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Abstract

Blood-based diagnostics require various forms of sample preparation depending on the
analyte of interest, which can include plasma separation and cellular lysis. Specifically, assays
that require the release of intraerythrocytic analytes (e.g., detection of malaria antigens,
dehydrogenases, and hemoglobin) require the rupture of red blood cells prior to analysis.
Associated handling steps and additional fluid manipulation complicates the user-experience by
adding time, potential for contamination error, and reagent waste. In this work, we demonstrate
an in situ chemical hemolysis treatment coupled with a paper-based device for the quantification
of liberated hemoglobin without using a hemolytic buffer. In contrast to traditional hemolytic
methods that use a buffered solution of saponin, a surfactant, we dried saponin within our
device to lyse red blood cells without diluting the sample. The optimal treatment condition for
hemolysis of blood samples with hematocrit values ranging from 20-50% was 10.6 pg
saponin/cm?. Establishing a relationship between saponin and zone area potentially allows this
in situ hemolysis treatment to be translated to other paper-based devices with different
geometries. For samples with hematocrit values below 40%, we achieved quantitative
hemolysis. Samples with higher hematocrits (e.g., 40-50%) experienced a lesser extent of
hemolysis (80-85%), which we attribute to the increased number of red blood cells present in
samples with elevated hematocrits. The in situ chemical hemolysis treatment described here
could potentially be integrated with a multiplexed paper-based microfluidic device to permit
multiple sample preparation techniques on a single sample of blood without additional off-chip

user steps.
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1. Introduction

Point-of-care diagnostics promise a cost-effective, equipment-free, and operationally
simple user experience. While advances in the development of diagnostic assays at the point-
of-care have accelerated over the past decade [1-5], sample preparation has lacked similar
innovation [6]. Operators are often required to perform off-chip dilutions [7-9], sequential
reagent additions [10], and even separations to isolate blood components (e.g., plasma or
serum). This approach of segmented sample preparation requires multiple sample collections
and multiple individual tests to be performed. Unfortunately, this approach inhibits adoption of
blood-based assays at the point-of-care by adding time, complexity, and reagent waste. For
example, testing for intracellular contents of red blood cells (RBCs) requires cell membrane
disruption prior to conducting an assay. This is commonly achieved using a hemolytic buffer in
conjunction with lateral flow tests. However, application of a hemolytic buffer following sample
addition results in complete hemolysis of the blood sample and eliminates the possibility of
multiplexed analysis from a single sample of blood (e.g., whole blood, purified plasma, and
hemolysate preparation from a single blood sample).

Successful integration of on-chip hemolysis into traditional microfluidic point-of-care
devices has required mechanical [11, 12], thermal [13, 14], and chemical [15—17] mechanisms
to disrupt RBC membranes. While these approaches are widely employed in laboratory settings,
they are limited to the benchtop due to the need for external pumps for fluid manipulation
[18,19]. In contrast, paper-based microfluidics offer the advantage of controlling fluid flow by
capillary action. Patterning paper with hydrophobic barriers provides further utility by spatially
separating reagents within a device to perform multi-step reactions [20-23]. Paper-based
devices, as a platform, are highly adaptable to a variety of diagnostic assay formats [24] and
address many of the challenges associated with point-of-care settings.

Sample preparation (i.e., hemolysis) was previously integrated into both

immunochromatographic [25] and origami-style paper-based microfluidic [26] devices. In both
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devices, Triton X-100 was dried and stored on-chip in a thick porous material. Effective
hemolysis was achieved after rehydration of Triton X-100 with the addition of a liquid sample
and a short incubation period. Surfactants such as Triton X-100, however, are incompatible with
hydrophobic wax barriers, which limits this approach to unpatterned media similar to
commercially available immunochromatographic strips. An alternative approach is utilized by the
BinaxNOW malaria immunochromatographic strip by Abbott, which qualitatively detects malaria
antigens released from red blood cells [27]. The BinaxNOW immunochromatographic test
achieves on-chip hemolysis through the addition of a running buffer containing detergent for
hemolysis following initiation of the assay, effectively destroying the integrity of the sample for
alternative analysis (e.g., purified plasma or whole RBCs). Incorporating controlled hemolysis
directly into a multi-layered, wax-patterned paper-based device would permit a new suite of
diagnostic assays including intraerythrocytic analytes (e.g., detection of malaria antigens and
dehydrogenases) in addition to plasma and whole cell analytes by spatially separating
components for sample preparation.

