Sl A Paper-Based Multiplexed Transaminase Test for Low-Cost,

Lol Point-of-Care Liver Function Testing

AVAAAS Nira R. Pollock et al.

Sci Transl Med 4, 152ral29 (2012);
DOI: 10.1126/scitransimed.3003981

Editor's Summary

Spot-On Toxicity Testing

"Just a little pinprick,"” Pink Floyd once reassured its listeners. Of certainty, they were not singing about liver
function tests. Nevertheless, the soothing lyric can be just as readily applied to paper-based microfluidics, for which
only a droplet of blood——from a finger pinprick——can indicate whether a patient has liver toxicity and needs additional
care. In a new study, Pollock and colleagues developed a cost-effective, multiplexed paper-based test that measures
two enzymes in human blood commonly associated with liver injury: aspartate aminotransferase (AST) and alanine
aminotransferase (ALT).

Levels of these transaminases are elevated in patients with liver toxicity, such as those on several medications
at once (for example, drug "cocktails" for HIV and tuberculosis). In the developing world, limited resources often
prevent patients from having access to the automated laboratory tests used in developed countries. To address this
unmet need, Pollock et al. created a point-of-care (POC) device that requires only blood and the human eye for
analysis. The authors stacked layers of patterned paper containing "test zones" with chemistries specific for
measuring AST and ALT. When blood (<35 pl) is spotted on the device, it interacts with reagents to provide, in 15
min, a colorimetric readout that falls into one of three "bins": <3x, 3x-5x, or >5x the upper limit of normal. This
semiquantitative, color-coded message, along with three control zones, informs the doctor of basic facts needed to
devise the next treatment steps. Pollock and coauthors tested their paper-based device using 233 blood samples with
a range of AST and ALT concentrations. Over all three bins, the device was >90% accurate with both serum and
whole blood when compared to standard measurement techniques.

Costing only pennies to make, these devices can be used at POC to inform clinicians of possible liver injury,
without the long waits for results to return from centralized laboratories. With readouts obtained in near real time,
patients all over the world can be comfortably reassured of their health.

A complete electronic version of this article and other services, including high-resolution figures,
can be found at:
http://stm.sciencemag.org/content/4/152/152ra129.full.html

Supplementary Material can be found in the online version of this article at:
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RESEARCH ARTICLE

BIOMEDICAL ENGINEERING

A Paper-Based Multiplexed Transaminase Test for
Low-Cost, Point-of-Care Liver Function Testing

Nira R. Pollock,'*" Jason P. Rolland,?*" Shailendra Kumar,? Patrick D. Beattie,? Sidhartha Jain,>
Farzad Noubary,? Vicki L. Wong,? Rebecca A. Pohlmann,* Una S. Ryan,” George M. Whitesides>

In developed nations, monitoring for drug-induced liver injury through serial measurements of serum transaminases
[aspartate aminotransferase (AST) and alanine aminotransferase (ALT)] in at-risk individuals is the standard of
care. Despite the need, monitoring for drug-related hepatotoxicity in resource-limited settings is often limited
by expense and logistics, even for patients at highest risk. This article describes the development and clinical
testing of a paper-based, multiplexed microfluidic assay designed for rapid, semiquantitative measurement of
AST and ALT in a fingerstick specimen. Using 223 clinical specimens obtained by venipuncture and 10 fingerstick
specimens from healthy volunteers, we have shown that our assay can, in 15 min, provide visual measurements
of AST and ALT in whole blood or serum, which allow the user to place those values into one of three readout
“bins” [<3% upper limit of normal (ULN), 3 to 5x ULN, and >5x ULN, corresponding to tuberculosis/HIV treatment
guidelines] with >90% accuracy. These data suggest that the ultimate point-of-care fingerstick device will have

high impact on patient care in low-resource settings.

INTRODUCTION

Blood tests for monitoring the status of the liver are a standard part of
medical care in developed nations, particularly for individuals who either
have underlying liver disease or are taking medications that can cause
hepatotoxicity. Accordingly, U.S. guidelines call for baseline and serial
monitoring of serum transaminases, aspartate aminotransferase (AST)
and alanine aminotransferase (ALT), in at-risk individuals while on
standard therapies for tuberculosis (TB) (1) and/or HIV (2). The overall
incidence of clinically relevant hepatotoxicity on TB therapy (typically
owing to the medications isoniazid, rifampin, and pyrazinamide) ranges
from 2 to 33%, and risk may be increased by multiple factors, such as
preexisting liver disease (for example, hepatitis B and/or C), alcohol
use, and increasing age (1, 3). Hepatotoxicity associated with nevirapine-
based HIV therapy, widely used in the developing world, is of partic-
ular concern; rates of nevirapine-associated hepatotoxicity can exceed
13%, depending on underlying risk factors and treatment (2, 4, 5).
Simultaneous treatment for both TB and HIV further complicates
matters and sometimes generates additive risk of hepatotoxicity (6, 7).
In practice, however, it is difficult to predict accurately which patients
on treatment will actually develop hepatotoxicity. For example, severe
idiosyncratic drug-induced liver injury has been observed in patients
with no obvious predictors for isoniazid-associated liver injury who
were treated with isoniazid alone for latent TB (8).

