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ABSTRACT

We introduce an integrated array of glass nanopores on a silicon microchip fabricated in a
batch process through low-resolution photolithography and standard semiconductor
processing tools. By functionalizing each nanopore against a distinct target, we further
demonstrate ultrasensitive, label-free, multiplexed electrical detection of cancer-marker
proteins in real time through charge-dependent ionic current rectification. As nanofluidic
diode biosensors, the nanopores return rapid results with a limit of detection reaching
concentrations as low as attomolars in assay buffer and femtomolars in undiluted
untreated human serum, a rare achievement for this class of nanosensors. Multiplexed
detection capability has been demonstrated on proteins carcinoembryonic antigen, alpha-
fetoprotein antigen, and human epidermal growth factor receptor-2 with the assay further
scalable to a size that is limited by the readout electronics. The nanopores are also found
with a considerably advanced detection limit as well as dynamic range in relation to the
nanoslit counterparts, validated by the measurements on cardiac protein troponin T. This
highly robust assay platform draws from rich nanopore physics and could provide further

enhanced detection through concentration polarization, subsequent target enrichment and

serum desalting, all potentially induced by the nanopores presently redundant in the array.

This integration would be crucial for removing major obstacles to the practical use of the

nanopore-based assays.
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Cancer continues to be a leading cause of death worldwide despite the recent advances
in the field of proteomics and genomics,"* partly due to the lack of technologies to bring
those advances to the clinics and bedside for early diagnosis and prognosis of the disease.
Robust technologies are also required in precision or personalized medicine to deal with
the complexity of the disease among populations through rapid and multiplexed detection
of many biomarkers with high selectivity and sensitivity. The disease heterogeneity
renders single-biomarker tests inadequate for accurate assessment, and thus assaying a
panel of biomarkers is of utmost value.” Enzyme-linked immunosorbent assay (ELISA),
the method of choice in clinical settings for detecting biomarkers, rather falls short of
meeting these new demands.*

Miniaturization under the umbrella of nanotechnology has shown great potential with
revolutionary biosensors based on plasmonic nanoparticles,” nanocantilevers,’ carbon
nanotubes,7 semiconductor nanowires®'® and nanobelts,11 and nanofluidics.'?> Of those,
label-free field-effect biosensors have particularly received much attention for merits like
rapid response, ultralow detection limit, scalability and portability, and high-volume
manufacturability. For instance, nanowire field-effect transistors are known to exhibit
ultrasensitivity for detecting low-abundance biomarkers such as nucleic acids,' proteins,”®
and single virus complexes'® in buffer or serum by a simple electrical readout. These
sensors can also be configured into clusters for multiplexed detection of a panel of
biomarkers.’

A recent addition to the family of field-effect biosensors exploits physics around the
electrical double layer (EDL) that is often influential within highly confined spaces like

the nanopores (nanochannels). Permselectivity, the preferential permeation of ions,
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encountered within the nanopores gives rise to the ion concentration polarization and
space charge formation in aqueous buffer under an externally applied bias.'*"'
Depending on the bias polarity, ions get accumulated or depleted inside the nanopores
when an asymmetry is introduced either in the structural profile,'” or the surface charge,'
or in the form of a lopsided buffer ionic strength.'” All these factors contribute to
nonlinear current-voltage (I — V') characteristics reminiscent of those encountered in
semiconductor physics, and hence the terms nanofluidic diodes or transistors associated
with the nanopores and nanoslits. Nanofluidic diode characteristics, i.e., suppressed ionic
current under the reversed bias polarity (rectified I — V curves) have been extensively
studied using membrane pores ion-track etched,”® or lithographically etched,?' as well as
glass nanopipette tips (pulled capillaries).”” These I — V characteristics, especially the
degree of rectification, are shown extremely sensitive to the nanopore EDL and thereby
greatly influenced by the electric charge of nearby species.'>* The membrane pores and
the nanopipette tips being functionalized with surface receptors have been studied for
biosensor characteristics against various targets such as DNA oligomers,** cancer-marker
proteins,”* amino acids,” metal ions and metal ion-molecular complexes,*® as well as
small molecules as in aptamer-based cocaine sensing.”’ In those studies, however, the
limit of detection is found barely reaching below picomolar levels.

