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A simple method to correct the effect of hematocrit (Hct) on a paper-based lateral flow assay device that is

designed to assess whole blood coagulation is reported. By quantifying the effect of Hct on red blood cell
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Introduction

Whole blood tests are considered the “gold standard” in clinical
diagnostics. These tests (e.g. complete blood count, metabolic
panel, lipoprotein panel, blood clotting test, blood enzyme test,
etc.) are particularly common tests that aid in a physician's
decision during disease diagnosis and/or therapy by providing
critical information on internal organ functions, cardiovascular
risk factors, blood sugar levels, immune system wellness and
hormone balance."

Paper-based point-of-care (POC) diagnostics have gained
increasing popularity>™ due to their capability to perform low-
cost and rapid diagnostic tests in a patient-friendly non-
laboratory setting, which include physician's office, ambu-
lance, at home and a remote site."” Lateral flow immunoassay
(LFIA) technology has been the driving force behind developing
simple and low-cost tests with fast detection and high porta-
bility."*** Major applications of LFIA-based test are qualitative
or quantitative detection of antigens, antibodies, biomarkers,
cells, toxins, pathogens, pesticides, heavy metals, drugs and
products of gene amplification."*** Conventional LFIA consists
of cellulose sample pad for sample collection, fiber glass
conjugate pad for conjugate release, nitrocellulose membrane
for bioaffinity reaction, and wicking pad for flow assurance.

However, whole blood has not been the preferred test sample
for POC diagnostic devices with colorimetric or optical detection
due to its intense red color produced by the hemoglobin within
red blood cells (RBCs) which masks the signal of target analyte.*®
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(RBC) transport, a calibration procedure is obtained that compensates for the Hct effect, while maintaining
the dependence of blood coagulation on RBC transport.

As a consequence, RBCs are usually removed from whole blood
by centrifugation or filtration, and plasma or serum is typically
utilized during the test. The centrifugation step lengthens the
sample preparation time and increases the test complexity. The
popular on-disk centrifugation method'** allows immediate
testing after the centrifugation in a continuous spin but requires
complicated microfluidic channels inside of the disk and an
external centrifugal platform (centrifuge, CD/DVD player, etc.).
Additionally, the filtration method'?*® requires either RBC
agglutinating agent or plasma separation membrane as an extra
device component, which increases device complexity. There-
fore, identifying a rapid process that eliminates the effect of
RBCs, or the effect of patient-specific RBC variabilities in blood
(namely hematocrit) without centrifugation or filtration is an
important step toward simple and low-cost whole blood analysis.
We have previously introduced the no-reaction lateral flow
assay (nrLFA) device for low-cost blood coagulation monitoring,
illustrated in Fig. 1. Based on conventional LFIA technology, the
nrLFA device consists of fiber glass sample pad, nitrocellulose
analytical membrane, cellulose wicking pad and plastic
housing. However, no conjugate pad or pre-stored reagents are
used. More details on device fabrication can be found in
Materials and methods for nrLFA device fabrication section in
ESIL.f The major characteristic that distinguishes nrLFA from
LFIA is the fact that no bioaffinity reaction between antibody
and antigen is required for the assessment of a desired blood
parameter. Instead, the nrLFA device utilizes the porous nature
of nitrocellulose membrane to transport fluids with different
viscosity at different rates through capillary action. The reason
behind adopting the nrLFA device for blood coagulation
monitoring is the fact that the viscosity of whole blood changes
during the coagulation process.** After the coagulation cascade
is activated by intrinsic and/or extrinsic pathways, whole blood
viscosity gradually increases and eventually forms cross-linked
fibrin clots, during which the physical properties of blood
changes from a viscoelastic fluid to a viscoelastic solid.*
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Fig. 1 No-reaction lateral flow assay (nrLFA) schematic.

For coagulation testing using the nrLFA, whole blood sample
is directly applied to the device sample pad allowing rapid
transfer to the porous nitrocellulose membrane where RBCs are
separate from blood plasma (Fig. 1a). The RBC travel distance
on the nrLFA at a given time is related to the coagulation state of
blood since whole blood viscosity changes with its coagulation
ability.** As shown in Fig. 1b, short travel distance indicates the
patient's blood coagulates too fast (“thick”), medium travel
distance indicates the patient's blood coagulates at desired
speed (“OK”), and long travel distance indicates the patient's
blood coagulates too slow (“thin”). The RBC front is easily
visible to the naked eye and, thus, serves as endpoint marker for
the coagulation process on the nrLFA. During the test, the
movement of the RBC front is observed through a window
opening on the plastic housing. For quantitative analysis, the
travel distance is documented in the form of high-resolution
digital images using a camera and a timer, and the travel
distance is extracted using Image] and analyzed using Excel.**~*®

