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Detection and quantification of low-concentration proteins in heterogeneous media are generally plagued by
two distinct obstacles: lack of sensitivity due to high dissociation equilibrium constant Ky, and non-specificity
due to an abundance of non-targets with similar Kp. Herein, we report a nanoscale protein-sensing platform
with a non-equilibrium on-off switch that employs dielectrophoretic and hydrodynamic shear forces to
overcome these thermodynamic limitations with irreversible kinetics. The detection sensitivity is achieved with
complete association of the antibody-antigen-antibody (Ab-Ag-Ab) complex by precisely and rapidly assembling
carbon nanotubes (CNT) across two parallel electrodes via sequential DC electrophoresis and AC dielectrophor-
esis (DEP), and with single-CNT electron tunneling conductance. The high selectivity is achieved with a critical
hydrodynamic shear rate between the activated dissociation shear rates of target and non-target linkers of the
aligned CNTs. We are able to reach detection limits of 100 attomolar (aM) and 10 femtomolar (fM) in pure
samples for two ELISA assays with low and high dissociation constant: biotin/streptavidin (10 fM) and HER2/
HER2 antibody (0.44 + 0.07 nM), respectively. For both models, irreversible capture and shearing allow us to
tune the dynamic range up to 5 decades by increasing the CNT numbers. We also demonstrate in spiked serum
sample high selectivity towards target HER2 proteins against non-target HER2 isoform of a similar Kp. The

detection limit for HER2 in serum is lower than 100 fM.

1. Introduction

A sensitive, selective, rapid and affordable detection of proteins has
potential applications in early detection (Kohno et al., 2011; Bruno and
Njar, 2007; Anderson, 2005) and monitoring disease progressions
(Kitano, 2002; Srinivas et al., 2001). Conventional gold standard assay
for protein detection is the enzyme-linked immunosorbent assay
(ELISA) (Jia et al., 2009; Findlay et al., 2000). But the assay lacks
the requisite detection sensitivity for many clinical samples due to high
dissociation constant Kp, of most antibody-antigen pairs, rendering the
antibody-antigen (Ab-Ag) complex thermodynamically unfavorable at
target concentration lower than Kp. Since most antibodies have Kp in
the low uM to nM range (Hu et al., 2007; Glaser, 1993), with a few
high-affinity antibodies in the pM range, detections lower than pM are
hence considered to be beyond reach. Furthermore, the detection
dynamic range of ELISA is often 2—3 orders of magnitude as a result
of target saturation at equilibrium (Gam, 2012). This low dynamic
range of assays is incompatible with physiological protein concentra-
tions that vary over 4 orders of magnitude in serum, blood or urine
(Lilja et al., 2008; Rusling et al., 2010). Lack of selectivity is another
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problem for the ELISA assay that leads to false positives. For instance,
false positive detection of bladder cancer urinary protein biomarker
can be as high as 31% (Budman et al., 2008). False positives are caused
by non-targets with similar Kp, which cannot be removed by conven-
tional washing steps during the assay. Even if there is a significant
difference in Kp between targets and non-targets, the low-abundant
targets cannot compete for the antibodies when the concentrations of
the non-target proteins exceed that of the target by orders of magnitude
(Hortin and Sviridov, 2010). Therefore, development of a generic
protein detection platform that has high sensitivity, selectivity and
large dynamic range would then allow detection and quantification of
arbitrary protein targets in untreated physiological samples by current
commercial antibodies.

The technical obstacles of ELISA assay for early disease detection,
accurate prognosis and highly reliable predictions are pushing the
biosensing community to come up with novel detection technologies to
enhance detection sensitivity and selectivity (Kokkinos et al., 2016; Pei
et al., 2013). The nanoscale electrochemical immunoassay opens new
horizons for highly sensitive yet simple and robust detection of
biomarkers (Zhu et al., 2015; Chikkaveeraiah et al., 2012; Privett
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et al., 2010; Grieshaber et al., 2008). In particular, CNT sensors
provide a wide electrochemical window, fast electron transfer kinetics,
and biocompatibility, which make them a good candidate for electro-
chemical molecular recognition (Balasubramanian and Burghard,
2006). A CNT-FET label-free protein biosensors was reported by
Maehashi et al. (2007) with a detection limit down to 250 pM. The
detection is quantified by measuring source-drain current of CNT-FET
as it changes with protein docking on the antibodies or aptamers
functionalized surface. More recently, Gomes-Filho et al. (2013) over-
come the detection limitation for an antibody-functionalized CNT
ELISA sensor by using an enzymatic amplification technique with
horseradish peroxidase (HRP) conjugated detection antibodies. The
amperometric signals are thus amplified under optimum pH and buffer
concentration with a detection limit of 0.033 ng/ml (~1 pM). Pandiaraj
et al. (2014) on the other hand, doped the system with redox species Fe
(II1)/Fe (II), which decreases the charge-transfer resistance R to
improve the sensitivity.