We previously reported a nanofluidic diode biosensor integrated on a microchip with
microfluidics and demonstrated selective and rapid detection of cardiac protein marker
troponin in buffer and serum at femtomolar concentrations.”® Unlike discrete counterparts
(e.g., nanopipette tips, track-etched membrane pores), this integrated unit is highly robust

and offers well-defined functional sites. However, the achieved limit of detection, albeit

ACS Paragon Plus Environment

Page 4 of 33



Page 5 of 33

oNOYTULT D WN =

ACS Nano

considerably improved, does not reflect the true capacity of this transduction mechanism,
which is due to the usage of multiple nanoslits instead of a single isolated nanopore.
Here, we further refine our integration approach and demonstrate a single-nanopore
biosensor with substantially advanced performance metrics in relation to the nanoslit
counterpart; the limit of detection and dynamic range are improved at least by an order of
magnitude. More importantly, rendering such nanopores addressable on a microchip, we
further demonstrate a label-free multiplexed electrical detection of three cancer markers
rapidly in the assay buffer as well as in undiluted untreated human serum. Ultrasensitivity
and high selectivity achieved in this study are comparable or better than those reported
for the field-effect nanosensors (e.g., nanowires). Notably, the nanopore integration is
independent of advanced patterning techniques and relies solely on low-resolution
photolithography and standard semiconductor processes, a key aspect for a smooth

transition of this technology to the bedside and clinical tests.

RESULTS AND DISCUSSION

Concept. Figure la describes multiplexed detection of biomarkers using nanopores as
nanofluidic diodes where each is functionalized against a specific cancer protein marker
with corresponding monoclonal antibodies (mAbs) immobilized on the nanopore and
surroundings (active site). As described in Figure 1b, the I — V curves of the nanopores
are modulated by the electric charge of the target proteins being captured by mAbs. A
patterned passivation layer (silicon nitride) placed outside the active sites prevents
potential loss of low-abundance markers through nonspecific surface adsorptions. The

nanopores are defined by a doped glass film featuring a nonconformal step coverage

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Nano

profile over a structured silicon substrate and thereby contributing to the asymmetric
(conical) pore profile that is essential for a rectified I — V characteristic. Figure 1c briefly
explains the construction of the nanopores, which is further detailed in Methods as well

as in Supporting Information (Figure S-1).
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Figure 1. Illustrations. (a) Multiplexed detection of target protein markers using a row of
nanopores integrated on a microchip as nanofluidic diode biosensors. The nanopores
receive the sample through dedicated fluidic channels (arrows) for independent
referencing and readout while being driven by the voltage bias through a common

channel underneath. Each nanopore is selective to a specific target protein owing to
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capture mAbs immobilized on the surface. (b) The nanopore biosensing concept based on
the rectified I — V curve with the degree of rectification modulated by the presence of the
captured charged proteins. (¢) Fabrication process briefly described on a nanopore cross-

section view illustrated after key steps.

Structure. The overall device configuration is schematically described in Figure 2a. The
device inherits the multi-layer crossed-channel architecture from the previous nanoslit
array diode.” In this architecture, a row of nanoslits/nanopores is situated on a silicon
bridge, which is monolithically integrated over a fluidic “recording” channel, and the
nanopores directly open up to fluidic “sample” channels moulded in an elastomer cover
(polydimethylsiloxane, PDMS). Each sample channel is coupled to the recording channel
through the respective nanopore exclusively, and features a channel width of 8 um, which
is comparable to the nanopore pitch to facilitate the inclusion of a single nanopore during
device assembly (Figure 2b). Although many of the nanopores become inaccessible after
the assembly, such redundancy is adopted for the ease of manual alignment. The
nanopores are interconnected to the channel underneath, through buried cavities depicted
in a cross-sectional profile in Figure 2c. The cavities are conveniently formed in silicon
by tailoring the etch profile in a single photomasking process (Supporting Information,
Figure S-1). The nanopores are self-formed structures and exhibit a conical profile at a
tapering angle of ~18° (Figure 2d). The structures arise from partial removal of a doped
glass film (phosphosilicate glass, PSG) deposited with a non-conformal thickness profile
that is thick enough to pinch off 3-pm-wide silicon well openings. Despite the use of low-