Herein, we describe a surfactant-mediated hemolytic treatment integrated with a wax-
patterned, paper-based microfluidic device and demonstrate in-line quantification of the
intraerythrocytic analyte hemoglobin without the use of a hemolytic buffer. We utilize the
surfactant, saponin, stored in paper to rupture RBC membranes [28, 29] while maintaining
hydrophobic wax barriers to control fluid flow in three-dimensions. Inclusion of a plasma
separation membrane removes RBC membrane fragments to prevent clogging of the device.
We evaluate our in situ hemolysis approach by quantifying liberated hemoglobin with respect to
saponin concentration and hematocrit. This treatment could also be stored within multiplexed
paper-based microfluidic devices to allow multiple sample preparation techniques to be
performed on a single sample of blood without additional off-chip user steps, generating

excessive reagent waste, or adding lengthy incubation times.
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2. Experimental Design
2.1 Device Design and Fabrication

Our three-dimensional, paper-based device comprises three layers: (i) sample addition
and hemolysis, (i) RBC membrane exclusion, and (iii) lateral channel (Fig. 1B). Addition of
whole blood initiates the assay, rehydrating the hemolytic reagent—saponin—for in situ
hemolysis. Disruption of the RBC membrane releases intraerythrocytic contents into the plasma
and results in an excess of membrane fragments, which are retained by a plasma separation
membrane to prevent clogging of the paper channel below. The plasma carrier fluid then
facilitates the transport of soluble, intraerythrocytic contents through the lateral channel by
capillary action. The RBC membrane exclusion layer (ii) is a polysulfone material with an
asymmetric pore structure used to passively filter cells and produce purified plasma (Pall Corp.
Vivid GR). The remaining layers of the device were fabricated from Whatman Grade 4
qualitative chromatography paper for its fast wicking rate.

We used Adobe lllustrator to design each paper layer of this device and printed the
hydrophobic wax barriers using a Xerox ColorQube 8580 wax printer. We used a Promo Heat
CS-15 T-shirt press (45 seconds at 280 °F) to form hydrophobic barriers through the full
thickness of the patterned chromatography paper (Whatman grade 4), which defined the
storage zones for dried assay reagents. We used double-sided permanent adhesive (Flexmount
Select DF021621) to maintain contact between each layer of the device and Fellowes
transparency laminate to protect the stored reagents from environmental contaminants and user
interference.

2.2 Evaluation of Quantitative, In Situ Hemolysis

Blood was used within 48 hours after initial receipt to minimize effects of cell morphology
changes, which could affect flow of blood samples in paper [30]. We defined extent of hemolysis
as the ratio of liberated hemoglobin to total hemoglobin in a sample of blood using an elution

method (Fig. 1A). First, we calibrated the paper-based device (Fig. 1B) with hemolysate
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standards (Fig. 1C). Next, we prepared whole blood samples at various hematocrit values and
concentrations of hemoglobin, applied them to the sample addition layer, and allowed the
sample to saturate the end zone of the lateral channel. In accordance with the WHO
recommendation, we used a standard office hole punch to remove a 6-mm diameter punch from
the end of each lateral channel containing the liberated intraerythrocytic contents [31]. We then
eluted each punch in 1.0 mL Drabkin’s reagent for 30 minutes before quantifying the
concentration of hemoglobin by UV-vis. The Drabkin’s reagent converts all forms of hemoglobin
to a single, stable form of hemoglobin (i.e., cyanmethemoglobin), which can be reproducibly
measured at 540 nm [32]. While the Drabkin’s assay is designed to lyse samples of whole
blood, inclusion of the PSM ensures no intact cells can enter the paper channel. As a result,
samples obtained by elution from the paper punch at the terminal zone of the channel contain
no additional cells to lyse and any detected hemoglobin will only be the result of on-device
hemolysis. We prepared hemolysate controls off-chip to represent complete hemolysis and
provided the value for total hemoglobin. We used lyophilized hemoglobin standards rehydrated
with diH,O (18 MQ) to construct calibration curves over a range of 3—-18 g/dL. We determined
the limit of detection (LOD) for the Drabkin’s assay using isolated plasma obtained by
centrifugation of whole blood (n=20).
2.3 Live Subject Statement

We obtained washed human red blood cells (type O+) suspended in Alsever's solution from
Innovative Research (Novi, MI). Blood was drawn by the vendor from healthy donors in an FDA-
licensed facility. We obtained samples of whole blood from Research Blood Components (Woburn,
MA). The vendor follows American Association of Blood Banks guidelines for all donors, which
includes IRB approved consent to the use of collected blood for research purposes. All research was

approved by the Tufts University Institutional Biosafety Committee.
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3. Results and Discussion
3.1 Determination of Optimal Lytic Agent

