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Abstract

Drug abuse is a major public health problem in many countries in Europe and North America.
Currently available platforms for drug abuse assessment are facing technical challenges of non-
quantitation, inaccuracy, low throughput, incompatible with diverse complex specimens, long
assay time and requirement of instrument and/or expertise for readout. Here, we report an
integrated Competitive Volumetric-bar-chart Chip (CV-Chip) to assay multiple drug targets at the
point-of-care (POC). To the best of our knowledge, it is the first time that a POC platform has been
demonstrated to fully address the above-mentioned limitations. We applied this integrated CV-
Chip platform to assay multiple drugs in 38 patient urine and serum samples and validated the on-
chip results with an LC-MS/MS method, indicating a clinical sensitivity and specificity of 0.94
and 1.00, respectively. We further demonstrated that the combination of an on-chip blood separator
with the CV-Chip enabled the platform to directly assay finger-prick whole blood samples, which
has always been recognized as an ideal biospecimen for POC detections. In summary, this
integrated CV-Chip is able to serve as a sensitive, accurate, fast, portable, readout visible, and
minimally invasive platform for drug abuse assessment.
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INTRODUCTION

Drug abuse is a major public health concern, causing serious illness or injuries to millions of
people.l In 2014, 10% of the population aged 12 or older (~27.0 million) were found to be
using illicit drugs in the United States.? Fast, quantitative, non/minimally-invasive and cost-
effective detection of abused drugs is of great importance, not only for clinical or forensic
testing, but also for clinical trials to evaluate the efficacy of medications, which requires
frequent analysis of patient samples to monitor changes in their illicit drug exposure over
time.3-7

Currently, the most common methods for the measurement of illicit drugs are gas
chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass
spectrometry (LC-MS).8-10 These instruments are sensitive, reliable and can provide
accurate quantitative results, but they are commonly used in clinical lab! though MS
systems have the potential to be used for on-site analysis by combining with paper spray.
12-14 Alternatively, low-cost technology platforms, such as commercially available point-of-
care (POC) screening devices, facilitate multiplexed detection and give instant readout, but
the results are qualitative/semi-quantitative and may suffer from false positives or false
negatives.15-17 Other platforms, such as electrochemical immunosensors, offer advantages
because they are sensitive, fast and easy to fabricate, but they still require accessory detector
to measure the electrical or electrochemical signal.18-20

Microfluidics-based systems have become one potential approach for POC drug testing and
personalized diagnostics, because of its potential capabilities of multiplexed and quantitative
measurements, portability, low cost and high throughput.®-21-26 Qver the last decade, there
have been concerted efforts to develop microfluidic devices for drugs of abuse detection.
Miyaguchi et al. embedded antibody-conjugated beads into the microdevice and measured
methamphetamine in hair through a homemade apparatus.2’” Andreou et a/. presented a
microfluidic device for the detection of methamphetamine in saliva using surface-enhanced
Raman spectroscopy.® These two promising methods can finish the measurement in 30 mins,
but they can only detect one drug each time. Zhu et a/. developed a microfluidic device for
sample preparation and then coupled it with an HPLC-MS/MS system to analyze 14 drugs
and metabolites in hair.28 Kirby er al. reported a method coupling microfluidics and a
miniature MS platform to quantify multiple drugs of abuse in urine.2® These effective
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methods demonstrated high analytical sensitivity and multiplexed detection ability, but they
still relied on the external MS systems for the quantitative readout.