resolution photolithography, this approach yields nanopores with a nominal diameter of
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50 nm (Figure 2d, inset) and a size distribution of 51.3 £ 5.5 nm, (n~100, Figure 2e).
Such size variation, albeit of a concern, is rather small in consideration of the
dimensional uncertainties inherent within the process. In particular, the deposition and
partial removal of the PSG layer are the key contributors to the resulting size distribution.
Though further process optimization is in order, the nanopores considered here fall in the
close vicinity of the nominal value. The size variation can be further addressed by further
scaling down the silicon wells without resorting to low-throughput patterning techniques.
This would lead to a drastic reduction in the thickness requirement of PSG that needs to

be deposited as well as partially removed, thereby leading to a reduced size variation.

/
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Figure 2. (a) Illustration of the integrated nanopore biosensor and measurement setup. (b)
Photomicrograph showing a section of the nanopores with a single nanopore (arrow)
captured inside a sample channel (dashed lines). (c,d) Scanning electron micrographs of
(c) the nanopores and (d) a single nanopore tip end both shown in sectioned views (inset:

a single nanopore shown in a plane view). (e) The size distribution of the nanopores.
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Scale: (b) 5 um; (c¢) 10 um; (d) 2 and 1 um (inset). Dark regions in (c) signify the buried

cavities interconnecting the nanopore row to the recording fluidic channel.

Diode Characteristics. Figure 3 presents the nanopore rectification characteristics (I — V
curves) acquired for distinct ionic strengths and pH levels of the electrolyte (KCI or PBS)
placed in both the sample as well as the recording channels. The insets show the degree
of rectification, R, based on the definition R = log,(I;1y/I-1y), With I, and I_;y
being the positive and negative current intensities at fixed bias voltage levels of £1 V. %
Here, the voltage bias (anode or cathode) refers to the Ag/AgCl wire electrode facing the
nanopore base whereas the reference (ground) to a second Ag/AgCl facing the nanopore
tip. The rectification is relatively weak in an acidic pH, 2, (R~ —0.2) due to the
nanopore surface charge being quenched and yet it becomes noticeable in neutral and an
alkaline pH, 11, (R~ — 0.6, and R~ — 0.8, respectively) because the surface acquires
excess negative charge (Figure 3a). Likewise, the rectification depends on the solution
ionic strength (Figure 3b); it is more pronounced at low ionic strengths (0.01x PBS,
R~ — 1.6), than at high ionic strengths (1x and 0.1x PBS, R~ — 0.65, and R~ — 0.84,
respectively). This is because the nanopore surface charge is screened by a thin EDL
(S 1 nm) in the former as opposed to a thick EDL influential across the nanopore tip end
in the latter.

The effect of the solution ionic strength on the nanopore rectification can be further
seen in a conductance plot derived from the respective I — V curve (Figure 3c). The
nanopore conductance shows only a slight increase with the increased bias strength under

the positive bias polarity but a drastic rise occurs under the reversed-polarity bias. The
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favored polarity is in line with the excess negative surface charge of the nanopore at pH,
7.4, and corroborates previous studies.’® Numerical studies have revealed that the
rectification arises from a broken symmetry (e.g., conical profile) and the permselectivity
of the nanopore, which collectively introduce asymmetric ionic fluxes and thus bring
enrichment or depletion of ions inside the nanopore tip region (diagrams, Figure 3c).
Because the externally introduced electric field (set by the applied bias) interacts more
strongly with a thicker EDL around the nanopore tip end, the asymmetry is pronounced at

low ionic strengths (comparison of 0.01x PBS vs. 1x PBS in Figure S-2).
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Figure 3. (a,b) Rectification characteristics (I — V plots) of single nanopores at specific
(a) pH values (background electrolyte 10 mM KCIl) and (b) ionic strengths (PBS, pH 7.4).
The charts (insets) present the rectification ratios R from comparable nanopores. Error
bars: £1 s.d. (n = 5). (c,d) Nanopore conductance plots as a function of (c) the applied
bias (0.01x PBS) and (d) the ionic strength of the background electrolyte (KCI). Line
fittings are the values estimated on the basis of a surface charge density either a constant
at 60 mC/m” (dashed line) or varying in 1 — 60 mC/m? based on the aqueous pH and

ionic strength (solid line).

