1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Anal Chem. Author manuscript; available in PMC 2015 November 03.

-, HHS Public Access
«

Published in final edited form as:
Anal Chem. 2015 April 7; 87(7): 3771-3777. doi:10.1021/ac504301y.

Competitive Volumetric Bar-Chart Chip with Real-Time Internal
Control for Point-of-Care Diagnostics

Ying LiT#, Jie Xuan8, Tom Xiaf, Xin HanT*, Yujun Song™#*, Zheng Cao8, Xin Jiang", Yi
Guo+, Ping Wang™$, and Lidong Qin*T#

TDepartment of Nanomedicine, Houston Methodist Research Institute, 6670 Bertner Avenue,
Houston, Texas 77030, United States

$Department of Pathology and Genomic Medicine, Houston Methodist Hospital, 6670 Bertner
Avenue, Houston, Texas 77030, United States

*Department of Cell and Developmental Biology, Weill Medical College of Cornell University, New

York, New York 10065, United States

'Department of Geriatrics, The Second Clinical Medical College of Jinan University, Shenzhen,
518120, China

LDepartment of Neurology, The Second Clinical Medical College of Jinan University, Shenzhen,
518120, China

Abstract

Point-of-care (POC) testing has become widely used in clinical analysis because of its speed and
portability; however, POC tools, such as lateral flow assays, suffer from low specificity, unclear
readouts, and susceptibility to environmental and user errors. Herein, we report an ELISA-based
competitive volumetric bar-chart chip (CV-chip) that eliminates these limitations. The CV-chip
displays the readout in the form of ink bar charts based on direct competition between gases
generated by the sample and the internal control. By employing a “competition mode”, this
platform decreases the potential influence of background resulting from environmental factors and
provides visually clear positive or negative results without the requirement of calibration. In
addition, the on-chip comparison enables the device to distinguish imperceptible differences (less
than 1.3-fold) in human chorionic gonadotropin (hCG) concentrations that are near the cutoff
value for pregnancy (~1.4 ng/mL). We also utilized the ELISA-based CV-chip to successfully
detect biomarkers from cancer cells. As a proof-of-concept application in a clinical setting, the
CV-chip was employed to evaluate the status of drugs of abuse in 18 patients. For six different
drugs, zero false-positive and very few false-negative (<2%) results were reported in more than
100 tests. This new ELISA platform offers a clinical diagnostics tool that is portable and easy to
use, and provides improved clarity and sensitivity due to the inclusion of a real-time internal
control.
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Clinical diagnostics requires an analysis technology that is fast, portable, accurate, and
equipment-free,1~7 but the currently available point-of-care (POC) screening methods that
fit these criteria (such as lateral flow strip assays) can suffer from ambiguous results,8°
cross-reactivity, 1911 or poor detection limits, which increase false-positive and false-
negative rates.12-15Although the detection limits of POC devices have been improved, many
remaining problems limit their sensitivity and specificity.8:13.14.16 First, current POC
platforms mostly perform device calibration, quality control, and sampling at different
times; 1720 yet studies have shown that different environmental conditions (e.g.,
temperature, humidity, pH, and ionic strength) can alter the assay response,8-21.22 such as the
binding affinity between an antibody and its antigen.23-25 Because it is nearly impossible to
ensure that the tests are conducted under conditions identical to those of the calibration and
quality control, detection accuracy decreases. Second, to enhance device portability and
avoid external readout equipment, many platforms utilize a visible line8:926:27 or color28:29
to display results; however, sample concentrations that are close to the cutoff value may
render the assay readout ambiguous,® making differentiation between positive and negative
results diffcult. These ambiguously faint lines or colors leave room for error in
interpretation.8.9 Finally, these methods usually include parallel controls to ensure proper
device performance,27:29:30 byt these assays lack a means to reduce potential background
influences, such as nonspecific binding.