Monitoring for hepatotoxicity in resource-limited settings is often
limited by relative expense and logistical and practical concerns, even
for patients at highest risk. Testing is often done in centralized or re-
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gional laboratories in these settings, which can delay obtaining and
acting on results. Many patients have strong negative feelings about
venipuncture itself, and this aversion can be a barrier to care (9). Because
of these obstacles, in many resource-limited settings patients with TB
and/or HIV receive minimal or no monitoring during treatment. To pro-
vide access to affordable point-of-care (POC) screening, without sac-
rificing the ability to perform clinically useful (and even complex) tests,
we (10-15), and others (16-23), have developed microfluidic platforms
based on paper (broadly defined as thin porous media). Paper-based mi-
crofluidic devices consist of hydrophilic paper channels defined by pat-
terning of hydrophobic barriers (10, 12, 13) or by cutting (16-20, 23).
Using these defined channels, we can direct fluid flow toward specific de-
tection zones and perform operations, such as mixing, splitting, and fil-
tration, autonomously.

Unlike traditional POC paper-based devices (for example, lateral
flow tests), which typically run one or two tests in series (requiring
that each assay on the device be compatible with the others in terms
of buffers and other reagents and that assays not cross-react), paper-
based microfluidic devices, with their ability to modify and direct flow
within microfluidic channels [and in three dimensions (3D)], have the
capacity to split a single, low-volume (<40 ul) sample into multiple
separate portions, which can each be assayed in parallel. This allows
for high-level multiplexing of independently optimized assays with
discrete assay conditions and eliminates concern about cross-reactivity
between assays. Like lateral flow tests, paper-based microfluidic devices
require no external pumps, instrumentation, or power and are both
portable and disposable. Paper-based microfluidic technology has
been reported for potential clinical diagnostic applications (11-24).
These proof-of-principle studies have demonstrated both the ability
to conduct clinical chemistry, enzymatic, immunoassay, and enzyme-
linked immunosorbent assay tests on patterned paper, visually and quan-
titatively (the latter through the use of camera-enabled cellphones), and
the viability of both single layer (12, 14, 16-24) and 3D (13) patterned
paper devices to sense various analytes, including AST (24). However,
despite this substantial body of proof-of-concept work, there has been
minimal validation of paper-based microfluidic devices using actual
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clinical specimens, and a field-ready clinical test for monitoring hep-
atotoxicity has yet to be demonstrated.

Here, we demonstrate major progress toward the development of a
paper-based, POC assay for rapid, semiquantitative measurement of
AST and ALT in a fingerstick whole-blood specimen. For highest clin-
ical utility, the device has been optimized for visual color readout in
AST and ALT ranges, or “bins” [<3X upper limit of normal (ULN), 3 to
5x ULN, and >5x ULN], that correspond to the cutoffs currently used
for clinical management decisions per TB (I) and HIV treatment
guidelines in the United States (2). Our data suggest that, ultimately, this
paper-based fingerstick device could significantly affect patient care, par-
ticularly in resource-limited settings.

RESULTS

Design and chemistry of the paper-based transaminase test
The paper-based transaminase test is an example of a 3D device made
from layering patterned paper (Fig. 1A). To create a layer of patterned
paper, we used a wax-based printer and a heat source to print micro-
fluidic, hydrophilic paths within the paper, through which flow (drawn
by wicking) can be directed to specific “detection zones.” Layers of pat-
terned paper were stacked to generate 3D devices by depositing patterned
layers of hydrophobic adhesive by means of screen printing and adher-
ing multiple sheets together. Our postage stamp-sized device (20 x 20 x
0.5 mm®) was designed to perform two separate tests: One zone measures
AST and another measures ALT (Fig. 1, B and C) in a clinical sample
in 15 min. Additionally, the test contains three control zones to ensure
proper device performance (Fig. 1D and fig. S1). Each test zone has a
unique environment (pH, buffer, reagents, etc.) that ensures specificity.
The AST assay chemistry is based on the sulfonation of methyl green,
which results in a visual transformation from blue to pink as the dye
becomes colorless and the pink background color (rhodamine B) is re-
vealed (Fig. 1C) (Supplementary Methods). The ALT assay chemistry is
based on the conversion of 1-alanine to pyruvate, the subsequent oxidation
of pyruvate by pyruvate oxidase, and the use by horseradish peroxidase of
the liberated hydrogen peroxide to generate a red dye through the coupling
of 4-aminoantipyrine and N,N-dimethylaminobenzoic acid (Fig. 1C)
(Supplementary Methods).

Our device consists of two layers of similarly patterned paper, a
plasma separation membrane, and a laminated cover of polyester film
to protect the device from the environment and limit evaporation (Fig.
1A). A hole in the lamination allows for a fingerstick or pipetted drop
(30 ul) of whole blood or serum to be applied to the plasma separation
membrane (Fig. 1B). If whole blood is applied, blood cells are captured
and retained by the plasma separation membrane, whereas plasma
wicks into the individual “zones” in the first layer of paper below. In
those zones, the plasma fluid reconstitutes dried reagents (required for
the zone-specific chemistry) and continues to wick to the second layer
of paper, where analytes in the plasma react with additional dried re-
agents in each detection zone (fig. S1) and generate visual colorimetric
signals that can be interpreted and semiquantified with a visual “read
guide” (Fig. 1C). The read guide was generated using device images
obtained from a desktop scanner and image analysis software (Materials
and Methods).

