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Abstract

There is currently great need for high-quality, low-cost, point-of-care diagnostics that can benefit
patients in resource-limited settings, and correspondingly growing interest in the diagnostic utility
of microfluidic platforms based on paper. We describe the development, early clinical testing, and
potential clinical impact of a novel paper-based, multiplexed microfluidic assay designed for
rapid, semi-quantitative measurement of AST and ALT in a fingerstick specimen. This device
ultimately holds promise for providing universal access to affordable point-of-care screening for
drug-induced liver injury in resource-limited settings, and opens the door to development of
similar point-of-care clinical assays for other important analytes.

Technological Primer

In developed nations, monitoring the status of the liver via measurements of serum
transaminases (aspartate aminotransferase (AST) and alanine aminotransferase (ALT)) is a
standard part of medical care, particularly for individuals who either have underlying liver
disease or who are taking medications that can cause hepatotoxicity. Monitoring for drug-
induced liver injury (DILI) via serial transaminase measurements is particularly important in
patients on therapy for HIV and/or tuberculosis (TB) - 2. However, despite the need,
transaminase monitoring in resource-limited settings is often limited or precluded by
logistical and practical concerns. Testing typically requires collecting whole blood by
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venipuncture, centrifuging to separate serum, and testing the serum on a large automated
platform. Such systems are expensive and require highly trained technicians for testing and
maintenance, making them impractical for use and scale-up in developing countries. Testing
is often done in centralized or regional laboratories in these settings, which can delay
obtaining and acting on results. Moreover, many patients have strong negative feelings
about venipuncture itself, which can be a barrier to care 3. Because of these obstacles, in
many resource-limited settings patients on potentially hepatotoxic medications receive
minimal or no monitoring during treatment.

Towards the ultimate goal of providing universal access to affordable point-of-care (POC)
screening for DILI, we have recently described the development and early clinical testing of
a paper-based, multiplexed microfluidic assay designed for rapid, semi-quantitative
measurement of AST and ALT in a fingerstick specimen 4. Our device is a representative of
an emerging class of microfluidic platforms based on paper >~18. Paper-based microfluidic
devices consist of hydrophilic paper channels defined by patterning of hydrophobic

barriers > 7: 8 or by cutting 11-15. 18 Using these defined channels, fluid flow (drawn by
wicking) can be directed towards specific detection zones and operations, such as mixing,
splitting, and filtration, can be performed autonomously.

Unlike lateral flow tests (traditional POC “paper-based devices™), which typically run small
numbers of tests in series (requiring that reagents and buffers for each test be compatible and
that assays not cross-react), paper-based microfluidic devices 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 and avoids cross-reactivity between assays. Like lateral flow tests, paper-based
microfluidic devices require no power or instrumentation and are portable and disposable.

Prior proof-of-principle studies 619 have demonstrated the potential for clinical application
of paper-based microfluidic technology by demonstrating the ability to conduct clinical
chemistry, enzymatic, and immunoassay tests on patterned paper, visually and quantitatively
(latter through the use of cell phone cameras), and the viability of both single layer 7- 9 11-19
and 3D 8 patterned paper devices. Our recent work # advanced this field by presenting the
first validation of a prototype paper-based microfluidic device using actual clinical
specimens and the first demonstration of a field-ready clinical test for transaminase
monitoring.

Our transaminase test is an example of a 3D device made from layering patterned paper
(Fig. 1A). The postage stamp-sized device performs two separate tests on a single clinical
sample in 15 minutes: one zone measures AST and another measures ALT (Fig. 1, B and C).
The test also contains three control zones to ensure proper device performance (Fig. 1D).
Each of the 5 test zones has a unique environment (reagents, buffers, pH) that ensures
specificity. The AST assay chemistry, based on the sulfonation of methyl green, results in a
visual transformation from blue to pink (Fig. 1C). The ALT assay, based on peroxidase
chemistry, generates a red dye in the presence of elevated ALT levels. (Fig. 1C).

The test was carefully engineered for visual readout, in that the AST/ALT test zones provide
a strong color change across the target clinical range (Fig. 1, C and D). We specifically
optimized these color changes to correspond to the cutoffs currently used for clinical
management decisions per TB treatment guidelines in the US 1. Thus the results of the test
are interpreted as being within one of the following three “bins”: <3x the upper limit of
normal (ULN, here defined as 40 U/L) (0-119 U/I), 3-5x ULN (120-200 U/1), or >5x ULN
(>200 U/M)(Fig. 1C). By using the additional color gradation within each bin on the read
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guide, the reader can approximate where within the bin the result lies, allowing semi-
quantitative readout. The three control zones notify the user of insufficient sample volume,
hemolysis, or damaged reagents (Fig. 1D); each zone is interpreted as “valid” or “invalid”
and an “invalid” result in any control zone invalidates the entire device.