We herein report a new ELISA platform, the competitive volumetric bar-chart chip (CV-
chip), which generates definitive positive or negative results presented as visual ink bar-
charts. The CV-chip overcomes the above-mentioned limitations of POC screening devices
and greatly reduces false-positive and false-negative results via addition of an internal real-
time control. This novel platform can significantly improve bedside analysis for disease-
related biomarkers and substances of abuse in terms of accuracy and sensitivity. The CV-
chip is based on our earlier volumetric bar-chart chip (V-Chip) technology.3132 The original
V-chip employs H,0, to produce oxygen gas to displace the ink in one direction for
biomarker detection. Similar to other ELISA platforms, this device still requires calibration
before sampling, and the parallel control cannot decrease potential background influences
efficiently. Thus, we improved the detection mechanism using a competition mode by
adding a real-time internal control and changing the gas to nitrogen. The CV-chip performs
the ELISA on the sample and control in the same channel, such that the nitrogen gas
generated from each of the two groups is in direct competition. Clearly visualized positive or
negative ink bars are generated based on the competition result. In the CV-chip, the
concurrent sample and control reactions eliminate possible environmental differences,
therefore improving the accuracy of the assay. Subsequently, no calibration is required for
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the assay. Results are presented directly as an ink bar in either direction on the device. Since
the comparison is done intrinsically within the device, there is no potential for user error
when comparing the sample to the control. Lastly, although background influences are a
major problem of any assay, the CV-chip significantly reduces this influence due to the use
of a competition mode. As a result, background influences are expected to alter the sample
and control similarly, and therefore exert little effect on the competition result.

We confirmed the performance of the CV-chip with varying horseradish peroxidase (HRP)
concentrations. We also detected various concentrations of the pregnancy biomarker human
chorionic gonadotropin (hCG) using the device, demonstrating its capability to differentiate
small differences (less than 1.3-fold) of hCG near the cutoff value for pregnancy (~1.4 ng/
mL). Furthermore, biomarkers of the epithelial-to-mesenchymal transition (EMT) in cancer
cells were measured and confirmed by immunofluorescence and Western blot assays.
Finally, drugs of abuse in patient samples were tested on the platform and confirmed by LC-
MS. In a screening of 18 patients for six different drugs, the CV-chip produced zero false-
positive and <2% false-negative results in more than 100 tests.

EXPERIMENTAL SECTION

Materials and Chemicals

Glass slides (75 x 50 x 1 mm) were obtained from Corning, Inc. (Corning, NY). SPR 220-7
was purchased from MicroChem Corp (Newton, MA). MFCD26 was obtained from Rohm
and Haas Electronic Materials (Marlborough, MA). Hydrogen peroxide solution (H,O5, 35
wt % in H,0), HRP, luminol, (3-glycidoxypropyl) trimethoxysilane (3-GPS), NH4F, HF,
HNOg3, toluene, ethanol, silicone oil, and the tested drugs were purchased from Sigma-
Aldrich (St. Louis, MO). Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane was
purchased from Pfaltz and Bauer (Waterbury, CT). PBS buffer (0.1 M, pH7.4) was obtained
from Lonza (Allendale, NJ). Red ink and the commercial hCG kit were purchased from
Fisher Scientific (Waltham, MA). Amorphous diamond-coated drill bits (0.031-in. cutter
diameter) were purchased from Harvey Tool (Rowley, MA). The hCG and the antibodies for
hCG and EMT biomarkers were purchased from Abcam (Cambridge, MA). All antidrug
antibodies and drug derivative-HRP were purchased from Antibodies-Online (Atlanta, GA).

Device Operation

The device is composed of one top plate and one bottom plate. After the device was
fabricated (see Supporting Information), 3 pL of silicone oil was added to the top device
plate with the patterns facing up. Then, the top plate was assembled with the bottom plate.
The silicone oil was distributed on the two plates by sliding the plates against each other
repeatedly, effectively sealing the two glass slides together and preventing solution leakage.
The two plates were then aligned to allow the relevant wells to partially overlap and form a
continuous N-shaped fluidic path in the horizontal direction. To load a solution into the
device, a 10-uL pipet tip containing the sample or reagent was inserted into the right inlet on
the top plate. The solution was loaded into the wells via the pipet. To obtain the readout, the
top plate was moved obliquely to make the wells connect in a Z-shape in the vertical
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direction. The readout is then obtained by reading the ink bar according to the ruler besides
the channels at the determined time.

Test for Drugs of Abuse on the Device

The test for drugs of abuse is based on competitive ELISA principles. Briefly, following
surface silane treatment (see Supporting Information), the wells were coated with 2 pL of
capture antibody (~10 pg/mL). Then, a drug derivative-HRP solution (the concentration of
the drug derivative was ~200 ng/mL, and the concentration of HRP was ~2000 ng/mL) was
mixed at a 1:1 ratio with either the control (at the cutoff concentration for the drug of
interest) or a test sample. Then, 2 uL of the mixture was added to each well of the top end
(control) and bottom end (sample), respectively. After a washing step, the device was
assembled and the reagents were loaded. Since the drug-derivative was conjugated with
HRP, the bar chart advancement was obtained by sliding the CV-chip to allow the HRP
probe to contact the luminol/H,O,. Assay readouts were recorded after a 15 min incubation
at 37 °C.