The paper-based transaminase test has several features that inform
the user (Fig. 1, C and D). The test has been carefully engineered for
visual readout, in that the AST/ALT test zones provide a strong color
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change across the target clinical range (Fig. 1, C and D). We specifi-
cally optimized the interpretable ranges for AST and ALT values (color
readouts in the test zones) to correspond to the cutoffs currently used
for clinical management decisions per TB treatment guidelines in the
United States (I). Accordingly, the results of the test are interpreted as
being within one of the following three bins: <3x ULN (0 to 119 Ulliter),
3 to 5x ULN (120 to 200 Ulliter), or >5x ULN (>200 Ulliter) (Fig. 1C).
The additional color gradation within each bin on the read guide allows
the reader to approximate where within the bin the result lies and thus
allows semiquantitative readout. Additionally, three control zones notify
the user of insufficient sample volume, hemolysis, or damaged reagents
(Fig. 1D); each zone is interpreted as “valid” or “invalid.” A result of in-
valid in any of the three control zones invalidates the entire device.

Analytical performance of the device

Test linearity was measured by adding known amounts of purified ALT
and AST to fresh whole human blood, pipetting 30 pl of blood onto the
device, and digitizing the color reactions observed after 15 min with a
desktop scanner. Image analysis software was used to translate the re-
sulting color intensities in each scanned zone into quantitative infor-
mation (Supplementary Methods). Both assays were linear across the
target clinical range (40 to 200 U/liter), and the 95% prediction intervals
showed that, given a particular ALT or AST value, the range of pos-
sible color intensities was relatively narrow (Fig. 2, A and B). We de-
termined the limit of detection (LOD) for ALT to be 53 U/liter and for
AST to be 84 Ulliter in artificial blood plasma buffer (Fig. 2, C and D)
(Supplementary Methods). LOD data were fit to the Hill equation, I =
Imax [L]"/([L]" + [Lso]"), by nonlinear regression, where I, is the
maximum color intensity, L is AST or ALT concentration (in U/liter),
Lsy is the AST or ALT concentration (in U/liter) that generates a signal
equal to one-half of I;,,;, and n is the Hill coefficient (14). For AST,
Iax = 105.7, Lsy = 260.9 Ulliter, and #n = 1.72. For ALT, I, = 126.5,
Lsg = 331.33 Ulliter, and n = 1.04. For both assays, the linear portion
of the sigmoidal curve ranged from 40 to 200 U/liter.

To measure repeatability of the paper-based test, we measured
color intensity for simulated clinical samples: commercial serum sam-
ples with known AST/ALT values and fresh whole-blood samples
spiked with low/normal (“low”) and elevated (“high”) levels of AST
and ALT (Table 1) (Supplementary Methods). Ten devices were used
to measure each sample. Precision was quantified with the coefficient
of variation (CV), which is defined as the SD divided by the mean, for
each sample. CV values were <10% for both AST and ALT tests in all
four conditions (elevated/normal serum/blood) (Table 1).

Device performance with venipuncture clinical specimens

To evaluate the performance of the paper-based transaminase test in
actual clinical specimens, we tested aliquots of paired whole-blood and
serum specimens that had been drawn simultaneously from patients
within the previous 5 hours for routine clinical testing and for which
results of automated transaminase testing of the serum specimen were
available. Aliquots (30 ul) of blood or serum were applied to each de-
vice, and 15 min later, each device was analyzed by three independent,
blinded readers. The readers independently matched test zone colors
to the closest color/value found on the read guide (Fig. 1C) and recorded
a result in units per liter (rounded to the nearest 10 U/liter). Results of
the paper-based transaminase test for paired whole-blood and serum
specimens were then compared to the results of automated serum
transaminase testing as the gold standard (Fig. 3). Unaveraged raw
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data are presented in tables S1 to S4. Given that EDTA plasma (sep-
arated from cells within 8 hours of collection) is an acceptable alter-
native specimen for testing by the automated assay, it was assumed
that gold standard results for the whole-blood specimen (that is, plas-
ma) would have been equivalent to gold standard results for the paired

serum specimen. Whole-blood specimens were discarded after initial
testing, whereas serum specimens were stored at 4°C for repeat testing;
there was no systematic change in AST or ALT results in either direc-
tion (that is, higher or lower) noted on repeat testing of stored serum
specimens (tables S3 and S4).

C
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Fig. 1. Schematic of the paper-based AST/ALT test design and protocol.
(A) The device consists of two layers of similarly patterned paper, a plasma
separation membrane, and a laminated cover of polyester film. (B and C) A
drop of whole blood (either a fingerstick specimen or 30 ul of a specimen
obtained by venipuncture) is applied to the back of the device. Red and white
blood cells are filtered out by the plasma separation membrane, whereas
plasma wicks to the five detection zones through patterned hydrophobic chan-
nels in the paper (B). After 15 min, the AST and ALT test zones are matched to
a color read guide (C) to obtain a concentration value. Results are interpreted as
being within one of three bins of values: <3x ULN (ULN defined as 40 U/liter),
3 to 5x ULN, or >5x ULN. (D) Detailed schema of the paper-based transam-
inase test and possible colorimetric readouts for the five zones (i to v). A sche-
matic of test and control zones (before receiving a sample) is shown in the
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AST negative control
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center of the figure. (i) AST test zone: low/normal AST values (<80 U/liter)
result in a dark blue color, whereas high AST values (>200 U/liter) result in
a bright pink color. (i) ALT test zone: low/normal ALT values (<60 U/liter) result
in a yellow color, whereas high ALT values (>200 U/liter) result in a deep red
color. (iii) ALT negative control zone: a change from white to yellow indicates
appropriate device activation; in the event of sample hemolysis, the zone
becomes orange/red and the device is read as invalid. (iv) AST negative control
zone: the baseline blue color remains unchanged if dye chemistry is func-
tioning properly, whereas the zone becomes bright pink in the event of non-
specific dye reaction and the device is read as invalid. (v) AST positive control
zone: the zone changes from blue to pink if AST reagents are functioning
properly but remains dark blue if either the reagents are not functioning or
the zone is not activated, in which case the device is read as invalid.