However, the CNT-FET charge sensor can only detect charged
proteins within one Debye length from the surface of the CNT and is
hence sensitive to the sample ionic strength (Stern et al., 2007). Even
though enzymatic/redox-reporter amplifies current signal, those elec-
troactive species activities are strongly influenced by the medium pH
(Zhang et al., 2016), which may affect the conformations of target
proteins and thus limits the detection sensitivity. Moreover, the
stability of enzyme functionality and thermodynamic affinity of the
enzyme-conjugated antibodies can potentially compromise the high
CNT sensitivity. Therefore, a robust and selective CNT-ELISA platform
that does not depend on medium pH, ionic strength and extensive
sample pretreatment would significantly enhance the CNT platform.

We report such a platform here by significantly enhancing both
the thermodynamic sensitivity and selectivity of the ELISA complex
with non-equilibrium and irreversible phenomena related to CNTs.
The CNTs are used as capturing, reporting and selectivity enhance-
ment agents in conjunction with a precise but rapid assembly
technique. The high aspect ratio of the CNT endows them with large
induced dipoles (Zhou et al., 2007), large dielectrophoretic mobi-
lity (Zhou et al., 2006) and large hydrodynamic drag (Holzer and
Sommerfeld, 2008). After targets are introduced to bind with
polyclonal capture antibodies on the parallel Au electrodes that
are 1 pm separated, a solution containing the monoclonal detection
antibodies functionalized CNTs with wrapped DNAs are driven by
DC electrophoresis and AC dielectrophoresis (DEP) to assemble
across the electrode pair and form antigen-antibody-antigen (Ab-
Ag-Ab) ELISA complex. The rapid and irreversible DC and AC DEP
trapping not only captures more targets than is allowed by
molecular association at equilibrium, but also significantly reduces
the overall assay time compared to diffusion-limited assays. Zhou
et al. (2006), Cheng et al. (2010) and Basuray et al. (2009) have
proven that the high AC field at assembled CNTs across two parallel
electrodes can rapidly isolate bacteria and long DNAs in a flowing
solution by dielectrophoresis. Next, a cross-flow passes across the
assembled CNTs to irreversibly shear off non-target-CNT com-
plexes, thus enhancing the selectivity of the platform. Since the
hydrodynamic drag force of CNTs is inversely proportional to the
nature log of CNT's aspect ratio, the force is 2 orders of magnitude
higher than that of a normal wash without CNTs. Thus, the force
can be precisely tuned with shear rate to achieve the optimal
selectivity for an Ab-Ag pair, as the CNTs are perfectly aligned in
the assembly. Only target-CNTs complexes remain after shear, and
the number of detectable targets is governed by the CNT number
that can be easily tuned to produce a large dynamic range. As a
result, we have developed a new robust CNT protein nanosensor
platform that is simple and rapid, with high sensitivity and
specificity over a 5-decade dynamic range.
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2. Material and methods
2.1. Reagents and chemicals