At low ionic strengths, the nanopore conductance (under either bias polarity) strongly
deviates from those predicted based on the bulk conductivity of the background
electrolyte (Figure 3d). This is mainly due to the non-negligible contribution of
counterions (EDL) to the overall ionic current. Evaluating this contribution based on a
constant surface charge density in the nanopore (dashed line), however, overestimates the
nanopore conductance.’’ Instead, a surface-reactivity model, which uses a pH- and salt-
dependent surface charge density in consideration of the ions dissociated from the
background electrolyte as well as the nanopore surface reasonably describes the nanopore
conductance (solid line).>'* This model is well described in previous studies where it has
been successfully applied to the conductance profile of the nanoslits,* silica nanopore,”'

and submicrometer glass capillary array.>’

Nanopore Biosensors. The nanopores were transformed into biosensors for detecting

specific cancer markers by immobilizing respective monoclonal antibodies (mAbs) on the

11
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surface through silane chemistry (Figure 4a). This surface immobilization is exclusive to
the nanopores and surroundings (active sites) owing to a patterned passivation layer.
Figure 4a also presents a visual confirmation of the immobilization via FITC-labeled
mAbs. Figure 4b shows representative I — V curves after each functionalization step
(0.01x PBS, pH, 7.4) with the direction of rectification paralleling the charge polarities of
the respective molecules being immobilized. For instance, the positively charged amine
groups of (3-aminopropyl) triethoxysilane (APTES) reverse the rectification polarity after
binding to the negatively charged silanol groups of bare nanopore surface (from R~ —
1.6 to ~0.19). Nearly neutral aldehyde terminals of the linker molecules glutaraldehyde
practically negate the rectification brought by the amine groups. The rectification recurs,
however, with the subsequent binding of mAbs, in accordance with the net charge of

these molecules at the stated pH.

12
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biosensors previously.”® For comparison, the measurements were conducted using the
same background electrolyte (0.01x PBS) on the nanopores functionalized accordingly.
Figure 5a shows the rectification ratios from four independent nanopores obtained over
time during a sequential application of two rounds of cTnT/wash cycles. Representative
I —V curves corresponding to cTnT cycles are also shown. While the rectification ratios
follow comparable baselines established through the buffer solution lacking the target,
the curves shift to distinct plateau levels with the application of ¢cTnT depending on the
applied concentration. In the first round, the shift is either negligible or weak for 0.1 and
1 fg/mL (NP1 and NP2) but becomes proportionally noticeable for 10 and 100 fg/mL
(NP3 and NP4). In the second round, further shift occurs with the application of a
concentration that is four orders of magnitude greater than the previous one. Between the
two rounds, the rectification levels endure wash cycles, signifying that each response
mainly arises from high-affinity bindings between proteins and mAbs as opposed to non-

specific interactions.
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with the darker interval referring to an elevated target concentration. Nanopore response
45 (NP1, NP2, NP3 and NP4) to a ¢TnT concentration of 0.1, 1, 10, and 100 fg/mL in the
47 first round and to a concentration of 1, 10, 100, and 1000 pg/mL in the second,
respectively. Representative I — V curves associated with the stated concentration levels
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of detection. Error bars: =1 s.d. (n = 5). The * indicates a p-value of <0.05 according to

the student’s t-test.

