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he broad applications of nanotech-

nology make it one of the most rap-

idly growing areas of research in
contemporary science and medicine.'? The
unique chemical and optical properties of
nanomaterials in terms of particle aggrega-
tion, photoemission, electrical and heat
conductivity, and catalytic activity have
paved the way for development of nanobio-
electronic devices.>* Micro- and nanofabri-
cation has allowed the production of ultra-
sensitive, portable, and inexpensive
biosensors. These devices generally rely on
chemical or biological receptors that recog-
nize a particular compound of interest and
transfer this recognition event effectively.®
Recently, one-dimensional nanostructures,
such as carbon nanotubes and semicondu-
tor nanowires, have been successfully dem-
onstrated to be sensitive biological sen-
sors.S

CNTs show unique features that are be-
ing used for the development of nanome-
ter scale materials with outstanding poten-
tial technological applications. Owing to
their structural and electronic uniqueness,
carbon nanotubes have been proposed ei-
ther in advanced electrochemical devices or
as molecular-sized electrodes for very fast
electrode kinetics research and for sensing
and immunosensing.’

On the basis of the specific
antibody—antigen interaction, immunosen-
sors provide a sensitive and selective tool
for estimation of proteins. Immunosensors
incorporate an antibody or antigen inte-
grated within or intimately associated with
a physiochemical transducer. A large num-
ber of immunosensors have been devel-
oped using different transducers based on
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ABSTRACT A proof of concept of the electronic detection of two anabolic steroids, stanozolol (Stz) and
methylboldenone (MB), was carried out using two specific antibodies and arrays of carbon nanotube field-effect
transistors (CNTFETs). Antibodies specific for Stz and MB were prepared and immobilized on the carbon nanotubes
(CNTs) using two different approaches: direct noncovalent bonding of antibodies to the devices and bonding the
antibodies covalently to a polymer previously attached to the CNTFETs. The results indicated that CNTFETs bonded
to specific antibodies covalently or noncovalently are able to detect the presence of steroids. Statistically
significant changes in the threshold voltage and drain current were registered in the transistors, allowing the
steroids to be recognized. On the other hand, it was determined that the specific antibodies do not detect other
steroids other than Stz and MB, such as nandrolone (ND) because, in this case, statistically significant changes in
the transistors were not detected. The polymer prevents the aggregation of antibodies on the electrodes and
decreases the transistor hysteresis. Nevertheless, it is not able to avoid the nonspecific adsorption of streptavidin,
meaning that nonspecific adsorption on CNTs remains a problem and that this methodology is only useful for
purified samples. Regarding the detection mechanism, in addition to charge transfer, Schottky barrier, SB,
modification, and scattering potential reported by other authors, an electron/hole trapping mechanism leading
to hysteresis modification has been determined. The presence of polymer seems to hinder the modulation of the
electrode—CNT contact.

KEYWORDS: biosensing - immunosensing - carbon nanotubes - field-effect
transistors - anabolic steroids

changes in mass, heat, electromechanical,
or optical properties.® One promising ap-
proach is the direct electrical detection of
biological macromolecules using semicon-
ducting nanowires or CNTs configured as
field-effect transistors, CNTFETs, which
change conductance when charged macro-
molecules are bound to receptors linked to
the device surfaces.” "2

CNTFET immunosensors have been pre-
pared by joining the antibodies directly to
the CNT or through the use of aptamers.
Park et al.'* have immobilized monoclonal
antibodies against carcinoembryoic antigen.
Chen et al.'? have developed CNTFETs for
biomarker detection for the early diagnosis
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Stanozolol (St)

Methylboldenone (MB)

Figure 1. Anabolic steroids: methylboldenone, stanozolol, and nandrolone.

of cancer.™ Li et al.”® have demonstrated a novel FET im-
munosensor for the detection of prostate-specific anti-
gen. Utilizing a monoclonal antibody against immunoglo-
bulin (IgE) immobilized in the device, the IgE
concentration was estimated using a CNTFET.'®

This present paper reports the first-time use of CNT-
FET for anabolic androgenic steroid sensing. Anabolic
androgenic steroids (AAS) are banned substances in dif-
ferent fields. The World Anti-Doping Agency (WADA)'”
and the European Commission'® have prohibited the
utilization of AAS compounds for enhancing athletic
performance and as a growth promoter in cattle ow-
ing to their being considered a public health risk.