The problem

During the development of a paper-based nrLFA device for
blood coagulation monitoring, we reported: (a) the nrLFA's
comparable performance to a clinical instrument CoaData 2000
Fibrintimer® (American LAbor, Durham, NC) in clotting time
measurements;* (b) excellent reproducibility of the nrLFA as
well as various related membrane materials in device fabrica-
tion;>* (c) clinical utility of the nrLFA to identify high-risk
patients on warfarin therapy.” We also observed that, in addi-
tion to the dependence on coagulation ability, RBC distance on
the nrLFA is significantly influenced by the hematocrit of the
patient sample — with higher hematocrit resulting in shorter
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RBC distances, and vice versa.>* Hematocrit (Hct) is the packed
volume percentage of RBCs in whole blood. It has been reported
that the non-Newtonian behavior of blood is mainly caused by
the presence of RBCs, and the relationship between whole
blood viscosity and Hct is nearly linear to Het values up to 40—
50%.%° When the Hct is greater than 50%, whole blood viscosity
increases exponentially.”® In fact, even a hematocrit test strip
was reported”” based on the phenomenon that the elevated
viscosity of whole blood due to higher Hct results in reduced
travel distance in the porous media. As a consequence, test
interpretation may be difficult since RBC travel distance on the
nrLFA can be affected by either coagulation or Hct, or both. In
order to obtain reliable test results, the objective of this study
was to develop a calibration method that allows compensation
for the effect of Het on RBC travel distance on the nrLFA while
preserving the clinically relevant diagnostic capabilities of the
device for the monitoring of anticoagulation therapy.

The solution

In our independently developed approach to calibrate RBC
distance on the nrLFA device starts by extracting a linear fit
from the travel distance of the RBC front on the nrLFA using
citrated blood with various Hct values. Citrated rabbit blood
was purchased from the vendor (HemoStat Laboratories, Dixon,
CA) where fresh rabbit blood was collected in 4 wt% trisodium
citrate solution (anticoagulant) at 4 : 1 volume ratio to inhibit
coagulation so that the effect of Hct alone on RBC distance
could be extracted and evaluated. Alterations of the Hct values
to 25%, 30%, 35% and 40% were achieved by removing freshly
separated plasma from low Hct blood (19-25% for various
batches from the vendor) after light centrifugation (Thermo
Fisher Scientific accuSpin Micro 17, Osterode am Harz, Ger-
many) for 6 min at 400 x g, followed by re-suspending with
gentle agitation. All purchased blood was used up to 2 weeks
after receipt and then properly disposed. In the calibration
measurements, the moment when the RBC front appears in the
observation window is defined as ¢ = 0, and the end point was
selected to be ¢ = 160 s due to the length limit of the observation
window. More experimental details can be found in Methods for
extracting calibration equation using citrated rabbit blood
section in ESL} Fig. 2 (ref. 24) shows the mean and standard
deviation (SD) of RBC travel distance on the nrLFA when using
30 L citrated rabbit blood with 25%, 30%, 35% and 40% Hct
(n = 10 for each Hct value). As can be seen, the relationship
between RBC distance and Hct value exhibits high linearity,
with a regression coefficient of 0.99721. Therefore, we adopt the
linear fit equation (eqn (1)) as the starting equation for Hect
calibration, where x is Het value and y is RBC distance observed
on the nrLFA:

y = —0.27585x + 19.055 (1)

To reduce the number of calibrations required for each
coagulation test, we choose Hct = 40% as the center value and
decrease or increase RBC travel distance for Hct levels lower or
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Fig.2 RBC distance vs. hematocrit when using 30 uL of citrated rabbit
blood with 25%, 30%, 35% and 40% Hct (mean & SD, n = 10).24

higher than 40%. In other words, after calibration, RBC
distance of blood with 40% Hct remains the same, the distance
of blood with <40% Hct decreases by a certain calculated value,
and the distance of blood with >40% Hct increases by a certain
calculated value. We call the calculated value “calibration
value”, which will be obtained from the final calibration equa-
tion and is dependent on the Hct of blood. To obtain the cali-
bration value Ay, we keep the slope of eqn (1) the same but move
the line horizontally to intercept x-axis at (40,0), instead of the
original intercepting point of (69.077,0). This gives us an

intermediate eqn (2), which becomes eqn (3) after
simplification.

Ay = —0.27585(x + 29.077) + 19.055 (2)

Ay = —0.27585x + 11.0341 (3)

Eqn (3) serves as calibration equation to generate a calibra-
tion value (Ay) at various Hct (x). The calibration value is then
added to the original RBC distance, which is a negative value for
<40% Hct, 0 for 40% Hct, and a positive value for >40% Hct. The
final calibrated RBC distance is the original RBC distance plus
the calibration value.