As discussed above, currently available platforms for the detection of drugs of abuse are
facing technical challenges of non-quantitation, inaccuracy, low-throughput, long assay time
and requirement of instrument and/or expertise for readout. Here, we propose an integrated
Competitive Volumetric-bar-chart Chip (CV-Chip) to assay multiple drug targets, which
integrates the abilities to fully address the above-mentioned limitations. The CV-Chip
platform was reported previously by us for qualitative analysis of biomarkers and drugs.3° It
displayed visual positive or negative bar-chart results based on the direct competition of gas
generated by the sample and the internal control. The current integrated CV-Chip is
significantly improved over the previous platform in the following aspects: 1) it displays a
quantitative readout, allowing it to be applied in more circumstances; 2) the assay time is
significantly decreased from 1.5h to 10 min, making it more acceptable in on-site testing; 3)
the ELISA procedure is simplified to one step, which may facilitate potential
commercialization in future; 4) the ELISA probe is replaced with platinum nanoparticle
(PtNP) from previous horseradish peroxidase (HRP), efficiently improving the analytical
sensitivity over 10 times and also eliminating the incubation under 37°C; 5) it enables the
detection of diverse complex specimens such as urine, serum and whole blood samples, thus
greatly expanding its functions. We successfully applied the integrated CV-Chip to measure
multiple drugs of abuse in urine and serum samples of 38 patients and further confirmed the
results using an LC-MS/MS method. Furthermore, we combined an on-chip blood separator
with the device to directly detect drugs in finger-prick whole blood. The results
demonstrated that the platform could achieve good recovery rate for cocaine and
amphetamine spiked in whole blood samples. In summary, the integrated CV-Chip provides
a sensitive, accurate, fast, portable, readout visible, and minimal invasive platform for drugs
of abuse assessment in urine, serum and whole blood.

EXPERIMENTAL

Materials and chemicals.

Glass slides (75x50x1 mm) were purchased from Corning Inc. (Corning, NY). SPR 220-7
and MF-CD26 was obtained from MicroChem Corp (Newton, MA) and Rohm and Haas
Electronic Materials (Marlborough, MA), respectively. Hydrogen peroxide (H202, 35% wt
in H,0), (3-glycidoxypropyl) trimethoxysilane (3-GPS), NH4F, HF, HNOg, toluene, ethanol,
silicone oil, 3-Aminopropyl) triethoxysilane (APTES), glutaraldehyde, sodium
cyanoborohydride, sulfuric acid, Tween 20, bovine serum albumin (BSA),
Ethylenediaminetetraacetic acid dipotassium salt dehydrate (KoEDTA-2H,0) and the tested
drugs were purchased from Sigma-Aldrich (St. Louis, MO). Phosphate buffered saline (PBS,
0.1 M, pH7.4) was obtained from Lonza (Allendale, NJ). Tridecafluoro-1, 1, 2, 2-
tetrahydrooctyl-1-trichlorosilane was purchased from Pfaltz and Bauer (Waterbury, CT). Red
ink was purchased from Fisher Scientific (Waltham, MA). Amorphous diamond-coated drill
bits (0.031-inch cutter diameter) were purchased from Harvey Tool (Rowley, MA). Glass
beads with various sizes were obtained from Corpuscular Inc. (Cold Spring, NY). All drug-
BSA conjugates were obtained from Fitzgerald Industries International (Acton, MA). Drug
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standards were obtained from Sigma-Aldrich (Cocaine, C-008—-1ML; Morphine, M-005-
1mL; Amphetamine, A-007-1mL; Methadone, M-007-1mL; Methamphetamine, M-009-
1mL) and Cerilliant (THC, T-005; Oxazepam, O-902). All anti-drug antibodies were
purchased from Antibodies-Online (Atlanta, GA). FITC-conjugated, anti-mouse 1gG
secondary antibody was obtained from Abcam (Cambridge, MA). The abbreviations of
COC, AMP, mAMP, BZO, OPI, THC and MTD were used for cocaine, amphetamine,
methamphetamine, benzodiazepine, opiate, tetrahydrocannabinol and methadone,
respectively. The abbreviation and cutoff values of the tested drugs are also shown in Table
S1.

LC-MS/MS quantitation of drug concentrations.

Quantitation data of drug and metabolite concentrations in the urine and serum samples (#1-
#20 and #29 - #38) were obtained from Associated Regional and University Pathologists,
Inc. (ARUP laboratories, Salt Lake City, Utah) using its mass spectrometry methods. A LC-
MS/MS method developed previously3! was used to quantify drug and metabolite
concentrations in the clinical urine samples of #21- #28.