19 September 2012 Vol 4 Issue 152 152ra129 3

Downloaded from stm.sciencemag.org on September 20, 2012


http://stm.sciencemag.org/

RESEARCH ARTICLE

Bin placement accuracy. Results of the paper-based assay for 3 to 5x ULN, or >5x ULN) as the gold standard result. We calculated
each specimen were compared to the gold standard automated serum  bin placement accuracy by determining if each datum met at least one
transaminase results to evaluate “bin placement accuracy” whether  of the following criteria: (i) the value measured by the paper transam-
the result of the paper-based assay was in the same bin (<3x ULN, inase test was within the correct bin as determined by the automated

(true) value or (ii) the value measured

by the paper test was within 40 U/liter
y= 0'7?323:73 ;568-741 y= 0-2220:7’8 ;843‘671 of the true value. The second criterion ac-

counted for values near the boundaries of
the bins, because it was agreed that varia-
tions of this magnitude were potentially
acceptable because the maximum visual
resolution of the device was likely 20 to
30 Ulliter and variations of <40 Ulliter near
these boundaries were unlikely to reflect
appreciable differences in clinical status, de-
spite potentially changing management
40 if strict cutoffs at 3x and 5x ULN were
to be used for decision-making.

Overall accuracies for the device (data

0 : . . . ' . . ' for all three bins in aggregate) were >90%

0 50 100 150 200 250 0 50 100 150 200 250 for both AST and ALT in both serum and

ALT (Uliter) AST (U/liter) whole blood (Fig. 3 and Table 2). “Per bin”

C D accuracies were calculated by dividing

140 R*=0.96 0 R*=0.99 the number of correctly binned samples
in each bin by the total number of samples
in that bin. ALT accuracies were higher for
serum than for whole blood, particularly
in the 3 to 5x bin (92% versus 57%, respec-
tively; P < 0.00003, y” test). This disparity
could be explained by the age of the whole
blood (drawn from patient 2 to 5 hours
before) at the time of testing. In previous
experiments, we found that whole-blood
samples with baseline ALT levels less than
Lob=s4Uiter 40 U/liter began to yield artificially high

/ ALT values (between 120 and 200 U/liter)
00 0.1 10 1000 0007 0.1 10 1000 on the paper test after aging for >6 hours
ALT (U/liter) AST (U/liter) from the time of draw. We believe that this

Fig. 2. Paper device perf ith ALT and AST spiked into fresh whole human blood. Thirty mi drift i values with age i due to the fact that
ig. 2. Paper device performance wit an spiked into fresh whole human blood. Thirty micro- over time, red blood cells (RBCs) release lac.

liters was pipetted onto each device. (A and B) Device readout linearity for color intensity versus concen- L.
tration of ALT (A) or AST (B). Each datum is an average of three independent measurements from three tate, which is then converted t(,) pmmta the
separate devices. Dashed lines represent the upper and lower 95% prediction intervals. ALT values are ~ €XC€SS pyruvate leads to activation of the
normalized by subtracting each point from 255 so that higher color intensity values correspond to higher ALT assay and therefore falsely high read-
ALT concentrations (Supplementary Methods). (C and D) LOD curves for ALT (C) and AST (D). Data are nor-  ings. In the case of serum, RBCs are sep-
malized such that the lowest intensity measured yields a value of 0 color intensity on the y axis. Solid lines  arated from the serum shortly after draw,
represent a nonlinear regression of the Hill equation. The data are averages of seven measurements + SD.  preventing accumulation of pyruvate in
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Table 1. Repeatability of the paper-based transaminase test. Color intensity was measured and quantified in individual zones. %CV was calculated
by dividing the SD by the mean intensity (n = 10 devices per specimen with a given value).

Serum standard Serum standard Whole blood Whole blood
Actual ALT (U/liter) 56 128 40 200
Actual AST (U/liter) 69 244 40 200
ALT color intensity, mean + SD (%CV) 111.0 £ 6.55 (5.89) 120.6 + 11.2 (9.28) 93.6 + 4.75 (5.08) 146.5 + 10.59 (7.22)
AST color intensity, mean + SD (%CV) 62.6 + 5.52 (8.82) 151.1 £ 7.60 (5.03) 65.3 + 5.24 (8.01) 168.5 + 4.45 (2.64)
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Fig. 3. Direct comparison of transaminase measurements made with
the paper-based device to those made with the standard automated
method. (A to D) ALT values in paired serum (A) and whole-blood (B)
clinical specimens and AST values in paired serum (C) and whole-blood
(D) clinical specimens are plotted against values (in U/liter) measured in
the serum specimen with a gold standard automated method (Roche
Modular Analytics System). Results for each whole-blood specimen (n =
1 per reader) were averaged from three blinded readers to generate
each datum. All serum specimens with sufficient volume remaining af-
ter initial testing were stored at 4°C for up to 2.5 weeks and blindly re-
tested in triplicate (three readers blinded to automated results read each

serum. Therefore, we would expect accuracies from fresh whole blood
(including from a fingerstick) to mirror the serum results in this study.
This hypothesis was preliminarily tested with freshly drawn whole-
blood samples with known amounts of ALT added (Fig. 2A), which
did not generate falsely high results. (Notably, this effect is not seen in
commercial assays because these assays measure the kinetic rate of
color formation after the native pyruvate is consumed during an initial
incubation period.)