Given the high number of substances to be con-
trolled, analytical screening methods are necessary to
reduce the time invested in confirmatory methods,
which have to be performed using chromatography
coupled with mass spectrometry.’® These methods re-
quire time-consuming sample preparation and sophis-
ticated instruments that have to be operated by highly
skilled personnel. Immunological methods have dem-
onstrated their usefulness for screening purposes in dif-
ferent areas of clinical toxicology.?’ The feasibility of im-
munochemical techniques as a screening method to
measure AAS, such as stanozolol*' and tetrahy-
drogestrinone,?2 has been demonstrated. In the field
of immunosensors, devices using an electrochemical
transducer?*>2?* or optical transducer??¢ have been pub-
lished. More recently, a hapten microarray has been de-
veloped for the immunochemical screening of AAS.?
In this paper, we propose the utilization of field-effect
transistor arrays based on carbon nanotubes as immu-
nosensors for the detection of stanozolol (Stz) and me-
thylboldenone (MB) (Figure 1). Stz and MB are two AAS
that are banned by WADA and the European Commis-
sion. The methodology used takes advantage of the
specifity of the immune assays but with the added
value of the electronic measurements being faster and
direct.

A large array of back-gated carbon nanotube de-
vices was fabricated using conventional microfabrica-
tion techniques. Antibodies specific for Stz (As147) and
MB (As143) were immobilized on the carbon nanotubes
(CNTs) either directly or bonded covalently to the poly-
mer poly(methylmethacrylategs-co-
poly(ethyleneglycol)methacrylateg ;s-co-N-succinimidyl
methacrylateys) (Figure 2). The objective of using the
polymer was to avoid an aggregation of antibodies on
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OH  the electrodes that could modify
the metal work function and the
H Schottky barrier and also to pre-
vent the nonspecific adsorption
of proteins and biomolecules on
the CNTFET. Strong binding be-
tween the nanotubes and pro-
teins has been reported by sev-
eral authors.5%73! This is an
important issue when the detection is carried out in a
serum environment.

A schematic representation of the bonding of anti-
bodies and steroids to single-walled nanotubes
(SWNTs) is shown in Figure 3. The chips containing the
CNTFETs with the attached antibodies were placed in
contact with the corresponding steroids for their
recognition.

The specificity of the detection was checked on
chips bonded with the polymer and the antibodies ver-
sus the steroid ND (Figure 1) to determine if other ste-
roids are able to bond the antibodies specific for MB
and Stz. Additionally, streptavidin was used to check
the nonspecific adsorption of proteins to the device af-
ter bonding the polymer. Streptavidin is a water-soluble
protein that displays hydrophobic domains within its
structure,* and it has been demonstrated to bind to the
nanotubes strongly.?®

Nandrolone (NT)

RESULTS AND DISCUSSION

The devices were electrically characterized before
and after anchoring any chemicals or biomolecules. In
order to see the effect of the antibodies and steroids on
the electrical characteristics of the transistors, statisti-
cal analyses of a large array of devices were performed.
For steroid detection, only devices having good transis-
tor behavior showing an on/off current ratio higher
than 100 were considered in the study.

The parameter more frequently used for determina-
tion of device characteristics is the dependence of the
source—drain current on the gate voltage. In this paper,
the threshold voltage and the hysteresis were also char-
acterized. The threshold voltage V;, is taken as the
x-intercept of the line tangent to the steepest part of
the I4— V4 curve. Because the threshold voltage de-
pends on the sweep direction of the back-gate volt-
age, a separate V4, is extracted for the forward and the
reverse sweep.