Method verification

In order to assess validity of the above mentioned calibration
method, clinical trial data previously collected from patients on
various warfarin dose regimes were utilized. The trial was con-
ducted at the St. Elizabeth Healthcare anticoagulation clinic
(Fort Thomas, KY) and included 27 warfarin patients.> For each
patient, blood coagulation test was performed on the nrLFA
device using 30 pL capillary blood, and the international
normalized ratio (INR) was measured using a commercial POC
coagulation analyzer CoaguChek® XS (Roche Diagnostics,
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Mannheim, Germany) for comparison. The INR is the standard
clinical parameters used for routine monitoring of drug efficacy
during vitamin K antagonists treatment (e.g. warfarin)* and is
calculated using patient prothrombin time divided by control
prothrombin time. Higher INR indicates the patient's blood
coagulates slower, and vice versa. Hct of each blood sample was
quantified by spinning in a heparin-coated capillary tube for
5 min at 11 000 rpm using a Zipocrit® microhematocrit
centrifuge (LW Scientific, Lawrenceville, GA) and the value was
visually determined using a standard nomogram. Detailed
information on the clinical trial can be found in Clinical trial -
study setting, population and protocol section in ESI.}

Fig. 3 shows the relationship between RBC distance on the
nrLFA and blood Hct at ¢t = 4 min for all patients before and
after distance calibration. A strong dependence of RBC distance
on blood Hct before calibration can be observed in Fig. 3a, with
the higher Hct resulting in shorter RBC distances. After cali-
bration, as shown in Fig. 3b, higher Hct does not result in
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Fig. 3 Data scatter of RBC distance vs. Hct for all patients: (a) before
calibration; (b) after calibration (t = 4 min).
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shorter RBC distances, and no obvious dependence of RBC
distance on blood Hct can be observed. The standard deviation
(SD) and coefficient of variation (CV) of scattered data are 1.960
(SD) and 0.207 (CV) before calibration, and 1.423 (SD) and 0.146
(CV) after calibration. This significant decrease in both SD and
CV indicates a reduced scatter in the data with a tighter distri-
bution after the calibration process. It needs to be mentioned
that in Fig. 3a and b, 7 data points are present in the range of
41-45% Hct, with two data points having the same Hct and
extremely close distance [(43, 10.72095) and (43, 10.72045)].
Fig. 4a and b show the same data as Fig. 3a and b but
stratified in four groups based on Hct values: 31-35%, 36-40%,
41-45%, and 46-50%. The mean value and upper half of SD are
plotted for each group. The number within each column indi-
cates the number of patients in that group. Before calibration
(Fig. 4a) the dependence of RBC distance on blood Hct is readily
apparent, with a clear trend of decreasing RBC distance with
increasing Hct values. However, after calibration (Fig. 4b) there
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Fig. 4 Stratified data of RBC distance vs. Hct for all patients: (a) before
calibration, (b) after calibration (t = 4 min).
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is little or no dependence between Hct and RBC distance. We
conducted the independent samples ¢ test between the 31-35%
group and each of the other groups, and no significant variation
was found. This demonstrates that our Hct calibration method
is capable of correcting the effect of Het on RBC travel distance
on the nrLFA during coagulation.

To complete the validation of our method, we have investi-
gated the effect of Hct calibration on the dependence of RBC
distance on blood coagulation ability, which is represented by
the INR value. 25 healthy volunteers are also included in the
study to evaluate the nrLFA's capability to distinguish different
coagulation ability between healthy volunteers and patients on
warfarin medication. Healthy individuals that do not take any
anticoagulation drugs (e.g. warfarin), have INR values between
0.9 and 1.1. For patients on warfarin therapy, their INR should
be maintained between 2.0 and 3.0 for effective and safe treat-
ment. INR lower than 2.0 indicates the patient’'s blood is not
anticoagulated enough to prevent future thrombotic events,
and INR higher than 3.0 indicates the patient's blood is over
anticoagulated and severe bleeding may occur. The INR of
patients participated in the study has a range of 1.6-3.8 with
amean value of 2.6.>° Fig. 5 shows the relationship between RBC
distance on the nrLFA and INR value for patients and healthy
volunteers before and after calibration. The data are stratified in
five groups based on INR value. The first group is healthy
volunteers (HV) with 0.9-1.1 INR. The remaining four groups
are patients (P) with INR groups of 1.6-2.0, 2.1-2.5, 2.6-3.0 and
3.1-4.0. The mean value and upper range of the corresponding
SD are plotted for each group. The number within each column
denotes the participant number in respective group. As shown
in Fig. 5a, RBC distance on the nrLFA increases with increasing
INR (except patient group with 1.6-2.0 INR), and a significant
difference (p < 0.01) in RBC distance can be observed between
the healthy volunteer group and the patient group with 2.6-3.0
INR, and between the healthy volunteer group and the patient
group with 3.1-4.0 INR. A similar result is obtained from the
calibrated data. As shown in Fig. 5b, after calibration,
increasing INR also results in increasing RBC distance, and RBC
distance of healthy volunteer group is significantly different (p <
0.01) from patient groups with 2.6-3.0 INR and 3.1-4.0 INR.
This demonstrates that our calibration method is able to
preserve the dependence of RBC distance on blood coagulation
while correcting the dependence of RBC distance on blood Hct.

