immobili-
zation using (his)s ensures that the binding pocket is
fully exposed to CEA. In short, random immobilization
of antibody fragments using nonspecific linkage can
hamper the detection of target antigen.

On the other hand, signal changes have been ob-
served from sensors with randomly oriented whole
antibodies.?> Scheme 2 compares the structures of a
whole antibody (immunoglobulin) and a scFv frag-
ment. A scFv is a fusion of variable regions of the heavy
and light chains of immunoglobulin. A scFv retains the
specificity of the original antibody, and Fc region of im-
munoglobulin is omitted in scFv. In the case of whole
anti-CEA antibody, it contains multiple lysine resides in
the Fc regions, which can be used to react with succin-
imidyl ester groups on SWNTs. The structure of the Fc
region of anti-CEA is unknown, because the three-
dimensional (3D) structure of an intact anti-CEA mono-

TABLE 1. List of Lysine Residues in anti-CEA scFv That
Participate in Either Hydrogen Bonding or Cation-m
Interactions

residues type of interaction

K267 —E178 hydrogen bonding
K89—E72 hydrogen bonding
K93—D116 hydrogen bonding
K199—E241 hydrogen bonding
K45—Y106 cation—r interaction
K205—W207 cation— 7 interaction
METHOD

Device Fabrication. SWNTSs were grown on a Si/SiO, substrate us-
ing a patterned chemical vapor deposition (CVD). Liquid cata-
lyst consisting of Fe(NOs), - 9H,0 and Mo(acac), in methanol was
dispersed on substrates with patterned poly(methyl methacry-
late). After liftoff, SWNT growth was carried out in 900 °C-heated
furnace for 10 min with CH, or ethanol as a carbon source. Pat-
terns for electrical leads were formed by photolithography, fol-
lowed by thermal evaporation of Ti and Au. Channel length be-
tween source and drain electrode is fixed to 5 um. For real-time

www.acsnano.org
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Scheme 2. Schematic diagram of an antibody showing the antigen-binding site.

clonal antibody has not been reported. However, it is
well-known that the constant regions of most antibod-
ies show not only structural similarity but also sequence
identity of over 30—40%; the positions of the lysine resi-
dues in the Fc region of IgG2a monoclonal antibody
(PDB ID: 11GT), for which a 3D structure is available, have
been analyzed. About half of the lysine residues in Fc re-
gions are exposed to the solvent environment and are
devoid of any specific interaction; therefore, lysine resi-
dues in the Fc region can be reacted with succinimidyl
ester on SWNTs to immobilize the antibody and to pro-
duce the signal upon antigen binding.

In summary, we have shown that Ni-decorated
SWNT-FETs can be an effective biosensor platform
when used with (his)s-tagged scFv antibodies as molec-
ular recognition elements. Ni nanoparticles electro-
chemically deposited on the sidewalls of SWNTSs func-
tioned as a support for oriented immobilization of the
(his)e-tagged scFv antibodies, and, as the surface area of
Ni-decorated SWNTs is much larger than that of bare
SWNTs, it was possible to immobilize more recognition
antibodies using an Ni-decorated device. Whereas an
interaction with CEA was reflected in a large increase in
conductance by Ni-decorated SWNT-FETs bearing ge-
netically engineered anti-CEA scFv antibodies, no such
change was observed when randomly oriented scFv
antibodies were employed. Thus, oriented immobiliza-
tion of antibody fragments is crucial for good sensor
performance, and we suggest that Ni-decoration is an
effective method for oriented detector immobilization
onto SWNT-FET-based biosensors and increases the re-
active area.

characterization and metal decoration, all electrodes were care-
fully insulated with SiO,. Again, patterns for insulation layer were
formed by photolithography, and SiO, was evaporated using
thermal evaporation.