Fabrication of the integrated CV-Chip.

The pattern on the bottom and top plate of the integrated CV-Chip was fabricated following
a standard photolithography process.2> Briefly, SPR220~7 molds (~10 pm) with the design
were manufactured on glass slides (75x50x1 mm). Then, the glass slides were put into a
glass etching solution (1:0.5:0.75 mol/L HF/NH4F/HNO3) to get the pattern (with a depth of
~ 50 um). After that, sample inlets/outlets were obtained with a 0.03-inch diamond drill.
Finally, the surface of the glass slides was treated with tridecafluoro-1, 1, 2, 2-
tetrahydrooctyl-1-trichlorosilane for hydrophobic modification. Finally, the glass slides were
cleaned with ethanol and dried with nitrogen gas.

Surface modification to the bottom plate.

Before the assay, the wells for ELISA (first lane) on the bottom plate required surface
treatment.25:32 Previously, we used (3-glycidoxypropyl) trimethoxysilane (3-GPS) to
introduce the epoxy group for antibody coating.2> Here, we changed the epoxy group to an
aldehyde to increase the antibody coating efficacy.33:34 Briefly, wells of the first lane from
the top and bottom ends were cleaned with piranha solution (HoSO4:H»0,=7:3) for 1 hour,
rinsed with Millipore water, and dried with nitrogen gas. Next, 2 uL of 2.0% APTES in
toluene was added into each well and incubated for 20 min and then heated at 120 °C for 15
min. Finally, the well was treated with 2 pL PBS solution containing 0.5% glutaraldehyde
and 5 mM sodium cyanoborohydride for 1h and then washed with PBS.

Antibody coating in the ELISA wells.

The test for drugs of abuse is based on competitive ELISA principles. It requires only one
antibody for the on-chip assay. Briefly, following surface modification, 2 uL capture
antibody (~10pg/mL) was added to the ELISA well (the first lane from the top and bottom
ends) and incubated 1h at room temperature. Then the wells were washed with PBS
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(containing 0.05% v/v Tween) three times and blocked with 5% w/v BSA for 1 h. Then 2 uL
drug-BSA-PtNP solution was added and incubated for 1 h followed by washing.

Assembly of the device.

After the antibody coating (see Supplementary Information), the device was assembled as
previously described 25:32:35 Briefly, 5 uL of silicone oil was carefully added to the non-
pattern area of the top device plate (with the patterns facing up). Then, the top plate was
assembled with the bottom plate. The silicone oil was evenly distributed on the two plates by
sliding the plates against each other repeatedly, effectively sealing the two glass slides
together and preventing solution leakage. This silicone oil-based sealing is also effective to
prevent reagent evaporation during mediumtime storage (e.g., one-week) at room
temperature.

Drug detection on the device.

The drug detection is divided into four steps. First, sample/control and buffer solutions are
loaded into the device after the assembly. Second, a horizontal slide of the top plate will
connect the sample/control and buffer solution. Red ink and H,O5 are also loaded at this
step. In the third step, a pipette was used to generate a negative pressure at the inlet, pulling
the sample/control and buffer solutions through the ELISA wells. In the final step, an
obligue slide of the top plate will initiate the reaction between PtNPs and H,0, to produce
oxygen gas, which will finally push the red ink to generate the bar-chart readout.

Manufacture of the on-chip blood separator.

A big glass bead (~ 800 pm) was initially placed into a 0.1- 20 pL pipette tip using a
tweezer. This bead was trapped in the tip. Then 10 puL of ~100 pm beads (dissolved in PBS
in 107/mL) were added into the tip, followed by filling the tip with 10 pL of ~15 pm beads
(dissolved in PBS in 108/mL). The small sized beads were stacked on the top of the big one,
forming a microfilter. These glass beads were blocked with BSA before use to avoid non-
specific binding. The manufactured microfilter tip was pretreated with K,EDTA (0.5 % wt
in distilled water) to prevent potential coagulation of the whole blood sample. Then a 20-uL
pipette with a sample-filled tip can be inserted into the microfilter tip. Push the pipette to let
the blood sample go through the glass beads and the plasma can be obtained outside the
microfilter tip.