Figure 5b shows the calibration plot from cTnT measurements revealing the limit of
detection and the dynamic range. AR represents the change in the rectification ratio with
respect to the baseline, i.e., AR = Rp — R, where R} is the rectification ratio obtained for
a specific target concentration and R is the baseline prior to the target. The detection
limit is noted as 1 fg/mL (~30 aM) based on the respective AR value showing a distinct
rise over that of 0.1 fg/mL. This value is comparable to the reported detection limit for
silicon nanowire field-effect transistors,”® and an order of magnitude lower than those
achieved with the nanoslits.'” Likewise, the dynamic range spans over three orders of
magnitude, ranging from 10 fg/mL to 10 pg/mL, and exceeds the dynamic range of the
nanoslits by an order of magnitude. Beyond this range, the concentrations cannot be
accurately resolved due to the response saturation. Ultralow detection limits and broad
dynamic ranges were similarly observed here for detecting cancer protein markers CEA
(1 fg/mL; ~6 aM), AFP (10 fg/mL; ~150 aM), and HER2 (0.1 fg/mL; ~1.5 aM), with
each being independently measured at a high purity in 0.01x PBS. (Figure S-3). Although
the detection limit here is in the low attomolar range for the specified conditions, this
concentration range still corresponds to million(s) of protein copies, which is beyond the
realm of detecting few molecules.

For multiplexed detection, equimolar mixtures of the three cancer marker proteins in
0.01x PBS (pH, 7.4) were applied to the nanopores treated with mAbs for CEA (NP1),
AFP (NP2) and HER2 (NP3). Figure 6a shows the rectification ratios recorded during
sample/wash cycles with each marker applied at a concentration of 100 fg/mL in the first

16
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round and of 100 pg/mL in the second. Initially, the nanopores for CEA (NP1) and AFP
(NP2) are shown weakly rectifying as opposed to the nanopore for HER 2 (NP3), which
gives a strong positive rectification. All these corroborate the molecular charge of the
corresponding mAbs at the stated pH; pl values for anti-CEA,*” anti-AFP,*® and anti-
HER2 mAbs,39 are around 6.8, 6.5, and 9, respectively. The injection of the first mixture
results in a drastic shift in the rectification of NP3, reversing the polarity, while inducing
relatively weak but noticeable shifts in the rectification of NP1 and NP2. Although
CEA,"” and AFP," both having pl, ~4.5, carry more negative charge than HER2 (pl,
~5.6),” the drastic response of NP3 might be attributed to rather strong electrostatic
interactions between HER2 and the oppositely-charged respective mAbs. All the three
nanopores respond comparably to the application of the second mixture. Each response is
highly specific; the rectification level endures the subsequent wash cycle, thus ruling out

the contributions of the non-specific molecular interactions.
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Figure 6. (a) Multiplexed detection of the cancer markers in 0.01x PBS (pH, 7.4) through

a nanopore array and (b) the controls revealing negligible mAbs cross reactivity.
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Rectification ratio versus time data from an array of three nanopores obtained during a
sequence of sample (arrows 1 and 3) and wash cycles (arrows 2 and 4). (a) Nanopores
(NP1, NP2, and NP3 functionalized with mAbs for CEA, AFP, and HER2, respectively)
reacting to an equimolar mixture of the three markers, each at a concentration of 100
fg/mL in the first round and of 100 pg/mL in the second. (b) Nanopores (NP1 and NP2
both functionalized with mAbs for CEA while NP3 passivated with ethanolamine)
reacting to AFP (NP1), HER2 (NP2) and CEA (NP3), each independently introduced at a
concentration of 100 fg/mL in the first round and of 100 pg/mL in the second. The
shaded intervals highlight the sample cycles with the darker interval referring to an

elevated target concentration.