Results for the paper-based test that were neither within the correct
bin nor within 40 Ulliter of the gold standard result were considered
inaccurate (Fig. 3). It is important to note that although all samples
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of up to three assays performed per specimen) and then averaged. In
each plot, the blue boxes represent AST or ALT bins within which values
for both the paper-based device and the automated method are within
the same range: <3x ULN (0 to 119 U/liter), 3 to 5x ULN (120 to 200 U/liter),
or >5x ULN (>200 U/liter). The red line corresponds to the line of equality,
and the green and purple lines correspond to +40 U/liter from the line of
equality, respectively. Points circled in red are samples that were neither in
the correct bin nor within 40 U/liter of the value measured by the gold
standard automated method. For scaling purposes, x axis values measured
by the Roche system that exceeded 400 U/liter were plotted between 400
and 500 U/liter.

with ALT/AST values below the calculated LODs (53 and 84 U/liter
for ALT and AST, respectively) could potentially yield equivalent
results from the colorimetric test, some color resolution is lost when
scanning the devices and this results in conservatively calculated LOD
values. Therefore, attempts to visually distinguish values below the
calculated LODs were allowed [discernible color changes made it pos-
sible, in principle, to discriminate lower values (Fig. 1C)]. Regardless,
these values are well within the <3x ULN range and no clinical action
would be expected for the target patient population. Because the de-
vice is meant to detect substantially elevated (>3x ULN) transaminase
levels, the assay chemistry was tailored to exhibit the greatest color
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Table 2. Bin placement accuracies for visual measurements in clinical specimens made with the paper-based transaminase test. Ninety-five percent
confidence intervals around the overall accuracy estimates are shown. For the bins, X = 40 U/liter = ULN.

Test Specimen Bin n samples in bin n correctly placed Per bin accuracy (%) Overall accuracy (%)
ALT Serum <3x 89 88 99 95+ 4
3-5%x 12 1 92
>5% 19 15 79

Blood <3x 70 66 94 90 +6
3-5x 7 57
>5% 1 82
AST Serum <3%x 88 85 97 91+5
3-5x 26 18 69
>5% 14 14 100
Blood <3x 69 68 99 94 +5
3-5x 17 13 76
>5% 8 7 88

changes between 3x and 5x ULN. Values well above 5x ULN, being
out of the linear range, will appear the same on the test and will thus
prompt the same clinical response. Notably, the measuring range for
the automated assay we used was 4 to 400 U/liter (0.1 to 10x ULN);
higher values must be measured by sample dilution.

Method comparison (Bland-Altman analysis). We further eval-
uated the paper-based device performance by Bland-Altman anal-
ysis (25) (Supplementary Methods). Specifically, we compared the
semicontinuous data (reader estimates, to the nearest 10 U/liter) to
the continuous data obtained by gold standard automated testing
(Fig. 4). The goal of this analysis was to obtain a more highly resolved
assessment of agreement with the gold standard method and to ex-
plore device bias and variability in the target clinical range (defined
for this analysis as 40 to 250 Ulliter). For serum ALT and AST values,
we applied a log transformation to our data because the Bland-Altman
plot of the untransformed data showed an increase in variability of
the differences with increasing magnitude of measurement (Fig. 4,
A and B). The log-transformed Bland-Altman plots for ALT and AST
serum successfully removed the relationship between differences and
the mean (Fig. 4, C and D).

The data were then back-transformed to give values relating to the
ratio of the untransformed measurements. The paper-based test under-
estimated ALT serum by 9% on average, and the 95% limits of agree-
ment were between 60% lower and 90% higher for ALT serum. After
the same transformation, AST serum results revealed that the paper-
based test overestimated AST serum by 12% on average and the 95%
limits of agreement were between 63% lower and 100% higher. We
observed a bias of the paper-based device to overestimate the ALT
whole-blood data by 18 Ulliter, on average (Fig. 4E) (likely due to pyr-
uvate generation). The 95% limits of agreement (the interval expected to
contain 95% of paired differences) range from —63 to +99 Ulliter for the
ALT whole-blood data set. The AST whole-blood plot shows virtually
zero bias and 95% limits of agreement from —59 to +62 Ulliter (Fig. 4F).
Because the differences between color swatches on the read guide are each
20 to 30 Ulliter, we expect that the maximum resolution of the device
is similarly 20 to 30 U/liter. These results suggest clinically acceptable
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agreement between the semiquantitative paper test and the gold stan-
dard automated assay method.

Performance of the device in fingerstick testing

We have conducted initial experiments to observe the performance of
the device with whole blood obtained through fingerstick. In a small
study, a droplet (~30 pl) of blood from a fingerstick was obtained
from 10 healthy volunteers and introduced to the paper device. All
10 devices were found to fully activate, meaning that all zones were
wet with plasma, and all controls worked properly. As expected for
healthy subjects, AST and ALT levels were found to be <40 U/liter
for all volunteers and matched results of automated testing (Table 3).
It is important to note that others have shown equivalency between
transaminase levels measured (by automated methods) in whole blood
obtained through fingerstick and levels measured in whole blood ob-
tained through venipuncture (26, 27). We therefore similarly expect
that, for the paper-based test, fingerstick data for patients with abnormal
transaminase levels will demonstrate accuracy comparable to the data
presented here for samples collected by venipuncture.