Streptavidin, 11-Mercaptoundecanoic acid, 1X PBS (pH 7.4), EDC
(1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride), hu-
man serum, and gold etchant were obtained from Sigma Aldrich. EZ-
link amine-PEG,-Biotin was obtained from VWR, MES sodium salt was
purchased from Fischer Scientific. HER2 protein, HER2 capture anti-
body, detection antibody, HER2 partial recombinant protein were
purchased from Novus Biologicals. Single strand DNA was obtained
from IDT (Integrated DNA Technologies) with a sequence of 5" TGG
TTC TCT CCG AAA TAG CTT TAG GG of molecular weight is 8898.8 g/
mol. COOH-SWCNTs was purchased from Carbon Solution. A dialysis
kit was obtained from Thermo Scientific with a MWCO value of 7000.
54.59 mg of 11-mercaptoundonaic acid was dissolved in 50 ml of 95%
of alcohol solution to make a 5 mM of thiol solution, and the pH was
adjusted to 2 with 0.1 M HCI. 0.1 M of MES (pH 5.5) was prepared by
dissolving 10.861 g MES sodium salt in 500 ml of DI water, and the pH
is adjusted with 0.5 M of NaOH. 100 mM of EDC solution was made by
dissolving 19 mg EDC in 1 ml of MES solution, and 50 mM of biotin
solution was prepared with 19 mg biotin in 1 ml of MES solution.
Different concentrations of streptavidin, HER2 and negative control
HER2 isoform were dissolved in 1X PBS. 10 pl of 0.08 pg/ul of HER2
was spiked into 490 pl of human serum to make a 1 nM sample. The
biotin solution was stored in a freezer at 4 °C until ready for use, and all
streptavidin and HER2 samples were stored at —20 °C. The samples
were slowly dissolved at 0 °C before use.

2.2. Fabrication of chip pattern with 1 yum and 3 um gaps

Patterns were fabricated on glass slides that were first soaked in
base piranha for 3 min and washed thoroughly with DI water. Detailed
fabrication steps for chips with 3 pm and 1 um gaps are discussed in
the supplementary section (S.1a and S.2a).

2.3. Functionalization of biotin/capture HER2 antibody on gold
electrode

Chips with 1 um wide gap were incubated in 5 mM thiol solution for
24 h after N, gas purging for 5 min to remove oxygen. Detailed
techniques and results are discussed in the supplementary section
(S.2b and Fig. S-2).

2.4. Dispersion of COOH-SWCNTs and functionalization of DNA and
biotin/detection HER2 antibody on CNT surface

4 mg of COOH-SWCNTs with a length of 1-3 pm were added into
6 ml of DI water and ultra-sonicated with 1 s pulse and 1 s rest for
5 min under 40% power (10 W) using Qsonica sonicators. The upper
1 ml solution was collected after ultra-centrifugation for 90 min at
18334g. Then, 40 pl of the solution was mixed with 40 pl of 1 mM
ssDNA solution in 1X PBS under a light sonication at 20% power with
1s pulse and 1s rest for 5min. After DNAs have non-specifically
bound to CNTs, 10 pl of EDC in MES solution was added to react with
the DNA wrapped COOH-SWCNTs, and the solution was lightly
sonicated at 20% power with 1s pulse and 1s rest for 5 min. To
functionalize biotin onto COOH-SWCNTs, 10 pl of 50 mM of biotin was
then added to covalently bind with CNTs for 2 h and the solution was
gently mixed with a rotator. At last, the solution was dialyzed to remove
any non-bounded biotin and EDC for 6.5 h, and the collected solution
was used as a biotin functionalized CNTs stock solution. To functio-
nalize detection (monoclonal) HER2 antibody onto COOH-SWCNTs,
10 pl of 0.05 mg/ml of monoclonal HER2 antibody in 1XPBS solution
was added to covalently bind with CNTs for 2 h, and the solution was
mixed with a rotator. At last, the solution was centrifuged at a speed of
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13.3g for 5 min, and the supernatant was collected as HER2 antibody
functionalized CNTs stock solution. (Detailed results are provided in
the Supplementary section, Fig. S-3).

2.5. Optimization of flow rate using biotin-streptavidin as an
antibody-antigen pair

A top electrode with a channel of 800 um X 20 mm was attached to
the biotin functionalized chip from Section 2.3 with four clamps
secured at four corners, 5 ul of the biotin functionalized CNTs was
loaded into the channel. 100 V DC voltage was applied for 5 min with
Keithley 2636A System SourceMeter by connecting the top electrodes
and two bottom electrodes. Then an AC voltage Vy, value of 5V at
5 MHz was applied for 15 min with Agilent 33220A Function/Arbitrary
Waveform Generator. A syringe with 1X PBS solution was connected to
the channel to shear off non-specifically bounded no-target CNTs. All
current measurements were conducted at 1 V with Gamry Potentiostat
600.