Subsequent experiments were performed to evaluate the cross-reactivity of mAbs.
Figure 6b shows the rectification ratios obtained from two nanopores (NP1 and NP2)
treated with anti-CEA mAbs and a third nanopore (NP3) passivated by reacting surface
aldehyde groups with ethanolamine. NP1, NP2, and NP3 were respectively subjected to
AFP, HER2, and CEA in 0.01x PBS (pH, 7.4) at a concentration of first 100 fg/mL and
then 100 pg/mL after wash. For either concentration, the rectification values of NP1 and
NP2 although being shifted with the sample injection, recovers with the subsequent wash,
suggesting that the shifts are mainly due to non-specific interactions rather than potential
cross-reactivity of mAbs (anti-CEA) for AFP and HER2. No detectable change occurs in
the rectification of NP3 with the sample injection, indicating that ethanolamine-blocked
surface does not seriously interact with CEA proteins. Similar experiments also revealed

no detectable cross-reactivity of anti-AFP and anti-HER2 mAbs for the antigens targeted

18
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(Figure S-4). These controls further support the view that the signals obtained for the
targets in the introduced samples are genuine and rather reflect high-affinity bindings

than non-specific interactions.

Detection in Serum. Control experiments indicate minor cross-reactivity of mAbs for the
target antigens and further suggest that the rectification behavior is specific and being
modulated by the target antigens in the test mixtures. These test mixtures, however, are
far from being representative of complex clinical samples such as blood serum, which
typically presents thousands of distinct proteins with concentrations varying over many
orders of magnitude.

Multiplexed experiments were thus subsequently performed using undiluted and
untreated human serum. Serum samples were spiked with equimolar mixtures of target
markers at various concentrations. High ionic strength of serum samples (~160 mM) and
the associated thin EDL hinders the detection, a fundamental issue that incapacitates
field-effect biosensors (e.g., nanowires) and is typically addressed by desalting serum.’
To avoid introducing any sample pretreatment step, the issue was resolved here by
displacing the samples with 0.01x PBS subsequent to an incubation period (~20 min)
before the measurements. Figure 7 shows the corresponding calibration plots obtained for
each cancer marker (the corresponding data set and representative I — V curves for each
target concentration are shown in Figure S-5). For serum samples, the limit of detection
appears to be on average 1 pg/mL for HER2 (~7.3 fM) and 10 pg/mL for both CEA (~56
fM) and AFP (~150 fM), when gauged against the response levels to the serum samples

that were not spiked. The dynamic range in each calibration plot extends over about 3
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orders of magnitude. These results set a record for the nanofluidic diode biosensors and

put them on par with other ultrasensitive field-effect nanosensors.
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Figure 7. Multiplexed detection of cancer markers in serum using a nanopore array. The

calibration curves of the nanopores modified with mAbs for the detection of (a) CEA, (b)
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AFP and (c) HER2, in an undiluted and untreated human serum samples. Serum samples
were all spiked with an equimolar mixture of CEA, AFP, and HER2 at a concentration of
0.1, 1, 10, 100, and 1000 pg/mL. For each curve, the shaded region highlights the
dynamic range and the arrow points at the limit of detection. Error bars: =1 s.d. (n = 6).

The * indicates a p-value of <0.05 according to the student’s t-test.

The limit of detection values for serum samples in the low femtomolar range exceed
those obtained for pure protein samples by orders of magnitude despite the fact that all
the measurements were taken using identical buffers (0.01x PBS). The reason for such a
large discrepancy, albeit not entirely known, is likely to arise from partial surface
recovery of the nanopores after serum exposure. Incomplete removal of adsorbed salt and
non-target proteins during wash steps is believed to have altered the surface potential.
Further rise in the detection limits are expected as the measurements from multiple
nanopores are to be combined to determine target concentration with a precision; this is
required due to rather large error bars despite statistical significance (p < 0.05). Scaling
of the nanopore size and size variation could help enhance the sensor precision.

Figure 8 presents controls for the serum experiments. The rectification ratio time-series
plots obtained from the nanopores passivated with ethanolamine (NP1) are shown along
with those from the nanopores functionalized with mAbs for any of the three markers
(NP2). Both groups exhibit no significant response to human serum samples, in which the
targets are present but pre-blocked with an excess of respective mAbs. Contrary, notable
shifts occur in the latter plots (NP2) for human serum samples applied without the

blocking antibodies. The obtained shifts are possibly due to the presence of the trace
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levels of the tumor markers in a healthy human serum. These controls suggest that the

nanopores are able to demonstrate high selectivity for the targets in a complex yet
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clinically relevant sample such as human serum.
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Figure 8. Control experiments using human serum samples on the nanopores passivated
with ethanolamine (NP1) and the nanopores functionalized with mAbs (NP2) for (a)
CEA, (b) AFP, and (c) HER2. Rectification ratio versus time data during a sequence of
sample incubation (the discontinuities) and wash cycles (following the discontinuities).
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mAbs (10 pg/mL) to block target proteins and then in the second cycle without blocking

mAbs. Each sample incubation period lasted about 20 min.