RESULTS AND DISCUSSION

Working Principle

The CV-chip displays visual positive and negative results based on the direct competition of
nitrogen gas generated by the sample and the internal control (Figure 1a). Nitrogen gas is
produced by a chemiluminescent reaction between luminol and H,0,, using HRP as the
catalyst (Supporting Information Figure S1).33.34 Here, we chose HRP as the probe because
a multitude of HRP-conjugated antibodies and drug-derivatives are commercially available,
eliminating the need for time-consuming conjugation and purification and enabling virtually
limitless applicability for this assay. The handed 20-plex CV-chip is depicted in Figure 1b.
The CV-chip has two loading ends: the top end for the control and the bottom end for the
sample (Figure 1c). The readout is based on which end generates more nitrogen gas. In the
loading phase, the three sets of horizontal lanes at the top and bottom of the device are
repeating “N” shapes. Typically, the top- and bottom-most lanes are preloaded with a
mixture of luminol and H,O, (green dye as shown in Figure 1c). The second lanes in the top
and bottom of the device are sample and control lanes, respectively, and these lanes contain
the ELISA reaction (yellow dye as shown in Figure 1c). Conversely, the “ELISA lane” can
also be filled directly with HRP solution for a nitrogen gas test. The third lanes remain
empty to serve as air spacers and to avoid direct contact between the sample and the ink.
The central horizontal lane in the middle of the chip is designated for loading the red ink.
Obliquely sliding the top plate causes the horizontal fluid paths to reform into independent
parallel vertical paths (Figure 1c). For each vertical unit, the wells are shaped like repeating
*Z's, allowing the mixture of luminol and H,0, to come into contact with the HRP probe to
generate nitrogen gas. Subsequently, the ink is pushed into the top or bottom halves of the
CV-chip based on the quantity of nitrogen gas produced at the two opposing ends. The ink
then forms a bar in the upper channel, yielding a positive signal because of the generation of
more gas in the sample lane. Conversely, the ink produces a bar in the bottom channel if the
sample is negative, as the control lane produces more gas than the sample (Figure 1a).
Various differences between samples and controls can generate ink bar charts of varying
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lengths (Figure 1c). Using standard photolithography and glass-etching methods (Supporting
Information Figure S2), we fabricated three types of devices to measure 6, 10, or 20 targets
simultaneously (Supporting Information Figures S3-S5).

Evaluation of the CV-Chip

A series of tests were conducted to evaluate CV-chip performance. First, two HRP solutions
within a typical concentration range (1 and 4.5 uM) were loaded at the two ends. As shown
in Figure 2b, solutions with equal concentration difference at the two ends of each unit
resulted in a uniform bar chart (dynamic advancement shown in Supporting Information
Movie S1). To further test the CV-chip sensitivity, we loaded two additional pairs of HRP
solutions at the two ends: 4 and 5 UM and 5 and 6 pM. The small differences between the
samples (4 and 6 pM) and the control (5 uM) were distinguishable based on the movement
of the dye (Supporting Information Figure S6), and this sensitivity should contribute to the
ability of the CV-chip to distinguish between target concentrations similar to the cutoff and
to reduce false-negative and false-positive results. Second, two pairs of HRP solutions at
high (500 and 750 uM) and low (5 and 7.5 nM) concentrations ranges were used to test the
dynamic range of the CV-chip. The results (Figure 2a, ¢) demonstrated that the device was
able to assess the proper signal for samples with submillimole and nanomole concentration
ranges. This advantage is meaningful as we then only need to modify the controls at the top
end for the detection of multiple biomarkers with different concentration ranges.3° For
currently available POC devices, however, several calibrations may be required for each
target.29:36 Quantification plots shown in Figure 2e depict uniform advancement bars for the
three pairs of HRP solutions tested in Figure 2a—c. Moreover, Figure 2f shows the dynamic
curves obtained at temperatures of 25-42 °C for the pair of 5-7.5 nM HRP solutions. In this
experiment, the observed ink bar movement was faster at the higher temperature, likely due
to the facts that at the higher temperatures tested, HRP has a better enzyme catalytic
effciency for the luminol-H,O, reaction and the reagents diffuse more efficiently. The ink
advancement was, however, only a little longer (less than 10%) at 42 °C than at 37 °C.
Because high temperatures may influence the oil seal between the two glass slides, we
performed all reaction incubations at 37 °C in subsequent experiments, including the hCG
assay, cancer cell biomarker detection assay, and screening for drugs of abuse. Third, we
loaded two pairs of HRP solutions with the same concentration at the two ends. The
readouts obtained following a 30 min incubation (500 vs 500 uM; 5 vs 5 nM) revealed no
ink advancement, verifying the reliability of the CV-chip (Supporting Information Figure
S7). Fourth, we investigated the relationship between HRP concentration differences and ink
bar advancement. A solution of 1 pM HRP was loaded at the bottom end of the CV-chip. To
obtain the HRP concentration gradient at the top end of the CV-chip, green food dye was
mixed with 6 uM HRP solution, and the mixture was loaded as shown in Supporting
Information Movie S2 (the second layer). Then the relative gradient of HRP concentration
was visualized based on the gradient of the dye intensity at each well (Figure 2d). The
gradient differences of HRP concentrations at the two ends produced a gradient bar chart,
which is shown in Figure 2d, and this bar chart was verified via the similar slopes of the two
fitted linear curves, which are depicted in Figure 2g. These results are also in good
agreement with the results of Supporting Information Figure S8 and Movie S3. In addition
to the 6-plex CV-chip, we also evaluated the performance of the 10-plex CV-chip and 20-
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plex CV-chip for the generation of uniform and gradient bar charts; similar results were
obtained with the additional CV-chips (Supporting Information Figures S9 and S10).