The bare devices showed type “p” behavior indicat-
ing hole conduction (Figure 4) and an important shift

Figure 2. Poly(methylmethacrylate, ¢-co-
poly(ethyleneglycol)methacrylate 15-co-N-succinimidyl
methacrylate, ,s).
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charge transfer that is
detected in the

Figure 3. Schematic representation of the bonding of antibodies and steroids to SWNTs. transistor.

of the reverse sweep with regard to the forward sweep.
This hysteresis is characteristic of the CNTFETs.? Figure
5 shows the plot of drain current (ly) versus gate voltage
(Vy) of typical devices for the antibody—steroid bond-
ing when the antibodies are joined directly to the CNT-
FETs. Figure 6 shows the I4—V, transfer curves when
the antibodies were bonded through the polymer. In
the first approach, when the antibodies As147 (specific
for Stz) and As143 (specific for MB) are bonded nonco-
valently to the CNTs, the transistors change from “type
p” to ambipolar behavior after attaching the antibodies
(Figure 5). This is probably due to the electron-donating
ability of amine groups?3+3 in the antibodies. When
the antibodies are covalently joined to the polymer
with which the CNTFETs have been previously function-
alized noncovalently, the transistors type p behavior
remains.

In the recognition step, when the steroids are
bonded to the antibodies, the /4/V, plots shift toward
more negative values in the forward sweep and toward
lower positive voltage in the reverse sweep for both de-
tection processes in the absence of polymer. In the
presence of polymer, I4/V, plots shift toward more
negative voltage in the forward sweep, indicating
charge transfer mechanism. These shifts of the transfer
curves point out a charge transfer mechanism as re-
ported by Grunner.®® The binding site of the antibody
is formed by a few amino acids from the variable region
of the antibody (MW = 150 000 Da), and the recogni-
tion of the antibody versus analyte (MW = 300 Da) pro-

6 -
—=— Forward Sweep

—e— Reverse Sweep

Drain Current (u A)
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Figure 4. I4/Vy plot for the forward (red) and reverse (black)
sweep of a typical device.
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The mean V4, val-
ues for the forward and reverse sweep for each of the
Stz and Mb detection steps are plotted in Figures 7 and
8. In Figures 1 and 2 of Supporting Information the V4,
distribution histograms of each of the detection steps
for the steroid recognition are also shown.

In the process of Stz detection, the incorporation of
the antibody As147 to the CNTFET shifts the mean Vi,
of the forward sweep (Figure 7, left) to more negative
values whether in the presence or absence of polymer,
indicating charge transfer from the antibody to the CNT
channel. In the reverse sweep (Figure 7, right), in the ab-
sence of polymer, Vi, shifts to more positive values in
the reverse sweep when the antiboby is bonded, evi-
dencing hole traps and increasing considerably the hys-
teresis (see Figure 9).

In the recognition step when the Stz bonds the spe-
cific antibody immobilized in the CNTFET, the mean Vi,
also shifts to more negative voltage for both the for-
ward and reverse sweep, in the presence of polymer.
In the absence of polymer, in the forward sweep, the
mean V, shifts also to more negative voltage and in the
reverse sweep to lower positive values, indicating elec-
tronic doping of CNTs and hole reduction. The statistical
analysis of the data indicates that the changes in V;, in
the recognition step are significant at the level of 5% for
the forward and reverse sweep without polymer and
in the forward sweep with polymer (Table 1).

l4 values show statistically significant changes in
the forward and reverse sweep only in the absence of
polymer, decreasing approximately an order of magni-
tude. Iy reduction has been attributed to some contribu-
tion of potential scattering mechanism?® and to modu-
lation of the electrode—SWCNT contact as reported by
Gui et al.> In the presence of polymer, the change of the
l4 value is not significant and the type p behavior re-
mains, which seems to indicate that the /4 variations in
the absence of polymer could be due to variations of
the contact resistance that are hindered in the presence
of polymer. Gui et al.>® have demonstrated an impor-
tant contribution of the junction to the Iy by perform-
ing photoresist blocking of the contacts.

For the MB detection, the changes of the mean Vi,
values in the forward sweep (Figure 8, left) are more im-
portant for the recognition step than when the anti-

' body bonds the polymer. For the recognition step, the

mean Vy, shifts toward more negative values in the
forward and reverse sweep in the presence or ab-
sence of polymer, the shifting being higher in the
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Figure 5. I4/V, plots for the forward and reverse sweep of a typical CNTFET. (A) After anchoring As147 antibody (black) and after an-
choring stanozolol (red). (B) After anchoring As143 antibody (black) and after anchoring methylboldenone (red).
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presence of polymer. For the reverse sweep in the
recognition step, Figure 8 right, the mean V4, in the
presence of polymer shifts toward more negative
values and toward lower positive values without
polymer. As for the Stz detection, Vy, values show
significant changes at the level of 5% for the for-
ward and reverse sweep without polymer and in the
forward sweep with polymer.