Discussion and conclusions

In this manuscript, we reported a mathematical calibration
method derived from linear regression to correct the effect of
Hct on RBC transport in porous nitrocellulose membrane on
the blood coagulation nrLFA device. By utilizing a set of
preliminary clinical trial data obtained with patients on
warfarin therapy, we demonstrated that our calibration method
is capable to correct the effect of Hct on RBC travel in the nrLFA
but also retaining the effect of coagulation on RBC travel at the
same time. Utilizing the Hct-corrected data set, it is predicted
that statistical power analysis will allow more adequate sample
size estimation for a future pivotal clinical trial designed to
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Fig. 5 Stratified data of RBC distance vs. INR for patients (P) and
healthy volunteers (HV): (a) before calibration, (b) after calibration (t = 4
min).

demonstrate clinical validity of the nrLFA device as a clinical
screening test for patients on anticoagulant regimens. The
intended utilization of the nrLFA device is low-cost blood
coagulation monitoring for patients undergoing anti-
coagulation treatment. The nrLFA device is not designed to
substitute existing clinical coagulation analyzers during the
treatment, but rather to serve as a screening tool in clinics to
decide if a quantitative measurement is necessary for the
patient. Despite being a qualitative screening tool, its low cost
(<40 cents each®) and simple operation make the nrLFA
a promising approach for low-cost monitoring without
requiring an expensive coagulation analyzer. Recently, a novel
approach of rapid (<1 min) and accurate (to <1%) Hct
measurement in whole blood was reported,* utilizing acoustic
focusing of RBCs in the center of a microfluidic channel while
the plasma component flows along the edges of the channel.
The Hct value is determined by optically monitoring the ratio of
focused area to channel cross section. By allowing rapid and

This journal is © The Royal Society of Chemistry 2018
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miniaturized Hct measurement, this new technology makes it
possible to integrate Het and coagulation measurements on the
same device, thus giving the nrLFA device the potential to be
utilized in patient self-testing at home or in other resource
limited settings. The nrLFA device may also be utilized to
monitor anticoagulation therapy involving novel oral anticoag-
ulants (NOACs) such as apixaban, edoxaban, rivaroxaban and
dabigatran. No clinical monitoring method has been estab-
lished yet for the patients taking NOACs. Since the RBC travel
distance in the nrLFA device is directly related to the overall
blood viscosity resulted from coagulation regardless of how the
anticoagulant interferes with the coagulation cascade, this
simple and low-cost monitoring device can have potential utility
in monitoring a larger patient population on anticoagulation
therapy.

Besides coagulation and hematocrit, a few other factors>*>>*
also influence the blood viscosity, including the degree of RBC
aggregation, the deformability of RBCs, the viscosity of plasma,
as well as the temperature. RBC aggregation is mainly dependent
on the composition of plasma proteins, the surface properties of
RBCs and the magnitude of shear force.” RBC deformability is
mainly dependent on the skeletal proteins of RBC membranes,
the RBC's surface area to volume ratio and the cell morphology.*
The plasma viscosity is mainly dependent on the plasma protein
concentration and the molecular weight and structure of the
proteins.* We conducted one set of preliminary experiments to
study the effect of albumin on blood transport in the nrLFA (see
Effect of albumin on rabbit blood transport in nrLFA section in
ESIT) and observed no correlation between increasing albumin
concentrations in blood (from 3 to 7 ¢ dL™") and RBC travel
distances. A slight decrease in plasma travel distances was
observed with increasing albumin concentration, but no effect
was observed on RBC travel distance. The effect of RBC aggre-
gation and deformability on the blood transport in nitrocellulose
membrane was not investigated in this manuscript.

Compared to experimental data in Fig. 2 (obtained in
a university research laboratory), the clinical trial data in Fig. 3, 4
and 5 (obtained in an anticoagulation clinic) have relatively large
standard deviations. This phenomenon may be due to the vari-
ation in sample transportation time from the physician in the
examination room where patient's blood was collected and
dispensed on the nrLFA device, to the research assistant in the
analysis room where the real-time documentation of RBC travel
distance was immediately carried out using a digital camera (see
Clinical trial - study setting, population and protocol section in
ESIT). Although all clinical samples were quickly transported
from the examination room to the analysis room, the trans-
portation time was not identical for all samples, and thus may
have generated larger errors compared to the precisely-
controlled laboratory procedures. Additionally, the larger
errors of the clinical trial data can also come from patients with
different aggregation and deformability of their RBCs. This
parameter was not measured during the clinical trial and may
have affected the RBC travel distance on the nrLFA device.