Comparison of the Readouts from the CV-Chip and the Strip Assay

To illustrate the differences between our technology and previous methods, we first
compared the readout performance of the CV-chip and the strip assay for the detection of the
hCG pregnancy hormone (see Supporting Information for experimental details). Whereas
the CV-chip produces a positive or a negative result based on the competition of the control
and sample (Figure 3a), the readout for the strip assay is based on antibody binding, and the
positive or negative result is dependent on antigen binding and the subsequent appearance of
a test line (Figure 3b). The cutoff value for hCG detection in urine in early pregnancy is 20
mlU/mL. Various hCG samples (spiked in male urine) with concentrations ranging from 5
to 50 mlIU/mL were tested three times on the CV-chip and six times with commercial hCG
kits. For all three CV-chip tests, the control was set as the cutoff value for pregnancy (20
mlU/mL). Samples with concentrations of lower than 15 mlU/mL and higher than 25
mlU/mL displayed clear negative and positive ink bars, respectively (Figure 3a and
Supporting Information Figure S11). The varying lengths of the ink bars also demonstrated
the semiquantitative ability of the CV-chip for biomarker testing. Using the commercial kit,
all six tests performed on samples with concentrations higher than 25 mIU/mL were
definitively positive. Four of the six samples containing 15 mlU/mL hCG vyielded negative
results; however, the other two samples with 15 mlU/mL hCG showed a very weak test line,
which should be absent at this concentration, resulting in an obscure readout (Figure 3b)
consistent with previous reports.8 These results demonstrated that the strip assay may
provide false positives when the concentration of the test sample approaches the cutoff
value. In contrast, the CV-chip distinguished even small differences (less than 1.3-fold) in
concentration near the cutoff value of 20 mIU/mL (~1.4 ng/mL), demonstrating high
sensitivity and specificity.

EMT Biomarker Detection Using the CV-Chip

After the hCG assay, we utilized the ELISA-based CV-chip to compare the expression of
EMT biomarkers (E-cadherin, N-cadherin, and vimentin)37:38 in MCF-7 and MDA-MB-231
breast cancer cells. Previous studies reported that MCF-7 cells express E-cadherin, while
MDA-MB-231 cells express N-cadherin and vimentin.38:39 The three EMT biomarkers were
examined in the two types of cancer cells using sandwich ELISA (Figure 4a). MCF-7 and
MDA-MB-231 cell lysates with the same cell concentration were loaded at the top end and
bottom end, respectively (see Supporting Information for details). MDAMB-231 cells
expressed higher levels of N-cadherin and vimentin compared to MCF-7 cells (Figure 4b).
Conversely, MCF-7 cells expressed higher levels of E-cadherin than MDA-MB-231 cells
(Figure 4b, c). The profile of biomarker expression in the two cell lines was validated using
immunofluorescence imaging and Western blot analysis (Figure 4d, ), which confirmed
results from the CV-chip and data from previous reports.3® These results demonstrate that
this POC ELISA platform can assess protein expression in different cell types rapidly and
accurately. This technology has potential applicability for evaluating cancer-related
biomarker changes3® or protein expression changes that result from gene mutation or gene
transfection.40
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Drug Abuse Screening Using the CV-Chip