2.6. Detection of streptavidin/HER2/HER?2 in undiluted serum
sample

Twenty pl of streptavidin/HER2/HER?2 spiked serum solution was
added onto functionalized chips from Section 2.3 and incubated at
room temperature. After incubation, the chip was rinsed 3 times with
1X PBS to remove non-bounded targets. 10 ul of biotin/detection
HER2 antibody functionalized CNTs solution from Section 2.4 was
diluted 10,000, 100,000, and 1,000,000 times with 0.1X PBS. Then the
top electrode was attached to the chip, and 5 pl of the diluted biotin/
detection HER2 antibody functionalized CNTs was loaded into the
channel to bridge the electrodes under DC and AC dielectrophoresis
assisted deposition. After shearing at 0.5 ml/min with 1X PBS for
20 min, the current was measured at 1 V using Gamry.

«» Polyclonal antibody «» Monoclonal antibody

(Capture) (Detection)
A Non-target \/\\ DNA §§ 55\5?5‘5 CNT
Gold Electrode Kapton Tape
I Inlet 1 Outlet O Target
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3. Results and discussion
3.1. Design strategy

Fig. 1 contains a schematic representation of the open-flow CNT
on-off switch based protein detection platform that employs two major
non-equilibrium steps. The first non-equilibrium step (Fig. 1 step 2) is
to bridge DNA-wrapped and detection (monoclonal) antibody-functio-
nalized CNTs across the two electrodes. This is achieved by an
irreversible assembly phenomenon, driven first by DC electrophoresis
that rapidly places the CNTs vertically on top of the electrodes. Since
DC field is long range with high electric fields, a majority of the
negatively charged CNTs can be attracted to the electrodes within one
minute. Their electrostatic repulsion sustains equal spacing between
the vertically aligned CNTs along the DC field lines. Then AC DEP is
activated to quickly align the CNTs horizontally, resulting in bridging of
the two electrodes and formation of the Ab-Ag-Ab CNT complexes. The
bridged CNTs transform the system into a switch-on mode and conduct
current by CNT electron tunneling. The second non-equilibrium step
(Fig. 1 step 3) is to improve the selectivity of detection by hydro-
dynamic shearing. Because of the large hydrodynamic drag imposed by
a cross-flow on cylindrical CNTs with high aspect ratio, we can
selectively remove non-target or no-target bound CNTs under a critical
flow shear rate. The remaining aligned target-antibody bound CNTs
will produce current signals that will be correlated with the target
(CNT) number.

3.2. Rapid and efficient alignment of the CNTs with DC and AC DEP

Preliminary studies were conducted on parallel clean Au electrodes
with 3 um gap to test CNTs alignment by using the sequential DC and
AC DEP protocol. Fig. 2a illustrates the schematics of switch on and off
states, where CNTs act as current reporters. The SEM image (II) in
Fig. 2a further confirms the presence of CNTs alignments at switch-on
state. It is clear to see that most of CNTs align in parallel bridging
across the electrodes without aggregation, and any small aggregations
near the edge of the electrodes are due to the evaporation of the

Step 1: Attachment of Polyclonal Antibody/Target Antigen

%58 vy

A s 3e 4

55

Step 2: CNT Alignment Using DC/AC Field

Switch off state

Apply DC field
A

Apply AC field

Fig. 1. The schematic of one-dimensional CNTs switch sensor for protein detection. Step1: Targets incubated with polyclonal antibodies. Step 2: CNTs assembly with DC electrophoresis
at 100 V for 5 min and then AC DEP at 10 V, 5 MHz for 15 min. Step 3: 1X PBS solution shearing at 0.5 ml/min to irreversibly remove non-specific CNTs binding.
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Fig. 2. CNTs act as switches to connect gold electrodes to produce current signal. (a) A schematic of switch-on state with CNTs and switch-off state; Inset of Fig (a) shows the respective
SEM images (I-II) of no-CNTs at switch off state and aligned CNTs at switch on state. The chips were imaged by a Carl Zeiss EVO-50 SEM. (b) Currents for switch-off (black column)
state and switch-on (red column) state at 1 V. Inset of (b) shows the current measurements for switch-on (red) and switch-off (black) states under increasing voltage from 0 to 1V,
respectively. (¢) A correlation between current signal with respective to CNT numbers under DC/AC DEP deposition. Measurements were conducted in 1X PBS solution at 1 V. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