We aimed to integrate our chemical hemolysis approach with a paper-based device to
eliminate the burden of sample preparation at the point-of-care. Fabricating paper-based
devices with hydrophobic wax barriers is a simple and effective method which allows for rapid
prototyping of inexpensive devices [33]. Reagents stored within these devices must be
compatible with analytes of interest (e.g., do not denature proteins) as well as the hydrophobic
wax barriers (i.e., do not penetrate the wax). We surveyed surfactants (e.g., Triton X-100,
sodium dodecyl sulfate SDS, CHAPS, and saponin) at various concentrations for (i) efficacy of
hemolysis and (ii) compatibility with hydrophobic wax barriers. While surfactants such as Triton
X-100 and SDS are effective at lysing RBCs, they are harsh surfactants that can denature target
analytes. Additionally, these surfactants are incompatible with wax barriers. In contrast, the
integrity of wax barriers is maintained in the presence of both CHAPS and saponin. We
compared the efficacy of hemolysis for both CHAPS and saponin in solution at various
concentrations using the decrease in packed RBC volume at the bottom of a microhematocrit
tube. At a hematocrit value of 45%, CHAPS yielded a maximum of 70.4% hemolysis with a
concentration of 12.5 mg/mL (Fig. S1A). Increasing the concentration of CHAPS did not result
in a greater extent of hemolysis. In contrast, at a hematocrit value of 45%, saponin had a much
greater efficacy at 91.4% hemolysis using a concentration of 1.6 mg/mL saponin in solution
(Fig. S1B). We decided to use saponin, rather than CHAPS, because saponin yielded a higher
extent of hemolysis in solution.
3.2 Characterization of In Situ Hemolysis

Chemical hemolysis is initiated by application of a blood sample. No additional buffer is
required for hemolysis or sample flow. To evaluate the extent of hemolysis in our paper-based
device (Fig. 1B), we quantified the concentration of hemoglobin transported to the terminal zone

of the lateral channel using our elution method (Fig. 1A). Once the hemolysate saturated the
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terminal zone, we removed a 6-mm punch of paper containing the intraerythrocytic analytes and
immediately submerged the punch in 1.0 mL of Drabkin’s reagent on a rotisserie for 30 minutes.
Since the Drabkin’s assay for total quantitation of hemoglobin requires accurate dilution of the
sample, we first compared the calibration data in our paper-based device with matched liquid
samples using a reference method (Fig. 1C). Hemoglobin standards prepared over the
physiological range (3—-18 g/dL) were directly (i) applied to the paper-based device and (ii)
diluted in 1.0 mL of Drabkin’s reagent. The sample volumes were 20 yL and 4 L, respectively.
Both methods of quantitation were analyzed by linear regression and yielded R-squared values
greater than 0.99. The LOD was calculated as 2.9 g/dL hemoglobin in purified plasma using the
reference method calibration curve. While both calibration curves demonstrated excellent
linearity over the physiological range of hemoglobin, the slopes differed between the two
methods of quantitation (Fig. 1C). Our paper-based device was less sensitive than the
reference method with slopes of 0.0101 and 0.0127, respectively. We attribute this decrease in
sensitivity to a decreased sample volume eluted from the paper punch. To confirm the volume
of sample obtained from the paper punch, we constructed calibration curves using the reference
method and liquid samples of hemoglobin at 2, 3, 4, and 5 pL. These volumes correspond to
dilution factors of 1:500, 1:333, 1:250, and 1:200, respectively. Using the slopes obtained from
these calibration curves, we estimated that our paper punch contains a sample volume of 3.4 uL
(Fig. 2). To account for the sample volume discrepancy between our paper punch and liquid
reference samples, we calculated a correction factor by comparing the slopes of the reference
calibration the elution calibration (Fig. 1C). Applying this correction factor of 1.26 to the
concentration of hemoglobin obtained from preparing samples using our paper-based device
allows for accurate quantitation of hemoglobin (i.e., comparable to the concentration of
hemoglobin obtained from the reference method) in blood samples.