Evaluation of analytes with potential for assay interference
Studies were performed to assess common substances that are present
in whole blood and could potentially interfere with ALT and AST as-
says (fig. S2). Our data suggest that pyruvic acid and ascorbic acid in-
terfere with the ALT assay but not the AST assay. Specifically, pyruvate
present at levels >0.2 mM may produce falsely elevated results in the
ALT assay, and ascorbic acid present at levels >3 mg/dl may produce
falsely low ALT results. All of the other substances tested showed no
significant interference (defined as a 10% or greater change in color in-
tensity from the value measured in the specimen containing zero added
interferrent) in the ALT and AST assays at physiologically relevant
levels, including bilirubin (<10 mg/dl), cholesterol (<500 mg/dl), glu-
cose (<1000 mg/dl), lactate (<200 mg/dl), urea (<100 mg/dl), creatinine
(<15 mg/dl), and hemoglobin (<120 mg/dl) (fig. S2). These results are
consistent with our observations that the paper-based transaminase test
performed well in the specimens from the clinically diverse population
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Fig. 4. Bland-Altman plots of visual transaminase measurements in
clinical specimens. (A) ALT values in serum. (B) AST values in serum.
(C) ALT values in serum (after log transformation). (D) AST values in
serum (after log transformation). (E) ALT values in whole blood. (F)
AST values in whole blood. The purple and blue lines represent the

tested in this study, which included many patients who were critically
ill with multiorgan failure and consequently multiple abnormal labo-
ratory values (particularly bilirubin and creatinine).

Assay temperature and read time

Fluctuations in temperature affect the speed of the test, most likely owing
to faster enzymatic reactions at higher temperatures (>30°C). Our data
indicate reliable performance of the paper-based transaminase test as
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95% limits of agreement. The red line is the line of equality, and the
green line is the average difference of the methods. Values are derived
from the difference between the gold standard method (Roche) and
the paper test value (average of all recorded values per sample) (Sup-
plementary Methods).

performed at room temperature (22 to 30°C) and read at 15 min. In
the case of higher temperatures (31 to 37°C), the test should be read at
12 min to obtain comparable results (fig. S3).

Effects of blood volume on assay performance

Different volumes (15, 20, 25, 30, 35, 40, and 50 pl) of blood, serum, or
buffer specimens with different AST and ALT concentrations were eval-
uated. We found that at least 25 ul of sample is required for consistent
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Table 3. Results from fingerstick testing in 10 healthy volunteers compar-
ing the paper-based test with an automated POC system (Cholestech LDX).

Paper test (U/liter) Cholestech LDX

Volunteer (U/liter)
ALT AST ALT AST

1 40 40 22 29
2 40 40 22 25
3 40 40 23 26
4 40 40 41 35
> 20 40 27 36
° 20 40 18 23
7 20 40 18 17
8 40 40 45 35
? 20 40 17 18
10 20 40 29 25

and complete activation of the devices. Bland-Altman plots were gen-
erated to compare data from 35 pl of sample volume with data from
50 pl of sample volume within the clinical range of interest (fig. S4).
The data show negligible bias for both ALT and AST assays and
acceptable limits of agreement between the two assay volumes. We
therefore concluded that excess fluid does not alter the performance
of the test, presumably because the paper device can only absorb a finite
amount of fluid sample. Insufficient sample results in failure of the neg-
ative control spot to turn from white to yellow (Fig. 1D). Applying the
appropriate amount of sample can be easily monitored in a field set-
ting by adding blood until the filter is fully saturated (red color is ob-
served across the entire filter) or by using a capillary tube to apply a
defined volume.

Assay stability

Stability of the paper-based transaminase test was evaluated by fabri-
cating a single lot of devices and packaging them in heat-sealed, foil-
lined pouches (10 tests per pouch) containing a silica desiccant packet.
Pouches were stored at 25°C and periodically opened to evaluate the
devices with buffer standards. Color intensity of the assays did not vary
by more than 8% after a period of 11 weeks, at which point the study
was concluded (fig. S5). This value is less than the %CV measured for
the assays (Table 1), so the deviation may be attributed to device var-
iability rather than reagent degradation.

DISCUSSION

We have demonstrated that we can accurately measure transaminases
in whole blood and serum using a simple and inexpensive paper-based
assay that can be read by eye within minutes. Our test performed well
compared to automated methods, even in specimens that were ob-
tained from critically ill patients with multiple derangements in other
analytes and that were up to 5 hours old at the time of testing. Var-
iability, as measured by %CV, was found to be less than 10% for both
assays with blood and serum samples. The experiments presented here
have firmly established proof of concept and clinical relevance and
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will allow us to move into clinical field studies to evaluate the perform-
ance of our device in real time using fingerstick blood specimens from
those patients for whom we see the device having highest utility, in-
cluding those with TB, HIV, hepatitis B, and hepatitis C.