I4 values for the MB recognition step show signifi-
cant changes at the level of 5% for the forward and re-
verse sweep with polymer (Table 1). The mean /4 values
without polymer change slightly (increasing in the for-
ward and decreasing in the reverse sweep), whereas in
the presence of polymer, the /4 values decrease signifi-
cantly. In the absence of polymer, the changes of the /4
values due to the contact resistance and scattering
could offset, and only in the presence of polymer the
la changes are significant due possibly to the hinder-
ing of the contact resistance variations by the polymer.
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The hysteresis calculated as the difference between
the mean Vi, value in the forward and reverse sweep is
much lower in the presence of polymer for both MB and
Stz detection (Figure 8). The hysteresis in the recognition
step, when the steroid bonds the antibody, increases slightly
for Stz and MB recognition, indicating a possible contribu-
tion of electron trapping mechanism to the detection.

The ambipolar behavior after bonding the antibod-
ies in the absence of polymer is thought to be due to
enhanced tunneling, probably caused by the accumula-
tion of charges at the drain by aggregation of anti-
body near the electrodes and the contact resistance
change of the metal—SWCNT junction. In the absence
of polymer, the device changes seem to be due to varia-
tions in the Schottky barrier as well as electron charge
transfer and electron/hole trapping that increases the
hysteresis when the antibody As147 is bonded to the
transistor and decreases when the As143 is bonded to
the transistor.
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Figure 6. I4/V, plots of typical CNTFETs. (A) After anchoring the polymer and As147 antibody (black) and after anchoring stanozolol (red).
(B) After anchoring the polymer and As143 (black) and after anchoring methylboldenone (red).
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Figure 7. Left: Mean V, values for the forward sweep through the different Stz detection steps: bare transistors, after adding the anti-
body (As147), and after the Stz recognition (As147/Stz). Right: Mean V, values for the reverse sweep through the different Stz detec-
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tion steps: bare transistors, after adding the antibody (As147), and after the Stz recognition (As147/Stz).

In the recognition step, the hysteresis decreases in
the absence of polymer but the changes are low par-
ticularly for the MB recognition. In the presence of poly-
mer, the detection mechanism seems to be due pre-
dominantly to charge transfer through the CNT
channels with some contribution of trapping mecha-
nism with slight hysteresis increase. For the MB recog-
nition, the Iy variations seem to also indicate scattering
potential in addition to charge transfer mechanism.

The two approaches lead to significant changes in
the transistors, but the use of polymer would prevent
the accumulation of contaminants or other biomole-
cules that is known to adsorb nonspecifically on CNTs,
leading to false positive responses in the transistors.

In previous experiments, it was determined that
CNTs bond nonspecifically with Stz and MB, which
could produce false positives if the antibodies do not

&

-3

2

1

Mean Vth (Volt) (Forward Sweep)
o

Bare As143 As143/MB

Figure 8. Left: Mean V, values for the forward sweep through the different MB detection steps: bare transistors, after adding the anti-
body (As143), and after the MB recognition (As143/MB). Right: Mean V, values for the reverse sweep through the different MB detec-

@ Without Polymer
® With Polymer

cover the CNT completely. Nevertheless, when the poly-
mer is bonded with the CNTFET, Stz and MB are not
nonspecifically bonded. Nevertheless, it has been deter-
mined that the polymer does not avoid the adsorption
of other biomolecules such as streptavidin, which
means this protocol would be useful for clean samples.
In order to suppress the separation and purification
steps, further research has to be addressed to avoid
nonspecific adsorption of biomolecules on CNTFETSs.
Control experiments involving adding NT to de-
vices bonded with the polymer and the corresponding
antibodies indicated that there were no statistically sig-
nificant changes in the transistors in the presence of
NT. Figure 3 of Supporting Information shows the Vi,
histograms corresponding to the transistor behavior
when NT is added to As143 and As147 antibodies
bonded covalently to the CNTFET to the polymer. There