In order to evaluate the extent of hemolysis, hemolyzed samples must saturate the

terminal zone of the lateral channel prior to elution. We prepared hemolysate controls off-chip
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over a physiologically relevant range of hematocrits (i.e., 25%, 40%, and 55%) and added them
to devices without saponin dried onto the sample addition layer. The hemolysate controls
correspond to 7.8, 13.6, and 19.1 g/dL hemoglobin, respectively. Initially, samples of blood with
high hematocrits (e.g., 55%) and high concentrations of hemoglobin (e.g., approximately 20
g/dL) did not saturate the terminal zone of the lateral channel following the release of
intraerythrocytic contents from RBCs. To improve filling of the device at high hematocrits and
high concentrations of hemoglobin, we first varied the input volume of the sample. Increasing
the sample volume from 20 uL to 40 pL slightly increased device filling and sample flow at low
and normal hematocrits, but samples with high hematocrits still did not saturate the terminal
zone. We previously determined that treating paper-based devices  with
ethylenediaminetetraacetic acid (EDTA) improved the flow of blood with respect to the
hematocrit [34]. Similarly, we treated the sample addition zone in our hemolysis device with 0.5
M EDTA to improve blood flow. Treating the sample addition layer with EDTA ensured all
hemolysate controls were transported to the end of the lateral channel regardless of hematocrit
with a sample volume of 40 uL (Fig. 3).
3.3 Efficacy of In Situ Hemolysis at Various Hematocrits

Extent of hemolysis is dependent on the number of surfactant molecules per RBC, which
is directly related to the hematocrit value (i.e., ratio of packed RBC volume to total blood
volume). To account for a higher number of RBCs in blood samples at high hematocrits, we
varied the concentration of saponin dried onto the sample addition layer and measured the
extent of hemolysis over a physiological range of hematocrit values (20-50%). Blood samples
were prepared with different hematocrits by increasing or decreasing the volume of plasma. All
samples were warmed to 37 ‘C prior to analysis. The initial concentration of total hemoglobin
was measured using the reference method. Extent of hemolysis was expressed as the ratio of
liberated hemoglobin eluted from the terminal zone to the total concentration of hemoglobin in

the sample. Paper-based devices were treated with 2.5-7.0 yL of 50% w/v saponin and 0.5 M
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EDTA, corresponding to 4.4-12.4 pg saponin/cm?. For all blood samples, we observed a
positive relationship between extent of hemolysis and concentration of saponin between 4.4—
10.6 ug saponin/cm? (Fig. 4A). Further increasing the concentration of saponin above 10.6 ug
saponin/cm? resulted in a lesser extent of hemolysis for all blood samples. Above this critical
concentration of 10.6 ug saponin/cm?, rehydration becomes a limiting factor, which results in
fewer RBCs interacting with the saponin and a subsequent lesser extent of hemolysis.

As an alternative to paper, which is composed of an interconnected network of
heterogeneous pores, we investigated drying saponin onto a uniform mesh with a single open
pore size (20 um). In this configuration, the mesh concentrates all dried mass of saponin onto
the two faces (top and bottom) and within each pore of a thin sheet rather than distributing the
saponin throughout the thickness of a porous material. As a result, we expect the effective
concentration of saponin to be higher in devices comprising meshes in contrast to papers. We
compared the effectiveness of both mesh and paper to promote hemolysis. In this set of
experiments, 3 mg of saponin (6 uL of 500 mg/mL) was applied to a 6-mm wide zone (28.3
mm?): (i) the Whatman 4 paper has a thickness of 205 ym and a porosity of 71.3% (as
determined by X-ray microcomputed tomography) [35,36] and (ii) the mesh has a thickness of
60 um and an open area of 13% [37]. As a result, the effective concentration of saponin upon
rehydration is 12.5-fold higher in the mesh device than the paper device (9.1 mg/mm?3 vs. 0.7
mg/mm3). However, mesh devices did not result in a higher extent of hemolysis. Instead,
hemolysis decreased for blood samples at 35% and 55% Hct (Table $1), which suggests that
rehydration, and not solely the amount of available lysis agent, plays a role in the efficacy of
hemolysis in these devices.

Optimal hemolysis was achieved by treating the sample addition layer (Whatman grade
4) with 6 pyL of 50% w/v saponin, which corresponds to 10.6 ug saponin/cm? (Fig. 4B). For
samples with hematocrit values below 40%, we achieved quantitative hemolysis (i.e., 100%

hemolysis). Samples with higher hematocrits (e.g., 40-50%), experienced a lesser extent of
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hemolysis. We attribute this lesser extent of hemolysis to the increased number of RBCs
present in samples of blood with elevated hematocrits. Considering the low variance observed
for each sample (4-11% SEM), a correction factor could be applied to quantitative assay results
if the hematocrit value is known to account for the lesser extent of hemolysis. For example, if a
sample of blood with a known hematocrit of 50% is applied to our device and we quantify the
concentration of hemoglobin in the hemolysate as 16.3 g/dL (eluted from the paper punch), we
can apply a correction factor of 1.2 to increase the concentration of hemoglobin assuming that
only 80% of the RBCs are lysed at this hematocrit. Applying this correction factor would
effectively account for the 20% of RBCs that are not lysed and result in a calculated
concentration of hemoglobin (ca. 19.6 g/dL), which is approximately 4% higher than the

theoretical reference value (ca. 18.8 g/dL).

