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ABSTRACT: In this work, we investigated the influence of paper structure on
the performance of paper-based analytical devices that are used for blood
analysis. The question that we aimed to answer is how the fiber type (i.e.,
softwood and hardwood fibers) influences the fiber network structure of the
paper, which affects the transport of red blood cells (RBCs) in paper. In the
experimental design, we isolated the influence of fiber types on the paper
structure from all other possible influencing factors by removing the fines from
the pulps and not using any additives. Mercury porosimetry was employed to
characterize the pore structures of the paper sheets. The results show that
papers with a low basis weight that are made with short hardwood fibers have a
higher porosity (i.e., void fraction) and simpler pore structures compared with
papers made with long softwood fibers. RBC transport in paper carried by
saline solution was investigated in two modes: lateral chromatographic elution
and vertical flow-through. The results showed that the complexity of the paper’s
internal pore structure has a dominant influence on the transport of RBCs in paper. Hardwood fiber sheets with a low basis
weight have a simple internal pore structure and allow for the easy transport of RBCs. Blood-typing sensors built with low basis
weight hardwood fibers deliver high-clarity assays. Softwood fiber papers are found to have a more complex pore structure, which
makes RBC transport more difficult, leading to blood-typing results of low clarity. This study provides the principle of paper
sheet design for paper-based blood analysis sensors.
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1. INTRODUCTION

Paper-based microfluidic devices and paper-based sensors have
attracted a lot of attention because of their potential
applications in point-of-care, immunoassays, food-quality test-
ing, environmental monitoring, and disease screening in
resource-limited areas.1−10 Paper made of cellulose fibers
demonstrates significant advantages over other substrates,
such as silicon and glass, when used in the manufacturing of
low-cost, disposable, and flexible diagnostic devices.1,2,11−13

Paper-based sensors use the hydrophilic nature of the cellulose
fiber network to transport homogeneous aqueous liquids by
capillary wicking. To control the direction of liquid wicking on
paper, previous publications reported a variety of methods to
pattern the paper.1,14−17 By physically and chemically
functionalizing paper and patterned paper devices, many
routine chemical and biological assays can be performed
using paper-based devices without the need for sophisticated
analytical equipment.1,9−11 More recently, paper-based micro-
fluidic diagnostics has evolved from analyzing samples of very
simple matrices to analyzing samples of more complex matrices,
such as animal and human blood samples.18−20 Paper-based
device design has increasingly involved the use of a colloid
suspension, such as metal nanoparticles and encapsulated
functional nanoparticles, as the reaction media or indicator

system.21,22 Although several methods of using paper to
separate and analyze heterogeneous samples have been
demonstrated, the physicochemical properties of paper that
are best-suited for analyzing a heterogeneous sample are not yet
fully understood.1 Paper is a material with a three-dimensional
porous structure that is formed by multiple layers of cellulosic
fibers.23,24 It has been used for a long time as a filtration
medium for separating solid and colloidal particles from
heterogeneous fluids. To better utilize the filtration property
of the paper to design high-performance paper sensors for
complex sample analysis, a detailed understanding of the fiber
network structure and particle transport behavior in paper is
necessary.
Our group has developed a series of paper-based fluidic

devices for blood typing; these devices work based on filtration
and chromatographic separation principles.8,18,19,25 Whole
human blood is composed of a continuous plasma phase with
red blood cells (RBCs) in a suspension state. The blood group
is classified on the basis of the inherited differences (poly-
morphisms) in the antigens on the surface of the RBCs.26−28