Anti-CEA scFv Production. To produce anti-CEA scFv antibodies,
an scFv gene fused with the (his)s tag at the 3’ end was chemi-
cally synthesized, with reference to GenBank sequence 2299568,
and cloned into the pMD18 vector (Takara, Otsu, Japan). The tar-
get gene (the anti-CEA scFv antibody) was amplified from the
pMD18 clone by PCR using a primer pair (sense primer: 5'-
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gcgcatatgaaatacctattgcct-3’ and antisense primer: 5’-gcggaat-
tctcaatgatgatgatgatgatg-3’; cleavage sites for Ndel and EcoRl are
shown in bold). PCR was performed in a 50 pL reaction mixture
(10X EX Taq buffer containing 25 mM MgCl,, 2.5 mM dNTP mix-
ture, 5 U of Takara EX Tag polymerase, 100 pM of each primer,
and the template plasmid gene). A standard PCR protocol was
run for 30 cycles (cycling parameters were denaturation at 94 °C
for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for
60 s), and the final extension was carried out at 72 °C for 10 min.
The resulting PCR product was digested with Ndel and EcoRl
and inserted into the pColdIV vector, in which expression of the
cloned gene is regulated by the cspA low temperature-inducible
promoter, to obtain efficient functional protein expression. Cor-
rect protein folding is better in this system than when a pET con-
struct is employed. The plasmid (termed pColdIV-anti-CEA scFv
in this report) was transformed into the expression host Escheri-
chia coli BL21 (ADE3) and a positive clone was selected on an LB
agar plate containing 50 pg/mL ampicillin. For anti-CEA scFv
antibody expression, an overnight culture of cells (10 mL) was in-
oculated into 250 mL of LB medium containing 50 pwg/mL ampi-
cillin, and the cells were grown to ODgoo = 0.6—0.9 at 37 °C.
Thereafter, the culture flask was placed on ice for 30 min and
the target gene, under the control of the cspA promoter, was
fully induced by addition of 0.5 mM isopropyl-3-p-
thiogalactopyranoside (IPTG) followed by growth at 15 °C for
24 h. Harvested cells were lysed and recombinant antibodies
were purified under native conditions using Ni-NTA resin
(Qiagen, Valencia, CA), which specifically bound the recombi-
nant protein by interaction of the (his)s tag at the C terminus
with Ni?*. The cell pellet was resuspended in 10 mL of lysis buffer
(50 mM NaH,PO,, 300 mM NacCl, 10 mM imidazole [pH 8.0]),
also containing lysozyme and Benzonase. The resultant suspen-
sion was incubated on ice for 30 min with gentle shaking. Cellu-
lar debris and insoluble material were removed by centrifuging
at 16000g for 20 min at 4 °C. The supernatant, containing recom-
binant protein, was loaded onto a 0.5 mL Fast Start column.
The column was twice washed with 4 mL of washing buffer (50
mM NaH,PO,, 300 mM NaCl, and 20 mM imidazole [pH 8.0]). The
recombinant protein fused with (his)s was eluted with two se-
quential 1T mL fractions of elution buffer (50 mM NaH,PO,, 300
mM Nacl, and 250 mM imidazole [pH 8.0]). The eluted solution
containing soluble protein was analyzed by Western blotting, ac-
cording to the method of Burnette.?'

Functionality Check and Purification of scFvs. ELISA plates were
coated with CEA protein (BIODESIGN International, Saco, Maine)
and residual binding sites in coated wells were blocked with 5%
(w/v) no-fat skim milk, in PBS. Dilutions of the protein solution
were added to wells and the plate incubated at room tempera-
ture for 2 h. After washing with PBS containing 0.05% (v/v)
Tween 20, anti(his)s mouse monoclonal antibody and alkaline
phosphatase (AP)-conjugated rabbit antimouse 1gG polyclonal
antibody (Abcam, Cambridge, UK) were sequentially added (with
intermediate washing steps) to the wells; each of the two incu-
bations was at room temperature for 1 h. After final washing, the
activity of scFv antibody bound to CEA was detected using
p-nitrophenyl phosphate (pNPP) as chromogen (data not
shown). For application in nanoFET biosensor construction, it
was necessary that the protein should be highly purified both
from potentially contaminating proteins and excessive imida-
zole derived from the elution buffer. Anti-His mAb MagBeads
(GenScript, Piscataway, NJ) were used to capture the (his)s-
tagged recombinant protein, following the manufacturer’s pro-
tocol. Excellent purification of anti-CEA scFv antibody was veri-
fied by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (data not shown). The concentra-
tion of scFv antibody was determined by the Bradford protein
method (using a Bio-Rad protein assay kit; Bio-Rad, Hercules, CA)
and bovine serum albumin (BSA) as standard.>? The eluted anti-
body was stored at 100 wg/mL in 1 M Tris buffer, pH 7.0 for fur-
ther use.
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Supporting Information Available: Conductance vs log concen-
tration measured from three different devices, /I—V, (backgate)
characteristics of scFv immobilized, Ni decorated SWNT-FETSs,
and /—V, (backgate) characteristics of SWNT-FETs with randomly
oriented scFv. This material is available free of charge via the In-
ternet at http://pubs.acs.org.
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