solvents before imaging. The well aligned CNTs at switch-on state
produce a current signal that is 5 orders of magnitude more than that
of the switch off state (Fig. 2b) at 1 V. Such a large current differences
demonstrate highly sensitive and effective conductance between CNTs
and electrodes at the switch on state. It is also important to note that
such a big current difference contributes to a very low and stable
baseline current at the switch-off state when there are no CNTs
bridging (SEM (I)). This is because the current is exclusively carried
by CNTs bridging, without measurable parasitic currents from electro-
chemical reactions at the electrodes. As a result, the baseline current is
negligibly small at the absence of CNTs and remains inert to different
pH, buffer ionic strength or the types of buffer solutions. Since the
bridged CNTs had such good alignments, the number of CNTs bridged
was easily estimated and plotted against the corresponding current
illustrated in Fig. 2c. Fig. 2c shows a linear relationship between the
current and the number of CNTs aligned, with a correlation coefficient
of 0.99 from the linear regression. Extrapolating our data to one CNT,
the theoretical detection limit can hence go down to aM to fM if there
are, on the average, 2—2000 numbers of antigens on a single carbon
nanotube with 10 pl of sample volume, including ones on the electro-
des that have not formed complexes with the CNT. The dynamic range
also goes up to 6 orders of magnitude, and can be further expanded by
decreasing gap size, and increasing the polyclonal antibody density on
gold electrode and the number of CNTs deposited. The low detection
limit and large dynamic range of this platform would then allow us to
detect a wide range of protein biomarkers with different concentra-
tions. (Additional optimization of applied voltage and CNT alignment
results are discussed in the Supplementary section, S1).

3.3. Platform performance against low dissociation constant biotin
and streptavidin pairs

In order to examine the feasibility of the platform and its sensitivity
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and selectivity, we used a streptavidin and biotin pair as a model
system. Biotin and streptavidin pairs have very strong binding affinity
compared with antigen-antibody pairs in real clinical sample (Allen
et al., 1997; Hu et al., 2007). The dissociation constant for biotin and
streptavidin is 10 fM (Holmberg et al., 2005), and bonds are stable
through a wide range of pH and temperature. We used biotin as both
capture antibody and detection antibody, and pure streptavidin were
used as target. As the used CNTs are of 1-3 um, for sensing study we
fabricated chips with 1 pm gap in order to have 100% of CNTs bridging.
To demonstrate that hydrodynamic shear is selective towards target
streptavidin, the experiments were designed on chips with and without
streptavidin (Fig. 3a). It is expected that after biotin functionalized
CNTs are aligned, flow will irreversibly remove any CNTs that have not
bound to any streptavidin. Fig. 3b has confirmed that under the same
CNTs deposition, a flow rate at 0.5 ml/min can remove more than 99%
of the CNTs when no streptavidin is incubated. When streptavidin is
incubated, the targets are able to hold CNTs on the electrodes with
strong binding forces to withstand the drag force exerted on the CNTs
under shear. Moreover, Fig. 3b indicates that the higher concentration
of streptavidin incubates, the more target antibody CNT complexes
form to produce higher current. Thus, it is fair to conclude that flow
shearing can selectively remove no-target bound CNTs. It should be
noted that the selectivity is directly related to the flow shear rate, and a
high shear rate can remove both no-target and target bound CNTs, so it
is important to optimize shear rate in order to achieve high selectivity.
At the same time, the number of CNTs needs to be well selected so that
the antibody probes on the CNTs are higher than the number of targets
to avoid target saturation. In fact, by optimizing the number of CNTs
with respect to target concentrations, the dynamic range can be linearly
extended without target saturation (More results are discussed
in Supplementary section S4, Fig. S-4). So with the optimal number
of CNTs, we established the calibration curve in Fig. 3¢ for the 100 aM
to 1 pM range of a pure streptavidin sample. For each concentration,
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Fig. 3. The platform is highly sensitive and selective toward streptavidin with irreversible shear. (a) The schematic of irreversible shear with target bound CNTs and no-target bound
CNTs. (b) Selectivity results of target (blue column) and no-target (red column) incubation after irreversible shearing. Under the same CNTs deposition (green column) before shearing,
only the target streptavidin bound CNTs are able to hold CNTs and produce current signals higher than the baseline current (black dotted line). A blow up plot of target and no-target
after shear for 100 aM concentration is shown as an inset in (b). (c) The calibration curve of the streptavidin concentration, where the detection limit is 100 aM, and the baseline current
for 100 aM and 1 fM is shown. The dynamic range is 5 orders of magnitude. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