Received: September 26, 2014
Accepted: November 18, 2014
Published: November 18, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 21624 dx.doi.org/10.1021/am506618c | ACS Appl. Mater. Interfaces 2014, 6, 21624−21631

www.acsami.org


Whereas the biochemical basis of a paper-based blood-typing
assay is the hemagglutination of RBCs by their corresponding
grouping antibodies, the mechanism of interpreting the assay
result relies on the transport behaviors of agglutinated RBC
lumps and nonagglutinated free RBCs within the porous fiber
network of the paper. Paper-based blood-typing devices are
fabricated by simply imbibing blood group antibody solutions
into the fiber network of a paper. In a blood-typing assay, a
blood sample is allowed to imbibe into the paper that has been
treated with the antibodies. This design concept allows the
hemagglutination to occur inside the fiber network of the paper.
For a positive assay, hemagglutination makes RBCs agglutinate
via the intercellular cross-linking by their corresponding
antibody molecules. The agglutinated RBC lumps are then
immobilized primarily by mechanical entrapment in the porous
structure of paper. In contrast, no hemagglutination occurs in a
negative assay; nonagglutinated RBCs remain stably dispersed
in the plasma phase and can move through porous fiber
network of paper, with plasma occurring as a single suspension
phase.18,25,29 To display the blood-typing result, the assay is
subjected to either a buffer elution in a chromatographic tank
or a buffer rinsing step to allow a small volume of buffer to
penetrate the paper. Buffer elution or buffer rinsing is intended
to flush out free RBCs from the fiber network. Because only
nonagglutinated RBCs are free in the fiber network and
agglutinated RBC lumps are not, a chromatographic elution or
buffer rinsing can provide visual evidence of the occurrence of
hemagglutination: a negative assay should show no blood color
on the paper, whereas a positive result should show a strong
blood color.18,19

A successful blood-typing assay on paper must differentiate a
positive assay from a negative one with high clarity. In our
investigation, we observed that blood-typing assay clarity is
dependent on the type of paper selected. Visually, low clarity
means that a negative assay may carry a faint to moderate blood
color, whereas a positive assay occasionally gives a low density
of the blood color; these observations may lead to an
ambiguous assay result. To improve the clarity of the paper-
based blood-typing assays, paper structures must be charac-
terized and their influence on the movements of RBCs must be
understood. This understanding will provide key information
not only for selecting the right papers to fabricate blood-typing
devices but also for fabricating paper-based devices for other
blood analyses.
A paper sheet is often considered as an infinite network in its

lateral dimensions but finite in the vertical (or z) direction.24

Because paper-based blood-typing devices typically adopt two
different designs, i.e., the lateral chromatographic flow
design8,18 and the vertical flow-through design,19,25 the paper
structure may influence the sample flow and the RBC
separation of these flow modes differently, due to the
anisotropic structural characteristics of paper.
In an actual papermaking process, a variety of chemical

additives are used to improve the paper sheet properties, which
include the wet and dry strength and printability additives.
These additives include cationic starch, sodium carboxymethyl
cellulose (CMC), and cationic polymers, such as polyacryla-
mide (PAM) and poly(diallyl dimethylammonium chloride)
(PDADMAC).13,30,31 Wood pulps also contain a fraction of
fine fibrous and granular particles known as fines. However, for
the papers that are used for blood typing, the charges carried by
additives may affect the transport behavior of RBCs in fiber
networks because RBCs are negatively charged in the plasma

environment.28 Fines may also interact with fibers and RBCs.
Because of the above factors, no commercial paper possesses
the optimized properties for blood-typing assays.
In this work, we investigate the effect of paper structure on

the performance of paper-based blood-typing devices. Papers
with different basis weights were made using different fibers. To
clearly identify the influence of the paper’s physical structures
on its blood-typing performance, no chemical additives were
used and the fine particles in the pulp were removed in this
study. The paper sheet properties were characterized with
apparent thickness and apparent bulk measurements and with
mercury intrusion porosimetry. Blood-typing assays by lateral
chromatographic elution and vertical flow-through modes were
investigated to study the red blood cell transport behavior in
the papers’ internal porous structure and the paper-based
sensor performance.