Other than whole blood coagulation test, the proposed
calibration method can also be employed in other flow-based
whole blood tests such as paper-based blood typing**** where

Anal. Methods, 2018, 10, 2869-2874 | 2873
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the eluting pattern of RBCs on paper materials typically serves
as an indicator of blood type. Different Hct values may cause
variations in the length or the color intensity of RBC eluting
pattern which can reduce the test accuracy. This problem can
potentially be resolved by calibrating the RBC eluting pattern
based on blood Hct value to correct the negative effect of Het on
test results.

Future research on utilizing the nrLFA device for low-cost
blood coagulation monitoring includes investigating the effect
of RBC aggregation and deformability on RBC travel distance in
the nrLFA device, defining the expected lengths of “thick”, “OK”
and “thin” sections of the observation window for patients on
anticoagulation therapy, as well as developing a smartphone
app for automatic readout of the test result.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was supported by the National Science Founda-
tion (PFL:AIR Award #1500236) and by the University Research
Council Interdisciplinary Program from the University of Cin-
cinnati. This study received IRB approval (study ID: 2016-5324)
from the University of Cincinnati and St. Elizabeth Healthcare.

References

1 Health Information for the Public: Blood Tests, https://
www.nhlbi.nih.gov/health/health-topics/topics/bdst,
assessed December 2017.

2 X. Li, D. R. Ballerini and W. Shen, Biomicrofluidics, 2012, 6,
011301.

3 M. M. Gong and D. Sinton, Chem. Rev., 2017, 117, 8447-8480.

4 S. Ahmed, M.-P. N. Bui and A. Abbas, Biosens. Bioelectron.,
2016, 77, 249-263.

5 A. K. Yetisen, M. S. Akram and C. R. Lowe, Lab Chip, 2013, 13,
2210-2251.

6 C. Parolo and A. Merkoci, Chem. Soc. Rev., 2013, 42, 450-457.

7 V. Gubala, L. F. Harris, A. J. Ricco, M. X. Tan and
D. E. Williams, Anal. Chem., 2012, 84, 487-515.

8 D. M. Cate, J. A. Adkins, J. Mettakoonpitak and C. S. Henry,
Anal. Chem., 2015, 87, 19-41.

9 A. W. Martinez, S. T. Phillips, G. M. Whitesides and
E. Carrilho, Anal. Chem., 2010, 82, 3-10.

10 E. Fu, S. A. Ramsey, P. Kauffman, B. Lutz and P. Yager,
Microfluid. Nanofluid., 2011, 10, 29-35.

2874 | Anal Methods, 2018, 10, 2869-2874

Paper

11 T. Tian, J. Li, Y. Song, L. Zhou, Z. Zhu and C. ]J. Yang, Lab
Chip, 2016, 16, 1139-1151.

12 NIH Fact Sheets: Point-of-Care Diagnostic Testing, https://
report.nih.gov/nihfactsheets/ViewFactSheet.aspx?csid=112,
assessed December 2017.

13 K. M. Koczula and A. Gallotta, Essays Biochem., 2016, 60,
111-120.

14 E. B. Bahadir and M. K. Sezgintiirk, TrAC, Trends Anal.
Chem., 2016, 82, 286-306.

15 M. Sajid, A.-N. Kawde and M. Daud, J. Saudi Chem. Soc.,
2015, 19, 689-705.

16 W. S. Mielczarek, E. A. Obaje, T. T. Bachmann and
M. Kersaudy-Kerhoas, Lab Chip, 2016, 16, 3441-3448.

17 R. Gorkin, J. Park, J. Siegrist, M. Amasia, B. S. Lee, J.-M. Park,
J. Kim, H. Kim, M. Madou and Y.-K. Cho, Lab Chip, 2010, 10,
1758-1773.

18 S. Kar, M. Dash, T. K. Maiti and S. Chakraborty, Analyst,
2015, 140, 1432-1437.

19 X. Yang, O. Forouzan, T. P. Brown and S. S. Shevkoplyas, Lab
Chip, 2012, 12, 274-280.

20 T. Songjaroen, W. Dungchai, O. Chailapakul, C. S. Henry and
W. Laiwattanapaisal, Lab Chip, 2012, 12, 3392-3398.

21 M. Ranucci, T. Laddomada, M. Ranucci
E. Baryshnikova, Physiol. Rep., 2014, 2, €12065.

22 E. W. Errill, Physiol. Rep., 1969, 49, 863-888.

23 H. Li, D. Han, G. M. Pauletti and A. J. Steckl, Lab Chip, 2014,
14, 4035-4041.

24 H. Li, D. Han, M. A. Hegener, G. M. Pauletti and A. ]. Steckl,
Biomicrofluidics, 2017, 11, 024116.

25 M. A. Hegener, H. Li, D. Han, A. J. Steckl and G. M. Pauletti,
Biomed. Microdevices, 2017, 19, 64.

26 Association for the Publication of the Journal of Internal
Medicine, Acta Med. Scand., 1966, 180, 14-16.

27 S. B. Berry, S. C. Fernandes, A. Rajaratnam, N. S. DeChiara
and C. R. Mace, Lab Chip, 2016, 16, 3689-3694.

28 K. Petersson, O. Jakobsson, P. Ohlsson, P. Augustsson,
S. Scheding, J. Malm and T. Laurell, Anal. Chim. Acta, 2018,
1000, 199-204.