When sufficient resources are available, standard-of-care transami-
nase testing typically involves collecting a whole-blood specimen by
venipuncture, transporting the specimen to a central laboratory, centri-
fuging to separate serum, and testing the serum on a large automated
platform. Such systems are impractically expensive for routine use in
developing countries and require highly trained technicians for testing
and maintenance. Moreover, the need to perform the testing in a cen-
tral laboratory can considerably delay acquisition and dissemination of
results, even if access to testing is available. In some resource-limited
settings, it is not uncommon for tubes to get lost en route to the cen-
tral laboratory, and transaminase results can sometimes take weeks or
even months to return.

Two U.S. Food and Drug Administration-approved devices exist
from Roche and Cholestech that could potentially be used for rapid
POC testing, but both are arguably too expensive for use in a resource-
limited setting. The Roche Reflotron Plus device requires venous blood
draw, relies on complex electronics and electricity/battery, and costs
about $6000 for the reader and an additional $4 per test. The other
device, the Cholestech LDX, is capable of using fingerstick samples but
costs about $3000 for the reader and $4 per test. Manufacturing costs
for our device are dependent on several key variables, including loca-
tion, making them difficult to calculate accurately a priori. We antici-
pate, however, that our device can ultimately be produced at a very
low cost—on the order of <$0.10 per test (table S5).

Our platform offers several technical advantages over other platforms
developed with paper-based microfluidic technology. The 3D, multi-
layered design of our platform allows it to split a single 30- to 35-ul sample
of whole blood into five separate “streams” of plasma, which are tested
with five independently optimized assays in parallel, in 15 min, at ambient
temperature. There is no requirement for preanalytical sample process-
ing or for the addition of any other reagents once the sample is added to
the device, and no requirement for equipment to read the device, and
thus operation of the device will require only tools to obtain and apply
the blood sample (that is, a lancet and potentially a capillary tube).

Our test has been optimized for detection of AST and ALT values
>3x ULN, in light of guidelines (I, 2) that place great emphasis on the
3x ULN (in concert with symptoms of hepatotoxicity) and 5x ULN
cutoffs for making management decisions. Although we hope to have
sufficient resolution in the 3 to 5x range to allow highly accurate bin
placement, we also believe that our test could have great benefit as a
“rule-out” or “triage” test. For instance, if values on the POC test were
>3x ULN, the patient could proceed to quantitative testing by veni-
puncture/automated method, whereas if AST or ALT was <3x ULN
using the POC test, automated testing would not be indicated. Such
use would save valuable clinical resources and time while still making
triage testing available in remote areas. The work presented here in-
dicates that our bin placement accuracies for the <3x ULN bin are
nearly 100%. Our results for ALT (whole blood) indicate that no spec-
imens with gold standard ALT values >120 U/liter were read by the
paper-based test as <120 Ulliter. For AST (whole blood), a small num-
ber of samples with gold standard AST values >120 Ul/liter were read
by the paper-based test as <120 Ulliter (Fig. 3D), indicating that fur-
ther refinement of the assay is necessary. There were no specimens
that had automated AST or ALT values >5x ULN that were read by
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the paper assay as <3x ULN. This is important because TB treatment
guidelines recommend that patients with levels >5x ULN stop their TB
medications even if asymptomatic. We did not measure fingerstick spec-
imens from patients with TB or HIV and thus cannot assess the per-
formance of the device for measuring hepatotoxicity in those patients.
Performance of the device at the bin cutoffs will need to be closely
examined during real-time fingerstick testing of large numbers of such
patients with elevated transaminases. A final limitation of our study
is that we did not evaluate long-term (greater than 11 weeks) device
stability, including at elevated temperatures.

Hepatotoxicity is a major adverse event associated with both
antituberculous and antiretroviral therapy, and monitoring for drug-
induced liver injury is accordingly a major priority in the care of these
patients. Moreover, there are other important and common global con-
ditions (such as epilepsy) for which treatment can be associated with
substantial hepatotoxicity. We anticipate that our device will ultimately
simplify and reduce the cost of detection and monitoring progression
of hepatotoxicity, making extremely inexpensive, minimally invasive,
and accurate transaminase testing available at POC for all who need it
and thus providing distinct advantages over standard-of-care automated
methods using venipuncture. Conceivably, our fingerstick test could also
improve treatment adherence, given that aversion to venipuncture can
be a barrier to completing TB treatment (9). Finally, successful develop-
ment of this paper-based platform could facilitate the development of
similar POC clinical assays for monitoring other clinically important
analytes.

MATERIALS AND METHODS

Device fabrication

Device patterns were designed with Adobe Hlustrator CS3. The pattern
consisted of 12 rows of 9 devices for a total of 108 devices per sheet.
Whatman No. 1 chromatography paper (8.5 x 11 inches) was fed into a
laser printer (HP Color LaserJet 4520), and nine 0.85 x 14-cm? yellow
[Y = 100% on CMYK (cyan-magenta-yellow-black) scale] stripes were
printed on the sheet. A wax pattern for the top layer (layer from which
the device is read) was printed onto this sheet with a Xerox 8560DN
printer such that the wax pattern was printed on the opposite side of the
paper as the yellow stripe and that the yellow stripes only covered the
back face of the ALT test zones and ALT negative controls in each col-
umn (that is, did not cover the back face of the AST test or AST control
zones). The sheet was heated in a gravity convection oven at 150°C for
30 s. A wax pattern for the bottom layer (layer in contact with filters) was
printed onto Whatman No. 1 chromatography paper with a Xerox
8560DN printer and heated in the oven at 150°C for 30 s. This layer
did not have a yellow stripe on the reverse side of the paper.