After demonstrating satisfactory analytical performance, including assessment of test
linearity (linear across the target clinical range, i.e. 40 to 200 U/I), limit of detection (ALT,
53 U/I; AST 84 U/l), and repeatability (CV values <10% for both AST and ALT tests in
serum and blood samples), we proceeded to evaluate the performance of the device with 223
clinical specimens obtained by venipuncture. We tested 30 pL aliquots of paired whole
blood and serum specimens drawn simultaneously from patients within the previous 5 h for
routine clinical testing, and for which results of automated serum transaminase testing were
available. 15 min after sample application, each device was analyzed by three blinded
readers who independently recorded a result in U/l (rounded to the nearest 10 U/l) using the
read guide. Results of the paper-based test for paired whole blood and serum specimens
were compared to the results of automated serum transaminase testing as the gold-standard
to evaluate “bin placement accuracy”: whether the result of the paper-based assay was in the
same bin (<3x ULN, 3-5x ULN, or >5x ULN) as the gold-standard result.

Overall accuracies for the device (data for all three bins in aggregate) were 290% for both
AST and ALT in both serum and whole blood (Table 1). “Per bin” accuracies were
calculated by dividing the number of correctly binned samples in each bin by the total
number of samples in that bin. We observed lower ALT accuracies in whole blood than in
serum, which we ascribe to the age of the whole blood at the time of testing (whole blood
samples with normal baseline ALT levels begin to yield artificially high ALT values on the
paper test after aging for >6 h, which we believe is due to red blood cell release of lactate
(subsequently converted to pyruvate which activates the ALT assay)). The device also
performed well with whole blood obtained via fingerstick from 10 healthy volunteers.
Overall, our results suggested clinically acceptable agreement between the semi-quantitative
paper test and the gold-standard automated assay method. We found that the test performed
well in specimens taken from a clinically diverse population, including many patients who
were critically ill with multiple abnormal laboratory values. This finding was consistent with
the results of our direct evaluation of analytes with potential for assay interference; in
particular, we showed that bilirubin (<10 mg/dl), creatinine (<15 mg/dl), and lactate (<200
mg/dl) did not interfere with either the ALT or the AST assay.

Importance of findings

We have shown that our simple and inexpensive paper-based assay can, in 15 minutes,
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” (<3x ULN, 3-5x ULN, and >5x
ULN, corresponding to familiar clinical thresholds) with >90% accuracy. Our test performed
well compared to automated methods, even in specimens that were obtained from critically
ill patients with multiple derangements in other analytes, and that were up to 5 hours old at
the time of testing. These experiments firmly established proof-of-concept and clinical
relevance and set the stage for clinical field studies as outlined below.

Two FDA-approved devices exist that could potentially be used for rapid POC testing, but
both are relatively expensive and rely on complex electronics and electricity/battery. The
Roche Refletron Plus device requires venous blood draw and costs approximately $6,000 for
the reader and an additional $4 per test. The Cholestech LDX is capable of using fingerstick
samples, but costs approximately $3,000 for the reader and $4 per test. Manufacturing costs
for our device are dependent on several key variables, including location, making them
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difficult to calculate accurately a priori. We anticipate, however, that our device can
ultimately be produced at a cost of less than $0.10 per test.

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 plasma from a 30-35 pl sample of whole blood into 5 separate streams for parallel
testing with independently optimized assays at ambient temperature. There is no
requirement for pre-analytical sample processing, additional reagents, or equipment to read
the device; operation of the device requires only tools to obtain and apply the blood sample
(i.e. a lancet and potentially a capillary tube).

Translation of findings into routine clinical diagnosis and treatment

The next step in this work is to test the device for fingerstick use in a target patient
population and clinical environment. We have recently completed such a study in a large
HIV clinic population in Vietnam, in collaboration with PATH (Program for Alternative
Technology in Health; Seattle, WA), the Harvard Medical School AIDS Initiative in
Vietnam (HAIVN), and the Hospital for Tropical Diseases (Ho Chi Minh City, Vietnam).
The goals of this study were to assess operational feasibility, inter-operator variability, lot-
to-lot variability, device failure rate, and device accuracy, with the intention to utilize results
to modify the device for further field testing as needed. The results of this study are
currently being analyzed.

An important question to consider as the device is optimized for ultimate clinical use is
which ALT and AST bin cutoffs would have the highest utility world-wide given existing
country-specific and disease-specific clinical management guidelines. Thus far our test has
been optimized for detection of AST and ALT values >3x and >5x ULN, in light of US TB
treatment guidelines 1 that emphasize these cutoffs (in concert with symptoms of
hepatotoxicity) for making management decisions. U.S. HIV treatment guidelines 2 do not
recommend strict AST and ALT cut-offs for clinical management of DILI, but do note that
some experts stop drug treatment when the ALT level rises to more than 5-10x ULN. The
WHO HIV treatment guidelines 20 use a grading scale for ALT and AST identical to the
AIDS Clinical Trial Group (ACTG) adverse event scale 21, with cut-offs at 2.5x, 5%, and
10x ULN. Minor ALT elevations, defined as less than 5x ULN, can be managed with
observation and continued treatment. Only elevations above 5x ULN prompt discontinuation
of antiretroviral therapy (ART). Many developing countries, including South Africa, India,
and Vietnam, have adopted the WHO grading scale for liver function monitoring in their
national HIV treatment guidelines 22724, While we hope that optimization of visual
resolution in the 3-5x ULN range will allow utility across these varied guidelines, we are
also evaluating the possibility of a “triage” use scenario, in which POC test values above a
pre-specified threshold would prompt automated quantitative testing by venipuncture.
Performance of the device at various bin cutoffs is being closely examined during real-time
fingerstick testing.