29 O. K. Baskurt and H. ]J. Meiselman, Semin. Thromb.
Hemostasis, 2003, 29, 435-450.

30 Viscosity of  Blood, http://www.cvphysiology.com/
Hemodynamics/H011, assessed March 2018.

31 G. Késmarky, P. Kenyeres, M. Rabai and K. Toth, Clin.
Hemorheol. Microcirc., 2008, 39, 243-246.

32 L. Guan, J. Tian, R. Cao, M. Li, Z. Cai and W. Shen, Anal
Chem., 2014, 86, 11362-11367.

33 M. Al-Tamimi, W. Shen, R. Zeineddine, H. Tran and
G. Garnier, Anal. Chem., 2012, 84, 1661-1668.

and

This journal is © The Royal Society of Chemistry 2018



Open Access Atrticle. Published on 08 June 2018. Downloaded on 7/12/2018 7:25:59 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

1)

»
Analytical B sy
Methods

CORRECT'ON View Article Online

View Journal | View Issue

W) Check for updates. Correction: Correcting the effect of hematocrit in
- whole blood coagulation analysis on paper-based
Cite this: Anal. Methods, 2018, 10, .

2939 lateral flow device

Hua Li,®> Daewoo Han,? Giovanni M. Pauletti,” Michael A. Hegener®
and Andrew J. Steckl*®

DOI- 10.1039/c8ay90074d Correction for ‘Correcting the effect of hematocrit in whole blood coagulation analysis on paper-based

www.rsc.org/methods lateral flow device’ by Hua Li et al., Anal. Methods, 2018, DOI: 10.1039/c8ay00192h.

The paragraph of text beneath eqn (3) in the published article should be changed as shown below.

Eqn (3) serves as calibration equation to generate a calibration value (Ay) at various Het (x). The calibration value is positive for
<40% Hct, 0 for 40% Hct, and negative for >40% Hect. The final calibrated RBC distance is the original RBC distance minus the
calibration value.

The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers.

“Nanoelectronics Laboratory, Department of Electrical Engineering and Computer Science, University of Cincinnati, Cincinnati, 45221-0030, USA. E-mail: a.steckl@uc.edu
*James L. Winkle College of Pharmacy, University of Cincinnati, Cincinnati, 45267, USA

This journal is © The Royal Society of Chemistry 2018 Anal. Methods, 2018, 10, 2939 | 2939


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ay90074d&domain=pdf&date_stamp=2018-06-18
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8ay90074d
https://pubs.rsc.org/en/journals/journal/AY
https://pubs.rsc.org/en/journals/journal/AY?issueid=AY010024

Electronic Supplementary Material (ESI) for Analytical Methods.
This journal is © The Royal Society of Chemistry 2018

#440 Hect Calibration 26Marl8

Supplementary Material for
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2Winkle College of Pharmacy, University of Cincinnati, Cincinnati, 45267, USA

1. Materials and Methods for nrLFA Device Fabrication

The nrLFA device is based on a conventional lateral flow immunoassay (LFIA) test strip and
utilizes a plastic cassette as strip holder which has a cut-out window for flow monitoring within
the strip. The nrLFA test strip consists of a fiber glass sample pad (Grade 8950, Ahlstrom-
Munksjo, Helsinki, Finland), a nitrocellulose lateral flow membrane (Hi-Flow™ Plus HF(075,
MilliporeSigma, Billerica, MA), a cellulose wicking pad (Grade 470, Whatman, Maidstone,
United Kingdom), and a self-adhesive plastic backing card (MIBA-020, Diagnostic Consulting
Network, Carlsbad, CA). Unlike conventional LFIA, no conjugate pad or pre-stored reagent is
needed in the nrLFA strip. The overall strip dimension is 4 mm % 53 mm, and the dimension of
each component is 4 mm x 13 mm for sample pad, 4 mm x 30 mm for analytical membrane, and
4 mm x 20 mm for wicking pad. The overlaps of the cellulose membrane with the sample pad and
with the wicking pad are 6 and 4 mm, respectively. Long sheets of the three components are
stacked and assembled on a self-adhesive plastic backing card and then cut into narrow strips of 4
mm width using a guillotine cuter (CM4000, BioDot, Irvine, CA). The completed nrLFA strip is
then placed within a plastic cassette (MICA-125, Diagnostic Consulting Network, Carlsbad, CA)
that consists of two plastic pieces that snap together (top and bottom pieces). The cassette has an
oval-shape sample reservoir and a 16.5 mm-long observation window. The observation window
was covered using transparent adhesive tape to prevent the sample evaporation during testing. No