RESULTS AND DISCUSSION

Working principle of the integrated CV-Chip.

CV-Chip is based on SlipChip technology.2>:36 Design and performance of the CV-Chip has
been demonstrated previously and the results proved that the device could assay drugs of
abuse with good analytical sensitivity, wide dynamic range and others.30 But the assay time
is relatively long (>1.5h). It is necessary to reduce the assay time to facilitate forensic drug
analysis or drug assessment to monitor medication regimen or other POC applications.15:16
To efficiently decrease the assay time, the integrated CV-Chip combined a sample loading
component to the original CV-Chip (Figure 1a, b), in which a series of sample loading and
washing steps can be accomplished in one step. Sequential delivery of liquid segments
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containing samples and ELISA reagents has been reported to generate a rapid and simple
ELISA reaction and was applied to detect protein biomarkers others.3-40However, no such
integrated system focused on drug detection. Since drugs are detected based on competitive
ELISA, it requires fewer steps than sandwich ELISA for protein markers, which makes the
integrated CV-Chip much simpler than the reported platforms.

As shown in Figure 1 and Figure S1, the integrated CV-Chip is composed of one bottom
plate and one top plate and the operation has four steps. Firstly, sample and control (solution
with the cutoff value of the target drug) and washing buffer were loaded to the relevant
channels (Figure 1c). This step takes about 1 min. Here, the sample channel requires
minimal solution (~ 2 pL), which makes it suitable to do minimally-invasive blood sampling.
As a second step, the top plate was slid horizontally to make the wells and channels connect
as shown in Figure 1d. Sample/control and washing buffer segments were formed in the side
channels. There were three buffer segments separated by air, mimicking triplicate washing
steps. Red ink and H,O, were also loaded at this step. The second step takes about 1 min.
Subsequently, a negative pressure, generated using a 20 L pipette at the left inlet, drew the
solutions through the ELISA lane (Figure 1e). In this step, target drugs in the sample
competed with the preloaded drug-BSA-PtNPs to bind to the surface immobilized
antibodies, followed by the washing buffer. It takes 3 min to finish this step. In the last step,
an oblique slide of the top glass plate connected the ELISA well with the H,0, well and
initiated the reaction between PtNPs and H,O,, which generates oxygen gas (Figure 1f). The
oxygen generated at the two ends will compete to push the red ink to produce a bar-chart in
the center part of the device. The displacement of the ink bars can be quantified using the
on-chip rulers etched beside the reading channel. The whole assay was finished in 10 min.
We designed some markers on the top and bottom plate of the device to facilitate the
alignment during the operation (Figure 1a-c). To further improve the user interface and ease
the operation, we can design on-chip guide tracks on the device, as shown in Figure S2, to
assist the sliding.

Sensitivity improvement to the integrated CV-Chip.

The ELISA reaction takes about 3 min on the integrated CV-Chip, which may raise concerns
about the sensitivity of the platform, but similar integrated platforms have demonstrated
sufficient analytical sensitivity for detecting protein biomarkers.37-40 Here, to make sure the
analytical sensitivity can meet the requirements for testing drugs of abuse, we improved the
assay in two aspects, one was the surface modification for antibody immaobilization and the
other was the ELISA probe.