2. EXPERIMENTAL SECTION
2.1. Materials. Eucalyptus hardwood bleached kraft pulp and

northern softwood bleached kraft pulp were obtained from the
National Institute of Standards and Technology (Gaithersburg, MD).
The properties of these pulps were retrieved from the reports of NIST
standard reference materials 8495 and 8496. Standard blotting paper
with a basis weight of 280 g/m2 was obtained from Fibrosystem AB
and used as the absorbent paper for making handsheets. Blood samples
were collected from adult volunteers with known blood groups
through Red Cross Australia. All blood samples were stabilized with
anticoagulant additives, stored in Vacutainer test tubes containing
heparin, citrate, and EDTA at 4 °C and used within 7 days of
collection. ALBAclone anti-A (Z001), anti-B (Z011), and anti-D
(Z039) monoclonal grouping reagents were sourced commercially
from Alba Bioscience Ltd. Anti-A and anti-B are a transparent cyan
and a transparent yellow solution, respectively, whereas anti-D is a
colorless solution. Monoclonal grouping reagents were also kept at 4
°C. Analytical grade NaCl from Sigma-Aldrich was used to prepare the
physiological saline solution.

2.2. Methods. Hardwood and softwood fibers were obtained by
disintegrating hardwood and softwood pulps using a Messmer
standard pulp disintegrator for 7500 revolutions. The fibers were
then thoroughly washed with a 150-mesh to remove the fines.
Handsheets with basis weights of 20, 35, and 50 g/m2 were made with
hardwood and softwood fibers. Handsheets (20 g/m2) with different
contents of hardwood and softwood fibers were also made. TAPPI
(Technical Association of the Pulp and Paper Industry) standard
method T205 was followed for making the handsheets. All handsheets
were conditioned at 23 °C and 50% relative humidity for 24 h before
measuring their physical properties. The sheet basis weight, apparent
thickness, and apparent bulk were measured following the TAPPI
standard method T220. The terms “thickness” and “bulk” used below
indicate the “apparent thickness” and “apparent bulk”. The mercury
intrusion measurements were performed using an AutoPore IV 9500
instrument (Micrometritics).

For the lateral chromatographic elution test, paper handsheets were
cut into 100 × 30 mm2 strips. Ten microliters of antibody solution was
spotted 2 cm from the shorter side of the paper strip and allowed to be
absorbed completely over 30 s. An aliquot of 1 μL of whole blood
sample was dropped onto the center of the antibody spot and allowed
to react with the antibody reagent for 30 s. Then, the paper strip was
suspended in a physical saline solution in a chromatographic tank to
allow elution for 90 s; the distance between the blood spot and the
level elution buffer was kept at 10 mm. The paper strip was then
removed from the chromatographic tank and suspended in a fume
cupboard to be dried in air at room temperature for 10 min. The dried
paper strip was then scanned using a scanner (Epson Perfection 2450)
for image analysis.

For the vertical flow-through saline-rinsing blood-typing test,
handsheets were cut into 10 × 10 mm2 paper squares. The testing
paper was prepared by adding 10 μL of antibody solution to the paper
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surface and allowing it to dry in air for 3 min. One microliter of whole
blood sample was introduced onto the paper and allowed to react with
the antibody reagent for 30 s. The testing paper was then transferred
onto a sheet of blotting paper to perform the saline rinsing. Rinsing
was performed by introducing a total of 30 μL of saline solution onto
the center of the blood spot for two applications; the absorbing power
of the blotting paper assisted the rinsing buffer to penetrate through
the testing paper. The rinsed blood-testing paper was allowed to dry in
the fume cupboard for 10 min. A scan of the dried testing paper was
then obtained.
The optical density values of blood spots of the positive and

negative assays were assessed and reported as the mean ± SD
(standard deviation). Unpaired two-tailed t tests were used to compare
the mean optical density values for the analysis of different blood
samples with different testing modes. One-way analysis of variance
(ANOVA) was applied to compare the mean red color optical density
in more than two groups. The statistical analysis was performed using
the GraphPad Prism (version 6) software with P < 0.05 considered
significant.