reagent printing or membrane drying process is needed in the fabrication process.
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The material selection and dimension design of the nrLFA strip components (sample pad,
analytical membrane and wicking pad) are carefully performed to accommodate the physical
properties of the blood as well as the desired sample volume and test time. Fiber glass was selected
to be the material of sample pad due to its very low bed volume (~1-2 pL/cm?)! and excellent
release properties. We also selected the thinnest fiber glass on the market (Grade 8950 from
Ahlstrom-Munksjo) to ensure the bed volume is the lowest. Millipore HF075 nitrocellulose
membrane was selected to be the analytical membrane for blood tests due to its highly-
reproducible lateral flow properties, very short capillary rise time (77+2 sec/4 cm according to our
measurements), very large pore size (14.5+4.7 um according to our measurements), as well as a
clear separation between RBCs and plasma when using blood samples. Because of the relatively
high viscosity of blood (compared to other body fluids) and the size of RBCs (~6-8 um in
diameter)?, short capillary rise time and large pore size ensure fast, uniform and reproducible flow
of blood samples within the membrane without clogging the capillaries. This results in a relatively
short test time, such as 4 min for blood coagulation testing using the nrLFA device. Nitrocellulose
does have relatively large bed volume (~10 pL/cm?)® which can potentially be reduced by casting
thinner membranes by the manufacturers. Cellulose was selected to be the material of wicking pad
due its high absorbency/bed volume (>25 pL/cm?)! that provides continues capillary drive and
prevents fluid back flow in the test duration. The dimension of the strip as well as those of each
strip components were selected to properly match the existing plastic cassette with the lowest bed
volume. The current sample volume for blood coagulation testing using nrLFA is 30 pL. This
sample volume can be further reduced if the bed volume of the nrLFA strip can be reduced by

fabricating narrower strips or thinner nitrocellulose membrane.

2. Methods for Extracting Calibration Equation Using Citrated Rabbit Blood

In this set of experiments, citrated rabbit blood was purchased from HemoStat Laboratories
(Dixon, CA). According to the vendor, fresh rabbit blood was collected in 4 wt.% trisodium citrate
solution at 4:1 volume ratio (fresh blood: citrate solution) to prevent coagulation. Citrated rabbit
blood with various hematocrit (Hct) values (25%, 30%, 35% and 40%) were obtained by removing
freshly separated plasma from low Hct blood (19-25% for various batches from the vendor) after

light centrifugation (Thermo Fisher Scientific accuSpin Micro 17, Osterode am Harz, Germany)
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at 400x g for 6 min, followed by re-suspending with gentle agitation. During the calibration
measurements, a camera and a camera timer were employed to document the blood travel distance
in the form of digital images at a fixed time interval (2 sec). The starting point (t = 0) was selected
to be the moment when red blood cells (RBCs) started to appear in the observation window, and
the end point (t =160 s) was selected to be the moment when RBCs of the blood sample with 25%
Hct, which traveled the fastest among all blood samples (25%, 30%, 35% and 40% Hct),
approached but not yet reached the end of the observation window (D = 16.5 mm). If RBCs reached
the end of the observation window, it would be impossible to measurement the travel distance
because of the limitation of the window length. For each blood sample, 10 replicates were
performed (n = 10) to ensure the reliability of the test results. The number of pixels associated with
RBC travel distance was measured using ImageJ and then converted into actual distance using

Excel. Mean and standard deviation of RBC travel distance were calculated using Excel.

3. Clinical Trial — Study Setting, Population and Protocol

Study Setting and Population

This clinical feasibility study of the ntLFA device was conducted at two different sites, with
healthy and non-anticoagulated volunteers recruited and tested at the University of Cincinnati
(Cincinnati, OH), and patients on prescribed oral warfarin medication recruited and tested at the
St. Elizabeth Healthcare anticoagulation clinic (Fort Thomas, KY'). The recruited patients (n = 27)
were established patients at the St. Elizabeth clinic who have started warfarin therapy at least 1
month ago, at least 18 years of age, and mentally competent. Exclusion criteria included diagnosed
blood clotting disorders such as factor V Leiden, antiphospholipid syndrome, protein C deficiency,
protein S deficiency, antithrombin deficiency, as well as pregnancy. Healthy volunteers (n = 25)
were recruited from the student, faculty, and staff members in the east and west campus of the
University of Cincinnati. Volunteers were eligible if at least 18 years of age and mentally
competent. Exclusion criteria included prior history of any anticoagulant therapy in the past 3
months, the presence of any known blood clotting disorders, as well as pregnancy. This study
received IRB approval (study ID: 2016-5324) from the University of Cincinnati and St. Elizabeth