-
N

-
o
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tion steps: bare transistors, after adding the antibody (As143), and after the MB recognition (As143/MB).
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Figure 9. Transistor hysteresis through the different detection steps calculated as the difference between the Vy, mean value in the for-
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ward and reverse sweep. Left: Stz detection. Right: MB detection.
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TABLE 1. Statistical Analysis of the Threshold Voltage (V;;;) and Drain Current
(l4) for the Bonding Antibody Steroids with and without Polymer for
Stanozolol and Methylboldenone in the Forward (Fw) and Reverse (Rev)

Stz recognition. In the MB recogni-
tion in the absence of polymer, the
changes in /4 are very low probably

Sweep because the changes in SB are bal-
parameter steroid polymer Fw sweep Rev sweep anc?d by those of the scattering po-
T ) T ) tential. The presence of polymer
Vin stanozonol no significantly different significantly different .
- . - . seems to prevent the changes in SB
I stanozonol no significantly different significantly different o
mean J; value mean /; value and makes visible that the changes
AS147: —1.00824 X 105 As147: —1.05363 X 105 in lq are probably due to potential
Stz: —7.8920 X 107° Stz: —8.17139 X 107° scattering for the MB recognition.
Vi stanozonol yes significantly different not significantly different With regard to the mechanism of
I stanozonol yes not significantly different not significantly different detection in the absence of poly-
mean /g value mean /g value mer, several overlapped mechanisms
As147EA: —4.7335 X 107° As147: EA —4.7335 X 107° L
Siz: —29915 % 10-5 Stz: —2.9915 X 10-° could be present. In addition to
Vin methylboldenone  no significantly different significantly different charge transfer’ S.Catte”ng potential
Iy methylboldenone  no not significantly different not significantly different and SB modification reported by
mean Jy value mean / value other authors,®?® electron and hole
As143: —1.50041 X 10~° As143: —1.70046 X 10~° trap mechanisms with hysteresis de-
MB: —1.74631 X 102 MB: —1.53269 X 1072 crease in the absence of polymer,
Vin methylboldenone  yes s!gn!ﬁcantly d!fferent n.ot?|gn|ﬁcantlly different and hysteresis increase in the pres-
Iy methylboldenone  yes significantly different significantly different

mean /g value
As143: EA —1.63808 X 107¢
MB: —9.10735 X 1077

are no changes in the mean Vy, values for the recogni-
tion step, and the Vi, histogram of the antibody—
steroid step showed slight changes in the distribution,
but according to the statistical analysis, these are not
statistically significant, meaning that the antibodies
As143 and As147 are unable to join NT.

CONCLUSIONS

The feasibility of electronic detection of two ana-
bolic steroids, stanozolol and methylboldenone, has
been demonstrated using CNTFET transistors. The
bonding of Stz and MB to the specific antibody pro-
duces strong changes in the electrical properties of the
CNTFET, showing statistically significant changes in the
Vi in the forward and reverse sweeps in the recognition
step when the antibody is attached directly to the CNT
and changes in the forward sweep of the recognition
step when the antibody is bonded with the polymer, in-
dicating charge transfer mechanism. When polymer is
used to bond the antibodies, the changes in /4 are sta-
tistically significant for the forward and reverse steps in
the absence of polymer in Stz recognition and in the
presence of polymer for the MB recognition.

The presence of polymer reduces considerably the
hysteresis and the contribution of SB as indicated by
the reduction of the changes in the mean /4 values in

EXPERIMENTAL METHODS

CNTFET Fabrication. A large array of back-gated carbon nano-
tube devices was fabricated using conventional microfabrica-
tion techniques. Starting from a highly doped silicon substrate,

\\&) VOL. 4 = NO.3 = MARTINEZ ET AL.

mean /g value
As143: EA —1.64651 X 107°
MB: —9.32149 X 107

ence of polymer have been deter-
mined as previously reported®” for
the electronic detection of DNA hy-
bridization. In the presence of poly-
mer, the changes in SB are possibly
of low relevance, making the scattering mechanism
and charge transfer the predominant detection mecha-
nisms. Nevertheless, this assumption will have to be
demonstrated in future work.

As far as the specificity of the detection is con-
cerned, it has been determined that the CNTFETs do
not show statistically significant changes when the an-
tibodies are in contact with other steroids such as nant-
ranone; nevertheless, cross-reactivity with other ste-
roids will have to be studied more exhaustively. The
bonding of the polymer with the CNTFETs prevents the
nonspecific adsorption of the steroids and antibodies
on the CNTFETs, but it has been determined that
streptavidin causes statistically significant changes, in-
dicating nonspecific adsorption to the polymer or some
kind of conformational changes that produce electron
transfer in the transistor. Nonspecific binding is a big
challenge particularly in the immunoassay field.