Previously, we used (3-glycidoxypropyl) trimethoxysilane (3-GPS) to introduce the epoxy
group on the surface, which can react with the amine group of antibodies.2>:30:32 This
modification method is simple, but the coating density is not high enough. To make the
antibody coating more efficient, we functionalized the glass surface with aldehyde groups
instead of the epoxy functional group (Figure S3). This results in a more stable and efficient
bioconjugation scheme.33:34 Our results showed that the aldehyde-modified surface was
more homogeneous and demonstrated a higher efficiency for antibody immobilization than
the epoxy-modified surface (Figure S4). In addition to the surface modification, we also
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changed the ELISA probe to PtNP from HRP. The readout of previous CV-Chip is based on
nitrogen gas, which is produced by an HRP mediated reaction between luminol and H,0,.30
Though drug-HRP derivatives are commercially available and convenient, this reaction is not
highly sensitive and it requires incubation at 37°C to achieve sufficient analytical sensitivity.
Alternatively, PtNPs are reported to be very sensitive catalysts for the generation of oxygen
gas from H,0, at room temperature.#1 We compared the activity of the two probes, PtNPs
and HRP, for gas generation, which demonstrated that the analytical sensitivity was
increased over 10 times by using PtNPs rather than HRP (Movie S1 and S2). Drug-PtNP
conjugates were prepared by immobilizing drug-BSA derivatives onto the PtNPs. Successful
conjugation was verified using dynamic light scattering measurements before and after
immobilizing the drug-BSA conjugates on the PtNPs (Figure S5)

Test of spiked cocaine samples on the device.

Figure 2a shows the competitive ELISA performed on the device. Higher drug
concentrations in the sample will compete to bind to more antibodies, rendering less PtNP-
probes left on the surface and resulting in less oxygen generated. Therefore, a positive
sample will generate a downward bar on the device and a negative sample will generate an
upward bar (Figure 2b). A Comparison of the assay time on the previous CV-Chip and the
integrated CV-Chip was shown in Table S2. We first tested two cocaine samples spiked in
PBS. The control with a cutoff value of 300 ng/mL was loaded at the top end; a negative
sample (150 ng/mL) and a positive sample (750 ng/mL) were loaded at the bottom end in the
two tests, respectively. As shown in Figure 2c and d, the negative sample showed upward
homogeneous bars in the six channels, while the positive sample displayed six downward
homogeneous bars. The intra-assay %CV for the two samples were 3.6 % and 4.2%,
respectively. We then tested the two samples spiked in blank urine and serum substrates. The
results in Figure S6 suggested that the complex matrices in human urine or serum provide
little or no interference with the performance of the device, demonstrating the compatibility
of our method to diverse complex specimens. Furthermore, we tested a series of positive
samples (spiked in urine) with gradient concentrations, which produced a gradient bar-chart
as shown in Figure 2e. Then three negative and three positive samples spiked in urine were
tested simultaneously and the results provided in Figure 2f. The inter-assay %CV for all
these tested samples were within 8.5%. These results demonstrated that the integrated CV-
Chip had sufficient analytical sensitivity to distinguish the minimum differences between the
control and samples.

Test of patient urine samples.

After the test of spiked samples, we moved to test patient urine samples by using the
integrated CV-Chip. Urine drug quantitation, though difficult due to the inter- and intra-
individual variability in urine volume and drug excretion/renal function, is still an attractive
approach worthy of further development.2 The rationale is: 1) Urine is usually the preferred
matrix in the clinic for determining the presence or absence of drugs because it has a 1- to 3-
day window of detection for most drugs and/or their metabolites and is currently the most
extensively validated biological specimen for drug testing.” Therefore, while drug testing
may be performed by either testing urine, serum, oral fluids, sweat or hair, urine drug test
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(UDT) is predominantly used in the clinic. 2) UDT is also the simplest, most non-invasive
approach for biological sample screening and widely accepted as the gold standard.#3-45