Healthcare.
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Study Protocol

After consent form was signed by the participants, the following tests were performed using
capillary whole blood sample from finger prick: (1) PT/INR test using the CoaguChek® XS POC
Blood Coagulation Analyzer (Roche Diagnostics, Mannheim, Germany), (2) hematocrit (Hct) test
using Zipocrit® microhematocrit centrifuge (LW Scientific, Lawrenceville, GA), and (3) RBC
travel distance on the nrLFA device after 240 sec (4 min). All collections were performed by the
primary investigator (physician) in the examination room where patient’s blood was collected and
dispensed in the nrLFA device. Then the ntLFA device was quickly transported to another room
where the trial data were capture and analyzed by a blinded secondary investigator (research
assistant). The sample collection and data analysis cannot be performed in the same room due to
the limited size of examination room as well as being considerate to patient’s privacy. During the
PT/INR test, one fingertip of the participant was cleaned using an alcohol wipe before a finger
prick was performed using a 1.8 mm, 23 gauge CoaguChek® Lancet (Roche, Mannheim,
Germany). 8-10 pL of capillary whole blood was collected using a CoaguChek® capillary blood
collection tube and applied to a commercial CoaguChek® XS test strip within 10 sec of collection.
From the same finger prick site, 30 puL of capillary whole blood was subsequently collected using
a calibrated Microsafe® pipette (Safe-Tec Clinical Products, Warminster, PA) and applied to the
sample pad of the nrLFA device within 10 sec of collection. If the second blood sample failed to
be collected within 10 sec of initial puncture, a second finger prick on a different fingertip was
performed to collect the required blood sample. For Hct measurement, ~30 pL of capillary whole
blood was collected from a separate finger prick performed on a different finger using a
heparinized microhematocrit tube (Drummond Scientific Company, Broomall, PA).
Microhematocrit tubes were placed inside of a Zipocrit® microhematocrit centrifuge (LW
Scientific, Lawrenceville, GA) and spun for 5 min at 11,000 rpm, and the Hct percentage was
determined visually with the aid of a standard nomogram. The RBC travel distance on the nrLFA
device was measured and analyzed as described in Sec. Methods for Extracting Calibration
Equation Using Citrated Rabbit Blood with but 15 sec intervals between consecutive images. Fig.

S1 shows the major instruments utilized in the clinical trial.
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Fig. S1 Major instruments utilized in the clinical trial with patients on warfarin therapy.

4. Effect of Albumin on Rabbit Blood Transport in nrLFA

In order to investigate the effect of plasma protein concentration on blood transport in the
nrLFA, we designed and conducted a set of preliminary experiments using bovine serum albumin
(BSA) and washed rabbit RBCs (packed 80%). Five concentrations, 6 g/dL, 8 g/dL, 10 g/dL, 12
g/dL and 14 g/dL, of lyophilized BSA powder (Millipore Sigma, St. Louis, MO) in 0.9% NaCl
(Fisher Scientific, Hampton, NH) solution was made and then added to 80% packed rabbit RBCs
(Innovative Research, Novi, MI) at 1:1 volume ratio. The volume of both BSA in saline solution
and packed rabbit RBCs are 50 pL. The resulting five blood samples have BSA concentrations of
3 g/dL, 4 g/dL, 5 g/dL, 6 g/dL and 7 g/dL respectively, and an identical Hct of 40%. During the
measurement, 30 uL of the resulting blood sample is dispensed in the nrLFA device and the travel
distance of RBCs were measured at t = 100 s, 150 s and 200 s. The documentation of the RBC
distance is described in Sec. Methods for Extracting Calibration Equation Using Citrated Rabbit
Blood but with 5 sec intervals between consecutive images. The experimental data are presented
in Table S1 in the form of images. A light reflection can be seen at the left side of the observation
window due to a clear plastic film placed on top of the window to prevent evaporation in the

duration of experiment.
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Table S1. Experimental data of the effect of albumin on blood transport in the nrLFA device.
BSA Conc. in

t=100s t=150s t=200s
Blood Sample

3 g/dL

4 g/dL

5 g/dL

6 g/dL

7 g/dL

From Table S1, we can see that RBC fronts (deep red front) of various blood samples travel
approximately the same distance at t = 100 s, 150 s and 200 s despite of different concentrations
of BSA in the samples. A slight decrease in the travel distance of plasma front (light red front) can
be observed when BSA concentration increases. Since we only measure the transport of RBCs in
all our experiments in this manuscript, we would like to conclude that different BSA
concentrations do not affect the RBC travel distance of rabbit blood. No correlation can be
observed between increasing albumin concentrations in blood (3-7 g/dL) and RBC travel distances
in the nrLFA. Although we did not use the matching albumin and RBCs from the same animal

species, we doubt the result would be different if we do use the matching albumin and RBCs.
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