Substance abuse can result in many health problems*! and is one of the leading causes of
preventable mortality.42 Previous POC assays for detection of substance abuse agents
suffered from potential false positives and false negatives.13:14 Here, we used the CV-chip
to perform screening for drug abuse substances. Before screening patient samples for
evidence of substance abuse, we evaluated the ability of the CV-chip technology to analysis
samples spiked with drugs using competitive ELISA assays*3 (Figure 5a). The competitive
ELISA technology, but not the competitive VV-chip assay, has been used for decades to
detect small molecule analytes. In contrast to the sandwich ELISA used for the biomarker
test, the competitive ELISA system will generate a downward bar on the CV-chip in the
case of a sample positive for substances of abuse because as the drug concentration
increases, the concentration of drug-conjugated HRP decreases and less nitrogen gas is
generated (Figure 5b).

Accordingly, a negative sample will generate an upward bar. To evaluate the potential of the
CV-chip in such a system, we tested a series of samples spiked with cocaine (COC). All
abbreviations and cutoff values for all drugs that were tested in these experiments are
defined in Supporting Information Table S1. The CV-chip technology not only identified
samples as positive or negative but also indicated drug concentration differences among the
positive or negative samples (Figure 5¢). Subsequently, urine samples were spiked with
three additional drugs (MTD, PCP, TCA), and the samples were tested using one chip. The
upward and downward ink bars (Figure 5d) that represent the negative (marked “~") and
positive (marked “+”) samples, respectively, correspond with the assay mechanism depicted
in Figure 5b, suggesting that the CV-chip can be successfully used for simultaneous
multiplexed detection of different drugs with various cutoff values.

Finally, to evaluate the new technology in the clinical setting, we employed the CV-chip to
test urine samples from drug abuse patients. For the control, the top end of the chip was
loaded with urine samples collected from drug-free individuals and spiked with the cutoff
concentrations of each drug. Patient urine samples were then loaded into the bottom end of
the chip. First, we evaluated six patient samples in a multiplex assay to detect six drugs
(AMP, mAMP, COC, BZO, OPI, and THC) per chip (resultant data quantification shown in
Figure 6a—f). We then tested three groups of samples for three drugs (Figure 6g, COC,
samples 1-6; Figure 6h, OPI, samples 7-12; and Figure 6i, BZO, samples 13-18).
Furthermore, we tested the samples 7-12 for AMP, mAMP, BZO, and COC and samples
13-18 for AMP, mAMP, OPI, and COC. All patient samples were tested three times. The
bar-chart results for the tested patient samples are shown in Supporting Information Figures
S12 and S13. The CV-chip data were further confirmed by LC-MS analyses (Supporting
Information Table S2). Finally, the results from the CV-chip were found to be consistent
with the LC-MS data (Supporting Information Table S3). The only two exceptions were the
OPI test for sample 8 (Figure 6h) and sample 16 (Supporting Information Figure S13g) as
the CV-chip test produced a negative result, while the LC-MS yielded a positive result for
these two samples. A very likely reason for the two false-negative results stems from the
fact that the immunoassay-based CV-chip test does not cross-react with the specific drug
types detected on LC-MS. In summary, the CV-chip data resulted in less than 2% (2 of a
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total of 17 x 6=102 tests) false-negative and 0% false-positive results, which is comparable
to (if not better than) that obtained in commercial drug test kits.12:13 Detailed results are
summarized in Supporting Information Table S4. Because of the real-time competition
between the sample and the control, the accuracy of these tests for drugs of abuse using the
CV-chip was much improved, without a concurrent increase in cost or complicity.

CONCLUSIONS

In summary, a simple POC device was developed by embedding a real-time internal control
into a volumetric bar-chart chip. This CV-chip possesses four advantageous characteristics
as a result of inclusion of the internal control design: (1) accurate results with few false-
negative or false-positive results; (2) ability to distinguish between samples with small
concentration differences; (3) a wide dynamic range with the ability to test multiple samples
with different cutoff values; and (4) qualitative and semiquantitative results in the same
panel without any calibrations. This technology combines the advantages of low cost,
portability, high sensitivity, and a clearly visualized readout. Therefore, the CV-chip has
great potential in the advancement of clinical analysis and personalized diagnostics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Principle of the CV-chip. (a) The CV-chip detection mechanism. (b) The 20-plex CV-chip.