4. Conclusions

We aimed to integrate a surfactant-mediated hemolytic treatment with a wax-patterned,
paper-based microfluidic device and demonstrate in-line quantification of the intraerythrocytic
analyte hemoglobin without the use of a hemolytic buffer. We identified saponin as the optimal
surfactant for in situ hemolysis because it does not denature proteins and is compatible with
hydrophobic wax barriers. While saponin is commonly used in commercially available hemolytic
buffers, this is the first demonstration of dried saponin stored within a paper-based device.
Inclusion of a plasma separation membrane removes RBC membrane fragments to prevent
clogging and treating the device with EDTA ensures proper transport of samples ranging from
20-55% hematocrit. Our paper punch and elution method allow for accurate determination of
extent of hemolysis as a function of saponin stored in the device. The optimal treatment for
maximum hemolysis is 10.6 pyg saponin/cm? for samples ranging from 20-50% hematocrit.
Although we did not achieve quantitative hemolysis for samples with higher hematocrit values

we attribute this to inadequate rehydration of the dried saponin in the presence of increased
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numbers of RBCs. However, incomplete hemolysis can be sufficient for a number of assay
including diagnostic parasitic infections [38, 39]. Additionally, a correction factor could possibly
be applied to quantitative results to account for lesser extent of hemolysis if the hematocrit value
is known, which would be helpful with measuring hemoglobin A1c, glucose-6-phosphate-
dehydrogenase activity, and total folate [40, 41]. Establishing a relationship between the amount
of saponin and area allows this treatment to be translated to other devices with different

geometries, potentially scaling device size down to use less blood [42].
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Figure 1. Schematic of a three-dimensional, paper-based device for in situ hemolysis and the

quantification of hemoglobin. (A) Workflow for our elution method for quantification of

oNOYTULT D WN =

hemoglobin in a paper-based device. (B) Schematic of a paper-based device for in situ
10 hemolysis. Black areas are hydrophobic barriers prepared by wax printing. The dotted line
12 represents the flow of sample through the device. Adhesive films between each layer are
14 removed to simplify the illustration. We removed the terminal zone of the lateral channel
16 (outlined in red) using a standard office punch (6-mm diameter) prior to the elution step. (C)
18 Calibration curves for the quantification of hemoglobin. The calibration curves for both reference
20 (red) and elution (blue) methods were constructed using hemoglobin standards (3—18 g/dL).
22 Each data point is the mean of five replicates and the error bars represent the standard error of
the mean. Each data set is fit using linear regression (reference method: R2=0.997,

slope=0.0127; elution method: R?=0.995, slope=0.0101).
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Figure 2. Estimation of sample volume eluted from a 6-mm paper punch. The Drabkin’s assay

was performed using various sample volumes of hemoglobin standards (2, 3, 4, and 5 pL) in 1

oNOYTULT D WN =

mL of Drabkin’s reagent. Calibration curves were generated over the physiological range of
10 hemoglobin (3—18 g/dL) and the slope for each sample volume was plotted. The data are fit
12 using linear regression (slope=0.0039, intercept=-0.0006, R?=1.000) and error bars represent

14 the estimated error of each slope at the 95% confidence interval.
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Figure 3. Determination of sample input volume using hemolysate controls. Samples of whole
blood at various hematocrits (25-55%) were fully lysed and then applied to 0.5 M EDTA treated
and untreated devices to simulate in situ quantitative hemolysis. In the absence of EDTA,
hemolysate samples do not reach the end of the channel. In the presence of EDTA, hemolysate
samples reach the end of the channel only when 40 uL of sample is applied across various

hematocrits.
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Figure 4. Evaluation of in situ hemolysis using blood at various hematocrits. (A) A sample of

blood was prepared over a range of hematocrits (20—-50%) and applied to paper-based devices

oNOYTULT D WN =

treated with a varying concentration of saponin. Maximum extent of hemolysis was achieved for
10 each sample in the presence of 10.6 ug saponin/cm?. Each data point is the mean of five
12 replicates and the error bars represent the standard error of the mean. (B) The total
14 concentration of hemoglobin (g/dL), maximum extent of hemolysis (%), and standard error of

16 the mean (%) is reported for each sample of blood under optimal hemolysis conditions.
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