CONCLUSION

We have demonstrated an integrated nanopore biosensor array on a microchip for label-
free and multiplexed detection of cancer-marker proteins based on charge-modulated
ionic current rectification. Real-time electrical measurements show a highly selective and
an ultra-sensitive detection of targets in the assay buffer as well as in undiluted and
untreated human serum. Although the multiplexing capability shown here is limited to an
array of three nanopores, the assay can be scaled up to accommodate hundreds of
nanopores with each featuring surface capture probes for a distinct target protein. The
size would be eventually limited by the multiplexing electronics capacity. With the
monolithic integration realized here through low-resolution optical lithography and
standard semiconductor processes, the presented nanopore biosensors offer an ultra-low
detection limit and a dynamic range on par with known nanosensors such as the field-
effect nanowire transistors and nanocantilevers.*” An added advantage of using the
nanopores for bimolecular detection is that rich nanopore physics (e.g., ion concentration
polarization) can be further tapped on to preconcentrate proteins during the incubation,
and deplete ions (reduce the ionic strength of serum) during the subsequent signal readout,
all controlled electrically.** These added functionalities could be realized by dedicated
nanoslits/nanopores placed within the array, and could lead to a simplified assay protocol

and enhanced robustness, both important aspects for the clinical applications.

23

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Nano

MATERIALS AND METHODS

Fabrication. Nanopores and fluidic microchannels were integrated on silicon in a batch
process utilizing low-resolution photolithography and standard semiconductor processing
tools. The process is briefly described here with key steps as illustrated in Figure S-1.
The process was initiated with thermal oxidation of p-type <100> oriented silicon wafers
for a 1.5-um-thick SiO; (Step 1). This was followed by photolithography, advanced oxide
etch (AOE), and deep reactive ion etch (DRIE) to structure 6-pm-deep wells into silicon
at a diameter of 3 um (Step 2). Further thermal oxidation was performed to insulate the
entire structure with a 400-nm-thick SiO, layer (Step 3) followed by AOE to expose
silicon at the bottom of the wells (Step 4). The removal of silicon from the wells by DRIE
first and then by SF¢ plasma etch led to fused buried cavities to interconnect nanopores
(Step 5). Buffered oxide etch (BOE) was applied to strip off SiO; layer (Step 6) before a
further thermal oxidation for a 200-nm-thick Si0O, insulating layer (Step 7). Low-pressure
CVD (LPCVD, 180 mTorr, 420 °C) was carried out for a 5.5-um-thick layer of
phosphosilicate glass (PSG) at a non-conformal step coverage profile to seal off each
well while leaving a conical void beneath the surface (Step 8). Chemical mechanical
polishing (CMP) was applied to flatten the PSG surface (Step 9) followed by plasma-
enhanced CVD (PECVD) for a 300-nm-thick Si3Ny4 layer as chemical surface passivation
and then photolithography using the first mask to pattern the passivation layer to open up
the active sites (Step 10). Photolithography with a second mask and subsequent AOE and
DRIE were performed to create a 30-pum-deep (recording) channel along with the
reservoirs (Step 11). Further AOE was applied to remove PSG and open up the nanopores

(Step 12). Subsequently, low-temperature thermal oxidation (900 °C, 40 min) was
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performed for a 100-nm-thick SiO, electrical insulation layer (Step 13). After the
functionalization of the nanopores, a PDMS slab featuring (sample) channels along with
fluidic ports was aligned and secured in place by clamping (Step 14).