An additional question is whether the final device should include both AST and ALT tests or
only an ALT test. While most US clinicians tend to order ALT and AST together, US
guidelines for monitoring for DILI during TB treatment 1 focus recommendations on ALT
levels, while noting that AST can provide adjunctive information (e.g. alcohol-related
transaminitis); WHO guidelines 2> mention only ALT. Most international HIV treatment
guidelines recommend only ALT for routine monitoring of ART. The Southern African HIV
Clinicians Society explicitly cites cost considerations in their advice to use only ALT
measurement for the monitoring of hepatoxicity 22. Similarly, the WHO and Vietnam
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national HIV treatment guidelines recommend only ALT monitoring but without noting any
underlying rationale 20: 24,

Successful development of this device for clinical use will require iterative device
optimization, thorough exploration of manufacturing conditions, material quality control,
and device stability, and field testing under varied environmental conditions. Given that the
device is designed to be read by eye, an understanding of the minimal training requirements
for novice users will be key to understanding in which clinical environments this test can be
used—whether that be in centralized clinics by trained staff, in decentralized clinical settings
by minimally trained health-care workers, or even at home by the patients themselves.

Roadblocks and/or limitations

Our paper-based microfluidic transaminase test is essentially the first device of its class to
come this far down the pathway towards clinical use, and thus there are no clear precedents
for performance standards--every aspect of its design and performance are effectively being
evaluated for the first time. In fact, even the question “how accurate does this device need to
be in order to be useful” does not have a straightforward answer, and we anticipate that this
discussion will accompany our applications for regulatory approval. In an ideal world, this
device would simply be as accurate as automated testing performed on venipuncture blood.
However, it can be argued that it is not reasonable to expect the performance of a paper-
based test to perfectly match that of an automated testing platform. The benefits of POC use,
simplicity, and extremely low cost may in fact allow a slightly less accurate paper-based
device to have higher overall clinical impact than a more accurate but technically
complicated and expensive test not available at POC.

Conclusions

Hepatotoxicity is a major adverse event associated with both TB and HIV therapy, and
monitoring for DILI is accordingly a major priority in the care of these patients. The overall
incidence of clinically relevant hepatotoxicity on TB therapy (typically due to the
medications isoniazid, rifampin, and pyrazinamide) ranges from 2 to 33%, and risk may be
increased by multiple factors, such as pre-existing liver disease (e.g. hepatitis B and/or C),
alcohol use, and increasing age 1 26. Hepatotoxicity rates associated with nevirapine-based
HIV therapy (widely used in the developing world) can exceed 13%, depending on
underlying risk factors and treatment 2 27: 28, Simultaneous treatment for both TB and HIV
further complicates matters, and sometimes generates additive risk of hepatotoxicity 29: 30,
There are also other important and common global conditions (such as epilepsy) for which
treatment can be associated with substantial hepatotoxicity. In practice, unfortunately, it is
difficult to predict accurately which patients on treatment will actually develop
hepatotoxicity 31, and thus active monitoring to detect DILI in at-risk patients is essential.

We anticipate that our device, once development is complete, will make extremely
inexpensive and minimally invasive transaminase testing available at POC for all who need
it, providing distinct advantages over current automated methods using venipuncture. Given
that aversion to venipuncture can be a barrier to optimal care 3, our fingerstick test could
conceivably improve treatment adherence. Finally, we anticipate that successful
development of this paper-based platform will facilitate the development of similar POC
clinical assays for other important analytes.
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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 pl 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 channels 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); 3-5x ULN; or >5x ULN. (D) Detailed schema of the
paper-based transaminase test and possible colorimetric readouts for the 5 zones (i to v). A
schematic of test and control zones (before receiving a sample) is shown in the 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. (ii) ALT test zone:
low/normal ALT values (<60 U/liter) result in a yellow color, whereas high ALT values
(>200 Ulliter) 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,
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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 functioning properly,
whereas the zone becomes bright pink in the event of nonspecific 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.”
From Pollock NR, et al, A paper-based multiplexed transaminase test for low-cost, point-of-
care liver function testing. Sci Transl Med 2012; 4:152ra29. Reprinted with permission from
AAAS.
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