The data reported represent a proof of concept of
the feasibility of electronic steroid immune detection.
Nevertheless, further research needs to address the de-
velopment of practical biosensors that prevent nonspe-
cific adsorption of biomolecules such as streptavidin
on CNTs and enable direct detection, thus avoiding the
necessary separation steps when serum samples are
used.

a 160 nm thick silicon dioxide layer was grown under dry condi-
tions. The contact to the substrate was defined, followed by the
growth of carbon nanotubes on lithographically defined catalyst
islands using processes previously reported.®® Source and drain

www.acsnano.org



contacts were patterned using optical lithography for all nano-
tube devices simultaneously in a bilayer lift-off stack. Metal con-
tacts were then deposited using e-beam evaporation, followed
by lift-off in acetone. The gate length, set by the gap between
the contacts, is 2 wm. There are a total of 896 devices per 1 cm?
chip. The devices were characterized using an Electroglas 2001X
automatic probing station in ambient conditions. Figure 4 shows
the drain current (Iy) versus gate voltage (V) of a typical CNTFET.

Preparation of Antibodies. Stanozolol (Stz) and methylbolde-
none (MB) were purchased from Sequoia Research Products
Ltd. (Oxford, UK). Nandrolone was obtained from Aldrich Chemi-
cal Co. (Milwaukee, WI). The analytes used as standards were pre-
pared in stocks in DMSO at 10 mM. The antibodies used for Stz
and MB demonstrated their functionality as described before in
an ELISA development?' and in a biosensor development based
on resonant structures,? respectively. The immunoassay devel-
oped for Stz (As147/8BSA) has an ICs, of 0.16 pg L™' and a LOD
of 0.022 pg L™" with a dynamic range from 0.045 to 0.60 pg L™’
and a slope of 1.2. The immunoassay developed for MB (As143/
15BSA) has an ICs, of 1.51 g L™". For this study, the antibodies
were purified by (NH,),SO, precipitation.

Protocol for Steroid Recognition by Noncovalent Joining of the
Antibodies to the Transistors. After preparation of the specific anti-
bodies, solutions of 10 pg/mL of antibody, either As147, specific
for Stz, or As143, specific for MB, were reconstituted in 1X PBS
(10 mM). The chip containing the CNTFET devices was immersed
in the antibody solution for 90 min. The chip was then washed
with 5 mL of 1X PBS (10 mM) five times and dried in a nitrogen
flow for a few minutes. After electrical characterization, the chip
containing the antibody was placed in contact with a solution of
the steroid in dimethylsulfoxide (10 mM) that was diluted to
300 nM in 1X PBS (10 mM). After 90 min in contact, the chip
was rinsed with 5 mL of PBS five times. Before electrical charac-
terization in each of the steps, the chips were dried in vacuum for
4 h at room temperature.

The effect on CNTFETSs of the 1X PBS buffer with the same
concentration of DMSO as present in the steroid solutions was
determined by depositing the corresponding solution on the
CNTFET noncovalently functionalized with the antibody. This
was for the purpose of ruling out whether the solution contain-
ing the steroid was responsible for the changes observed in the
sensor when adding the steroid.

Protocol for Steroids Recognition by Joining the Antibodies to the
Transistors through the Polymer. In a second approach, the polymer
poly(methylmethacrylateys-
co-poly(ethyleneglycol)methacrylatey 1s-co-N-succinimidyl meth-
acrylateg,s) (Figure 2) was synthesized according the procedure
reported by Martinez et al.*® and noncovalently bonded to the
nanotubes. The antibodies were later covalently bonded to the
polymer by forming amide bonds between the succinimide
groups of the polymer and the amine groups of the antibodies.
After joining the specific antibodies, the transistors were treated
with ethanolamine (EA) to block any remaining succinimide
groups in the polymer and to avoid nonspecific bonding of any
accompanying protein or contaminant. After electrical character-
ization, the devices were placed in contact with the correspond-
ing steroids as indicated previously.
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