Reagents. The following reagents were procured and used: potassium chloride (KCI),
sodium phosphate dibasic (Na,HPO,), glutaraldehyde solution, ethanolamine, 3-
aminopropyltriethoxysilane (APTES), and human serum (prepared from platelet-poor
human plasma) all from Sigma-Aldrich (St. Louis, MO); sodium chloride (NaCl) and
bovine serum albumin (BSA) from Sigma Chemicals Co. (St. Louis, MO); potassium
dihydrogen phosphate (KH,PO,) and potassium hydroxide (KOH) from VWR (Radnor,
PA); ethanol absolute from Merck (Kenilworth, NJ); human cardiac troponin T antigens
(cTnT) and mAb receptors (anti-FITC labeled) from HyTest (Turku, Finland); and human
carcinoembryonic antigen (CEA), alpha-fetoprotein antigen (AFP), and epidermal growth
factor receptor-2 (HER2) antigens and mAb receptors (anti-CEA, anti-AFP and anti-
HER2) from Shanghai Linc-Bio Science Co., Ltd. (Shanghai, China). 1x PBS solution
was prepared according to a standard recipe with the chemicals dissolved in DI wafer and
then adjusted to pH ~ 7.4 (composition: 137 NaCl, 2.7 KCIl, 10 Na,HPO,, and 1.8
KH,POy all in mM).

Functionalization. Silane chemistry was applied to immobilize mAbs on the glass (PSG)
surface within the active sites around the nanopores. A hydroxyl-terminated surface was
obtained through oxygen plasma activation after a cleaning step (with a mixture of H,O,
and H,SO4 1:3 v/v at 120 °C for 20 min, then a copious wash, and a nitrogen blow dry).
Subsequent steps were conducted with chemical solutions delivered through fluidic

channels moulded in a reversibly attached PDMS slab, except during wash/bake steps. A
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solution of ethanol/DI water (95%/5%, v/v) with 2% 3-aminopropyltriethoxysilane
(APTES) was delivered for 3 h followed by a copious wash (ethanol/DI water) and bake
(120 °C for 1 h), resulting in an amine-terminated surface with APTES covalently linked
to the hydroxyl groups. Then, a solution of 2.5% glutaraldehyde (GA) in DI water was
delivered and incubated for 2 h before wash (DI water) and a nitrogen blow dry,
generating an aldehyde-activated surface with GA covalently linked to the amine groups.
Subsequently, a saline solution (1x PBS) carrying mAbs ~25 pg/mL was delivered and
incubated for 2 h, allowing mAbs to covalently link to the aldehyde groups, before a
copious wash (1x PBS). This was followed by a wash with 100 mM ethanolamine in 1x
PBS for 1 h to passivate unreacted aldehyde groups against nonspecific bindings. Distinct
solutions of specific mAbs required for multiplexed detection were delivered through
dedicated channels to the select regions of nanopores. Selective immobilization of FITC-
labeled anti-cTnT within the active sites was confirmed via an epi-fluorescence
microscope (Eclipse, Nikon, Japan) and the image was captured via a thermoelectric-
cooled electron-multiplying charge-coupled device (EMCCD; iXon 3897, Andor, Dublin,
Ireland).

I — V measurements. Sample channels (8 um wide) moulded into a PDMS slab and
blocked by 1% BSA in 1x PBS were carefully aligned to include single nanopores
exclusively and fastened in place by clamping. Sample and recording channels were all
filled with the same electrolyte solution having the stated ionic strength and pH value.
Metal wires (Ag/AgCl) were immersed into fluidic ports as the recording and reference
(sample channels) electrodes and then connected to a patch-clamp amplifier (EPCI10,

HEKA Elektronik, Lambrecht, Germany). Patchmaster data acquisition software (HEKA)
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was used to acquire I — V curves by measuring the ionic currents for an applied voltage
ramp from —1 V to +1 V in 50 mV increments for every 30 ms. For real-time current
rectification data, I — V curves were acquired for every 30 s. For human serum samples,
I —V measurements were taken after incubation with the sample (~20 min) and the
subsequent elution with 0.01x PBS (~5 min). All measurements were conducted inside a

Faraday cage to shield against any electromagnetic interference.
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