Before the test of patient samples, we first generated the calibration curves on the device by
using spiked urine samples for six abused drugs. Since negative and positive samples
produce upward and downward bars respectively, the calibration curves were plotted
separately for these two groups of samples (Figure S7, S8). These response curves were
pseudo-exponential rather than linear, which may be attributed to consumption of H,O,
during the reactions, thermodynamic effects and others.2%:32 Then we tested COC in 10
patient urine samples (#1- #10) and BZO in another 10 patient samples (#11 — #20), one
sample per test. The results were shown in Figure 3a. We further tested another eight patient
samples (#21 — #28) in a multiplex assay to detect six drugs (COC, AMP, mAMP, BZO,
OPI, and THC) per chip (Figure 3b). All patient samples were tested three times and the
inter-assay %CV for all the samples were within 9.5%. Though the six drugs have different
cutoff values and various concentration distributions, the device was still able to obtain
quantitative readouts for all the drugs in these samples, demonstrating the advantages of
wide dynamic range and good analytical specificity and sensitivity. The on-chip data were
further confirmed by LC-MS analyses (Table S3, S4 and S5) and we found that results
obtained from the two methods were in good agreement with each other (Figure 3b).

Test of MTD in patient serum samples.

In general, the detection window is longest in hair, followed by urine, sweat, oral fluid, and
blood.?! In blood, most drugs of abuse can be detected at the low nanogram per milliliter
level for 1 or 2 days. Though blood drug detection windows are not as long as urine, blood
drug concentration most accurately reflects the frequency and amount of drug of abuse.*4:46
For this reason, we also validated the capability of the integrated CV-Chip in serum drug
tests, using MTD as an example. The cutoff value of MTD in serum is 40 ng/mL. A series of
spiked samples were first tested. As shown in Figure 4a, small differences in drug
concentration among the samples could be effectively visualized on the device. Then, the
calibration curves for the negative and positive MTD samples were generated by using
spiked serum samples (Figure 4b). We tested 10 serum samples (#29 — #38) on the device.
The on-chip results (with inter-assay CV% less than 10%) and the LC-MS/MS data were
shown in Figure 4c and Table S6, which demonstrated that the results of both types of tests
were correlated. We further used Bland—Altman analysis to examine the correlation between
the two methods. Figure 4d shows that they agree well with each other, indicating the
accuracy and reliability of our platform.

Taken together all the on-chip results for the 38 samples, the 95% confidence interval (Cl)
for the clinical sensitivity and specificity were calculated to be 0.94 (ClI: 0.8378-0.9794)
and 1.00 (CI: 0.8794- 1) respectively (Table S7), which is comparable to that of commercial
drug test kits (such as Triage TOX Drug screen).1517
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Combination of an on-chip blood separator with the device for finger-prick whole blood

assay.

When it comes to POC detection, an ideal sample of choice is finger-prick whole blood,47-50
while it still remains a great challenge for current platforms. The integrated CV-Chip was
validated with serum samples. To expand the function of our platform in POC tests, we
move to test whole blood sample directly. To assay whole blood, it is necessary to separate
blood cells before the on-chip assay. Centrifugation can be applied to get serum or plasma
from blood samples. But for POC testing in resource limited settings, access to centrifuges is
not so convenient though there have been some portable centrifuges.51:52 There are some
commercial blood separators based on filter paper (GE Healthcare Life Science and Pall Life
Science), which are used to get plasma from whole blood in a simple way. But this kind of
separator is only ideal for lateral flow assays where the filter paper itself is the substrate for
the assay. To retrieve serum from the separator, it requires combination with other complex
platforms and it takes a relatively long time (>10 min) to get sufficient volume of serum.>3
In addition to the filter paper-based blood separator, microbeads are integrated into
microfluidic chip to separate blood cells.>* Here, to get plasma simply, fast and easily, we
developed a blood separator based on pipette tip and glass beads, which served as a
microfilter. This microfilter-based blood separator can separate blood cells based on size:
plasma can go through the gap between the beads, while blood cells are trapped on the top
or in the gap. Figure 5 showed the details for the glass beads-based microfilter tip and the
results before and after applying the filtration. More than 90% of blood cells were removed.
The plasma separation efficiency of the microfilter tip is about 80% compared to
conventional centrifugation method (800g, 10 min). We also evaluated the effect of potential
hemolysis on the assay during the microfiltration and no significant influence was found on
the detection results (Supplementary Information). This home-made tip makes it easy, fast
and efficient to directly assay whole blood (such as finger-prick blood) on POC platforms,
which also minimizes handling and cryo-preservation artifacts that may hinder assay
reliability. To further increase the ease of operation, we can integrate the beads-based
microfilter on the device by adding a specific area at the sample inlet for preloaded
microbeads. Briefly, a trap area at the inlet with a different height from the channels/wells
can be designed to stack the microbeads, which enables plasma to go through and blood
cells to be trapped.