A pressure-sensitive adhesive (Unitak 131, Henkel) was applied to
the back of the top layer by screen printing such that the five active
zones of the device did not receive adhesive but the remaining areas
did. The layer was placed in a gravity convection oven set to 70°C for
15 min. This screen-printing and heating process was repeated on the
back of the bottom layer. The sheets were then taped to a plastic frame
to spot reagents. Details of the reagents used in each zone are provided
in the Supplementary Methods. Zones were spotted with a micro-
pipette according to fig. S1. Where multiple reagent spots were required,
the first spot was allowed to dry completely (air dry at room tempera-
ture) before applying the second.
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A hole puncher was used to punch alignment holes (preprinted on
the corners of each sheet) in both device layers. The layers were aligned
and laminated with a benchtop laminator (Apache AL13P) at a speed of
2 ft/min. Cold lamination (Fellowes self-adhesive laminate sheets) was
then placed on the front face of the sheet of devices. An array consisting
of 108 holes (each hole aligned with the center of a device), each with a
diameter of 7 mm, was cut on a second sheet of laminate with a knife
plotter (Craft ROBO Silhouette CC330L-20 SD) and placed on a bench
adhesive side up. Precut discs (1 cm in diameter) of Pall Vivid GX plas-
ma separation membrane were then centered on the holes in the lam-
inate sheet in such a way that the rough side of the membrane was in
contact with the adhesive. The cut laminate with adhered filters was
then aligned and laminated to the back of the device sheet stack such that
each filter covered all five zones of the device. Finally, the entire stack was
laminated to ensure good contact between all layers. Individual devices
were then cut by hand and stored in heat-sealed foil-lined bags containing
one packet of silica desiccant (Sigma) with 10 devices per bag.

Visual read guide
The read guide (Fig. 1C) was generated by adding known amounts (as
provided by the vendor) of AST and ALT (Lee Biosolutions) to fresh
whole blood (drawn by venipuncture; baseline AST/ALT, 24/22 Ulliter)
to generate final concentrations of 40, 60, 80, 100, 120, 150, 180, 200,
250, 300, and 400 Ulliter. Thirty microliters of the sample was added
to each of three devices for all concentrations. After 15 min, the devices
were scanned with a desktop scanner (Canon). Experiments were per-
formed at room temperature (25°C). Images were analyzed with Adobe
INlustrator CS3 to generate color swatches with the appropriate CMYK
values. The read guide was printed and laminated between two Fellowes
self-adhesive laminate sheets with a benchtop laminator (Apache AL13P).
Methods for linearity, LOD, repeatability, and stability experiments
are described in the Supplementary Methods.

Experiments to evaluate potential interfering factors
Human serum samples with baseline AST/ALT levels measured by the
supplier were obtained from Valley Biomedicals Inc. Purified ALT/AST
(Lee Biosolutions) was then added to generate final levels of about 40
and 400 Ulliter. Stock solutions of potential interfering reagents were
prepared and added to the above ALT/AST serum samples at different
final concentrations.

Collection and testing of clinical specimens

The protocol for access to discarded clinical specimens and associated
clinical data was approved by the Investigational Review Board of Beth
Israel Deaconess Medical Center (BIDMC). Routine clinical transam-
inase testing (AST/ALT) at BIDMC was performed on serum specimens
by the BIDMC clinical chemistry laboratory with a Roche Modular An-
alytics System (P800 spectrophotometer module). Paired whole-blood
(drawn in lavender-top EDTA tube) and serum (drawn in green-top
heparin serum separator tube) specimens that were less than 5 hours
old (time since venipuncture) were identified by searching electronically
for reported serum AST and ALT results that spanned the clinical range
and then confirming that a whole-blood specimen had been drawn from
that patient at the same time. In total, 95 whole-blood and 128 serum
specimens were selected for research testing; in some cases, either the
whole-blood or the serum specimen from an original pair was no longer
available. Aliquots (200 ul) of each specimen were removed, and these
aliquots were de-identified. Aliquots (30 ul) of each de-identified spec-
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imen were applied to individual devices by micropipette and allowed
to sit at room temperature (range, 21 to 24°C). Fifteen minutes after
application, results were read by eye in silence by three independent
readers who were blinded to the results of automated transaminase
testing of the serum specimens. Results were interpreted by comparing
color changes in the ALT and AST test zones to the read guide, and
results were recorded as values rounded to the nearest 10 U/liter. Con-
trol zone colors were checked to confirm proper device function. Whole-
blood specimens were discarded after initial testing. Serum specimens
were stored at 4°C for repeat testing.

Fingerstick specimens (1 = 10) were obtained from healthy volun-
teers at Diagnostics For All, all of whom provided verbal consent after
hearing a detailed explanation of the test procedure.

Statistical analysis
Pearson % test was used to compare proportions (bin placement ac-
curacies), with P < 0.05 considered significant.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/4/152/152ra129/DC1
Methods

Fig. S1. Locations of spotted reagent solutions for ALT and AST assays.
Fig. S2. Evaluation of potential interfering factors.

Fig. S3. Paper assay results at various temperatures and read times.

Fig. S4. Bland-Altman plots of visual transaminase measurements from two different sample
volumes.

Fig. S5. Room temperature stability of the paper-based transaminase test.
Table S1. ALT whole-blood raw data.

Table S2. AST whole-blood raw data.

Table S3. ALT serum raw data.

Table S4. AST serum raw data.

Table S5. Cost per device estimate for the paper-based transaminase test.
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