samples are tested on multiple chips to confirm reproducibility. The
graph reveals a linear regime from 100 aM to 1 pM with a correlation
coefficient of 0.97 from linear regression. The limit of detection is
determined when the detected current value of the target concentration
is equal to 3 standard deviations of the baseline current, which
measures the data variation over multiple chips. For biotin and
streptavidin pair, a detection limit of 100 aM is 2 orders of magnitude
lower than the dissociation constant for biotin and streptavidin pair. At
100 aM concentration, there is about 10 CNTs bridging across the
electrodes based on the linear correlation from Fig. 2c¢, and the
numbers of targets on each of CNTs are around 20 assuming all
streptavidin bind. Such a low detection limit is a result of sensitive
CNTs electron tunneling at switch-on state, and the low baseline
current and noise level at switch-off state, where there is no CNTs or
electrochemical reactions to contribute to current. The linear calibra-
tion curve indicates a dynamic range that could be 5 orders of
magnitude more if higher streptavidin concentrations are measured.
In all, biotin and streptavidin detection has shown that the platform is
sensitive and selective toward targets with CNTs concentrations
optimized for target concentrations.

3.4. Platform performance against high dissociation constant HER2
and HER2 antibody pairs

In order to evaluate the sensitivity and selectivity of the platform
against real protein and antibody pairs which usually have higher
dissociation constants, a breast cancer biomarker HER2 and HER2
antibody pair is selected. HER2 is an important biomarker for breast
cancer, and its status is routinely assessed when breast cancer is
diagnosed. An overexpression of HER2 is a significant predictor of
reduced survival rate and shorter time to elapse (Berghoff et al., 2014).
The Kp of HER2 and its antibody is around 0.44 + 0.07 nM (Zhang
et al., 2011), so it is more challenging to detect HER2 at lower
concentrations. We first tested with pure HER2 samples to find the
detection limit and dynamic range for this low binding affinity pair. The
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calibration curve was developed in Fig. 4b from 10 fM to 100 pM. The
graph reveals a linear regime for all measured target concentrations on
multiple chips with a correlation coefficient of 0.989. As illustrated, the
detection limit is 10 fM, which is higher than that of the biotin and
streptavidin model. This is expected since the dissociation constant of
HER2 is 10,000 times higher than that of biotin and streptavidin, so
only at higher concentrations of incubated targets can form efficient
Ab-Ag complexes to hold the CNTs against the drag force during flow
shearing. Nevertheless, it is important to note that 10 fM of detection
limit is 4 orders of magnitude lower than its Kp value, which is a result
of DC and AC DEP CNT deposition technique that facilitates the
formation of Ab-Ag complex at much lower target concentration. This
study clearly demonstrates that the platform is highly sensitive with a
dynamic range up to 5 orders of magnitude.