We then applied the glass beads-based microfilter tip to test spiked blood samples. Since it
requires ~ 2 UL of sample each time, a single finger-prick can provide enough blood for
obtaining 3-5 samples (Figure S9). The cutoff values of COC and AMP in serum are 30
ng/mL. We prepared 4 COC samples and 4 AMP samples with concentrations of 10, 20, 50
and 200 ng/mL by spiking the drugs into finger-prick whole blood collected from drug-free
volunteers. All these samples were tested three times. Then the tests were examined by the
analysis of the recovery rate (amount of drug measured on the device/amount of drug
spiked), a factor used to determine assay accuracy, with an acceptable range between 0.8 and
1.2.3255 Ag shown in Figure 6a and b, the fraction of recovery for the drugs in all the tests
were within the desired range. Furthermore, we prepared 8 plasma samples (plasma was
obtained by centrifuging the blood drawn from drug-free volunteers) by spiking COC and
AMP with the same concentrations as the blood samples and compared the detection results
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with those obtained from the blood samples. Figure 6¢ and d revealed that the results were in
good correlation, proving that the integration of microfilter tip enabled the integrated CV-
Chip to efficiently assay finger-prick blood samples for drug testing. For most commercial
drug test Kits (e.g., At Home Drug Test kit), they are able to test one or multiple drugs in
urine and give out fast qualitative results. But our CV-Chip device is able to quantitate illicit
drugs in urine, serum and whole blood for multiple drugs. For other POC platforms used for
drug test, most of them require external instruments/devices to assist the readout but our
device can get the quantitation data based on naked-eyes, making it a portable and low-cost
method.

CONCLUSIONS

In this manuscript, we presented an integrated platform for assaying drugs of abuse. The
integrated CV-Chip is very suitable for the detection of abused drugs because: 1) the cutoff
value of the targeted drug can be directly put at one end of the device to serve as the internal
control and it will generate clear negative or positive bar chart; 2) small differences between
the sample and the cutoff can be distinguished based on the direct competition; 3) though
different drugs have different cutoff values, we only need to put different controls at one end
to do multiplexed detection. The device is able to complete the assay of multiple drugs in 10
min with less than 2 uL of sample solution. By using this platform, we tested multiple illicit
drugs in 38 patient urine and serum samples and confirmed these on-chip results with an
LC-MS/MS method. We also demonstrated that the combination of an on-chip blood
separator with the device enabled the platform to assay finger-prick whole blood. In
summary, the integrated CV-Chip enables the detection of drugs of abuse in urine, serum and
whole blood to be fast, sensitive, quantitative, cost-effective and minimally invasive.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Working principle of the integrated CV-Chip. (a) Top plate and (b) bottom plate of the

device. The black dotted rectangle showed the channels for sample loading. The red ellipse
showed the triangles for device alignment during the operation. (c) The first step of the
operation. Sample/control (yellow dye) and washing buffer (green dye) were loaded into the
device. It takes 1 min for this step. (d) The second step of the operation. Horizontally move
the top plate to the left connected the sample/control and buffer channels. The buffer was
separated to three segment by air, which was used to mimic three times of washing. Red ink
(red dye) and H,0, (blue dye) were loaded in this step. This step takes 1 min. (e) The third
step of the operation. Sample/control and buffer flowed through the ELISA wells by
applying a pipette at the inlet (pointed by the yellow arrow) to generate a negative pressure.
It takes 3 min to finish the ELISA reaction and washing steps. (f) The fourth step of the
operation. An oblique sliding of the top plate against the bottom plate connected the ELISA
well with the H,O,, which initiated the reaction between PtNPs and H,O5 to generate
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oxygen and further produce the bar-chart readout. It takes 5 min to get the readout. Scale
bar, 0.5 cm for (a-f).
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Figure2.
Test of spiked cocaine samples. (a) Scheme of competitive ELISA on the device. Antibodies