(c) Operation of the CV-chip. After loading reagents, an oblique slide will initiate the
reaction and then generate the readout. Scale bar, 0.5 cm.
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Figure 2.
Evaluation of the CV-chip. (a—c) Bar chart results from experiments with varying HRP

concentrations at the two ends. The readout for (a) was based on HRP concentrations of 750
UM and 500 pM, and the data were recorded after 6 min at 25 °C. The readout for panel b
was based on HRP concentrations of 4.5 and 1 uM, and data were recorded after 10 min at
25 °C. The readout for panel ¢ was based on HRP concentrations of 7.5 and 5 nM, and data
were recorded after 10 min at 37 °C. (d) Result based on a gradient from 6 to 1 uyM HRP
solutions at the two ends. Green food dye and 6 UM HRP were mixed together, and the
mixture was injected to form the concentration gradient at the top end. The dotted rectangle
box shows the green dye gradient after the injection. The reaction was read after 10 min at
25 °C. (e) The uniform advancement curve obtained from panels a—c. (f) The dynamic
curves obtained at 25, 30, 37, and 42 °C with 7.5 and 5 nM HRP loaded at the two ends.
Data are shown as mean of the distance in the six channels = SD (g) The dye intensity at the
center of each bottom well in the dotted rectangle box and the ink advancement (obtained
from panel d) were plotted against the channel number. The two fitted lines show similar
slopes (0.658 and 0.667). Scale bar: 0.5 cm for panels a—d.
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Comparison of hCG detection using the CV-chip and the strip assay. (a, b) Readouts of the
CV-chip (a) and the strip assay (b). The CV-chip yielded a clear positive or negative bar

chart readout based on the nitrogen gas competition between the control (20 mlU/ mL) and
the sample (15 mIU/mL or 25 mIU/mL). The strip assay showed a positive test line for the
25 mlU/mL sample and a very weak test line that should not be present for the 15 mIU/mL
sample, although this concentration is below the detection limit.
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Multiplexed detection of EMT biomarkers from lysates of two types of cancer cells. (a)
Mechanism of sandwich ELISA used for biomarker detection. (b) Detection results of three
representative cancer biomarkers (N-cadherin, vimentin, and E-cadherin) on the CV-chip.
The readout was conducted after a 15 min incubation at 37 °C. (c) Quantitative difference in
the expression of the three biomarkers expressed in the two cell lines. Error bars were
obtained from the results of three parallel experiments on the CV-chip. (d) Fluorescence
images of MCF-7 and MDA-MB-231 cells stained with DAPI for nuclei (blue) and FITC for
the biomarkers (green). (e) Results of Western blot for the three EMT biomarkers. Actin was
loaded as a control. Scale bar: 0.5 cm for (b) and 50 um for (d).
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Figureb5.
Drugs of abuse test on the CV-chip. (a) Scheme of competitive ELISA. (b) A schematic

representation of negative and positive readouts using the CV-chip for a drug-screening test.
(c) Detection of COC (0, 50, 300, 500, 1000, and 3000 ng/mL, from left to right) on the CV-
chip. Cutoff value is 300 ng/mL. (d) Detection of three drugs on the CV-chip. The cutoff
concentrations of each drug (MTD, 300 ng/mL; PCP, 25 ng/mL; and TCA, 1000 ng/mL)
were loaded at the top end of the chip. The test samples (MTD, 50 and 500 ng/mL; PCP, 10
and 100 ng/mL; and TCA, 300 and 3000 ng/mL) were loaded at the bottom end of the chip.
Scale bar, 0.5 cm for (c) and (d).
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Figure6.

Screening of samples from drug abuse patients. (a—f) Patient samples 1-6 were tested for six
classes of abused drugs. (g—i) Test results for (g) COC for samples 1-6, (h) OPI for samples
7-12, and (i) BZO for samples 13-18. The orange dotted ellipse in panel h indicates a false-
negative result. Data are shown as the mean of three independent measurements + SD.
Readout was recorded after a 15 min incubation at 37 °C. The corresponding bar-chart
results for panels a—i are shown in Supporting Information Figure S12a-i.
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