A stringent selectivity test was done with a HER2 isoform as the
non-target negative control (Fig. 4a). This HER2 isoform is a partial
recombinant protein that binds to the detection antibody with the same
binding affinity as the target HER2. However, it binds to the capture
antibody with less affinity. Fig. 4c illustrates that the flow shearing
removes more than 95% of the HER2 isoform non-targets bound CNTs.
But HER2 bound CNTs complex are able to stand the shearing step
with a current that is 1000 times higher than that of the non-target
HER2. It is important to note that the concentration of the non-target
HER2 isoform is 1nM, which is 100 times higher than target
concentration of 10 pM, indicating an effective shear-enhance discri-
mination of non-targets by a factor of several orders of magnitude. To
further validate the sensor's selectivity performance, a mixture of
10 pM target and 1 nM non-target sample was tested. Despite the
presence of 100 times more non-targets, the current value is still 3
orders of magnitude higher than that of the non-target isoform sample
(Fig. 4c). The current of mixture sample is slightly less than that of pure
target samples due to site competitions between targets and non-
targets. In all, HER2 detection further confirms that the flow shearing
is highly selective towards targets despite the presence of non-targets
with high concentration.
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Fig. 4. The platform is highly selective toward HER2 with irreversible shear. (a) The schematic of irreversible shear with target bound CNTs and non-target bound CNTs. Only the non-
target bound CNTs are removed by irreversible flow. (b) The calibration curve of different HER2 concentrations, where the detection limit is 10 fM, and the baseline current for 10 fM
and 1 pM is shown. The dynamic range is 5 orders of magnitude. (c) Selectivity results of no-target (black column), target HER2 (red column), non-target HER2 isoform (green column)
and a mixture of target HER2 and non-target (blue column) incubation after irreversible shearing. (For interpretation of the references to color in this figure legend, the reader is
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Fig. 5. Detection of HER2 spiked in human serum. The calibration curve of different
HER2 concentrations in undiluted serum sample, where the detection limit is lower than
100 fM, and the dynamic range is 4 orders of magnitude.

3.5. Platform performance against HER2 serum samples

We have further validated the performance of the platform with a
heterogeneous sample. In this study, we selected four different
concentrations of HER2 targets and spiked them into undiluted human
serum. Measurements were also conducted with only human serum to
create a baseline with different CNTs concentrations to eliminate the
effect of pre-existing HER2 in serum (Fig. S-5). A calibration curve was
developed and presented in Fig. 5. The graph reveals a linear regime for
all measured target concentrations with a correlation coefficient of
0.98. At a 100 fM concentration, the detected current is well above the
3 standard deviations of the baseline current, indicating a detection
limit lower than 100 fM. Nevertheless, 100 fM of detection is already 3
orders of magnitude lower than the dissociation constant of HER2 and
its antibody pair. Since human serum has a high abundance of non-
target proteins that could potentially compete with targets for complex
association with antibodies. This makes the detection sensitivity one
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order of magnitude lower than that of pure sample. However, a
detection of 100 fM is still better than the limit of any commercially
available HER2 ELISA kit. At the same time, the detection dynamic
range is 4 orders of magnitude, and this value can continue to increase
for higher concentration target detection based on the linearity of the
calibration curve.

4. Conclusions

We developed a very sensitive, selective and quantifiable CNT-
ELISA platform for protein detection, which assembles individual
antibody functionalized CNTs to bridge across the electrodes to bind
with targets. The CNTs serve both as a transporter and a reporter for
the target-linker. The key step is the DC electrophoresis and AC
dielectrophoresis assisted deposition and assembly that helps to
achieve rapid CNTs deposition while facilitates target and antibody
binding by bringing them closer. The use of 1X PBS hydrodynamic
shearing produces enhanced drag force on the CNTs that irreversibly
removes no-targets or non-targets, elevating the selectivity beyond the
thermodynamic limits. As a result, we potentially improved the
performance of conventional ELISA assay by sub-fM detection limit
(2 orders improvement) and 4-decade dynamic range (1 or 2 orders
improvement) for HER2 serum sample by scaling the initial CNTs
concentrations with the target concentrations. There are many vari-
ables that can be studied systematically in order to further lower the
detection limit, improve the selectivity as well as decrease assay time.
For instance, DC and AC dielectrophoresis field strengths, target
incubation time, shearing buffer efficacy, electrode area, CNT concen-
trations etc. We will also scale up the platform to multi-target sensing
by incorporating different antibody functionalized CNTs in multiple
parallel channels. The high sensitivity and selectivity and linear
detection signal output render the platform very attractive for com-
mercialization. As the device requires imprinted gold electrodes, the
cost per test will be higher than the commercially available ELIZA dip-
stick kits, like the pregnancy test which costs less than $1 per test,
which have much lower sensitivity. However, from our commercializa-
tion experience for a similar micro-electrode sensor with FCubed LLC,
we expect the cost to be significantly lower than current ultra-sensitive
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immune-assay platforms with comparable sensitivity, such as Reverse
Phase Protein Array (RPPA) which costs $ 750 per sample set from MD
Anderson Cancer center (Hennessy et al., 2010). We estimate a cost of
around US$20 per test, with the actual cost being mostly determined
by the electrode-printing manufacturing process.
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