have been coated on the glass surface and drug-BSA-PtNPs have bound to the antibodies.
When a sample containing the target drugs is added, the drugs will compete with the drug-
BSA-PtNPs to bind to the antibodies. Hence, more drugs will render less drug-BSA-PtNPs
left, and result in less oxygen gas produced. (b) Principle of readout. The control with the
cutoff value of the target drug is loaded at the top end, while the sample is loaded at the
bottom end. The readout is based on the competition of oxygen gas generated by the control
and sample; negative samples generate more gas than the control and produce an upward ink
bar; conversely, positive samples produce a downward inks bar. (c, d) Testing results of a
negative sample (c) and a positive sample (d) spiked in PBS. A solution with 300 ng/mL of
cocaine was loaded at the top to serve as the control. Both of them generated a uniform bar-
chart but with different directions. (e) Testing results of a series of positive samples spiked in
urine. These samples with gradient concentrations generated a gradient bar-chart. (f) Testing
results of three negative and three positive samples spiked in urine. Scale bar, 0.5 cm for (c-

f).
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Multiplexed test of six drugs
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Assay of patient urine samples. (a) Parallel test of patient urine samples for COC (#1- #10,
top image) and BZO (#11-#20, bottom image). Patient sample was measured for each single
drug in the six channels in each test. LC-MS/MS data were also plotted side by side with the
on-chip data for cocaine (5000 ng/mL was used for #4 and #5). Data shown as mean of three
independent measurements + S.D. (b) Results of multiplexed detection of six drugs for
samples #21-#28. Six drugs of COC, AMP, mAMP, BZO, OPI and THC were tested
simultaneously in the six channels from left to right. Data shown as mean of three

independent measurements + S.D.
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[ On-chip
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Test of MTD in patient serum samples. (a) Bar-chart result of the test of MTD in spiked
urine samples. These negative and positive samples showed proper inks bars on the device.
Scale bar, 0.5 cm. (b) Calibration curves for negative (top) and positive (bottom) samples.
(c) Bar graphs of the MTD concentration in the patient serum samples measured by the
device (navy blue) and LC-MS/MS (olive), side-by-side. The value of methadone (not its
metabolite) was used in the plot for LC-MS/MS data. On-chip data shown as mean of three
independent measurements + S.D. (d) Bland—Altman analysis for assessing agreement
between results from the integrated CV-Chip and LC-MS/MS. The 95% confidence interval
on the mean value is displayed in the graph. The results showed good correlation between

the two methods.
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© 500 pm

Figureb.
Microfilter-based blood separator. (a) A pipette tip with blood inserted into a filter tip with

glass beads. Push the pipette to let the serum go through the glass beads, while the blood
cells were trapped in the gaps between the beads. (b) Filter tip filled with three kinds of glass
beads (600 um, 100 um and 15 um). (c) Glass beads inside the tip. The yellow and white
arrow indicates one of the 100 um and 15 pm beads, respectively. (d) An amplified view of
the filter tip end. The yellow and red arrow indicates the 100 um and 600 um bead,
respectively. (e, f)Blood samples loaded into the device without (e) or with the filter (f). The
graphs confirmed the performance of this home-made microfilter tip.
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Figure6.

Test of samples spiked in whole blood. (a, b) Recovery rate of four spiked samples for COC
(a) and AMP (b) in three tests. The whole blood samples were applied the filtration before
loaded into the device. All the tests were within the acceptable range. Error bar represents
S.D. in the six parallel channels. (c, d) Comparison of ink bar distances between the plasma
samples and whole blood samples (applied filtration). These two kinds of samples produced
similar bar lengths, confirming the good performance of the on-chip blood separator and the

whole detection system.
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