3. RESULTS AND DISCUSSION
3.1. Isolation of the Paper Physical Structure from the

Influence of Chemical Additives and Fines. To gain a
precise understanding of the influence that the paper sheet
physical structure has on its bloodtyping performance, we
formed handsheets using well-characterized softwood and
hardwood pulps, but without using any additives. Fines were
also removed because their contribution to RBC transport
should be investigated separately.
Handsheets with basis weights of 20, 35, and 50 g/m2 were

made with hardwood and softwood fibers, respectively. Figure
1a shows that the apparent thickness of the handsheets
increased substantially with the increase in sheet basis weight.
For hardwood handsheets, when the basis weight was increased
from 20 to 50 g/m2, the thickness increased from 84.9 to 171.9
μm, representing an increase of 102.5%. For handsheets made
from softwood fibers, a similar trend can be observed. This
trend is intuitively appreciable because the number of fiber
layers increases with the basis weights of handsheets. Figure 1a
also shows that all of the hardwood handsheets have greater
apparent thickness compared with the softwood handsheets of
the same basis weight. Figure 1b shows that for each basis
weight, hardwood sheets have a higher bulk value than do the
softwood sheets. The bulk of a paper is defined as the reciprocal
of the sheet density and has a unit of cubic centimeters/gram.32

Additionally, the bulk of the hardwood and softwood
handsheets decreased from 4.13 to 3.36 cm3/g and from 3.88
to 3.07 cm3/g, respectively, as the sheet basis weights increased
to 50 g/m2. The data in Figure 1b indicate that the volume of
voids in a hardwood sheet was higher than that in a softwood
sheet of the same basis weight. It also indicates that the fiber
network became denser as the sheet basis weight increased.
Figure 2 shows the thickness and bulk of handsheets made of

different blends of hardwood and softwood fibers, all with a
basis weight of 20 g/m2. The thickness of the handsheets
increases with the content of hardwood fibers to 50% at first
and then levels off. It, however, is only suggested because the
error bars of some data sets are large. Detailed handsheet data
can be found in Table S3 in the Supporting Information (SI).
By varying the sheet thickness and bulk through controlling the
content of different fibers, the structure of the paper network
can be varied in a controlled manner. This provides the
possibility to investigate the influence of the paper’s physical
structure on the transportation and immobilization of RBCs,
without any interference from chemical additives.

3.2. Characterization of Pore Size Distribution of
Paper. Mercury porosimetry was used to characterize the pore
size distribution of handsheet samples. Figure 3a shows the
pore size distributions of hardwood handsheets of different
basis weights. The data show similar bimodal patterns. Such a
pattern has been reported previously.33 Silvy et al. attributed
the low-intensity peak of larger pore diameters to the pores
located on the surface of the paper and the high-intensity peak
of smaller pore diameters (between 10 and 30 μm) to pores
inside the sheets.33 Our results show that both peaks for
hardwood 20 g/m2 paper are higher than those of papers with
higher basis weights; this finding indicates that papers with
lower basis weight have a more porous surface and internal
structures. This finding is in agreement with the sheet bulk
results shown in Figure 1b.
The sizes of the surface pores of hardwood paper are

centered at approximately 100 μm and range from 45 to 200
μm. Because RBCs have the shape of biconcave disks, with a
diameter of 6−8 μm and a thickness of 2 μm,29 they can easily
pass through the surface pores of hardwood paper.
Furthermore, the integral of the log differential intrusion plot
over a certain pore size range gives the cumulative mercury
intrusion volume; it reflects the pore volume corresponding to
the pore size range of the material being tested.34 Because the
20 g/m2 hardwood handsheet has the highest volume of surface
pores, it could therefore be hypothesized to have a greater
capability to allow for the lateral transportation of free RBCs via
chromatographic elution.

Figure 1. Apparent thickness (a) and apparent bulk (b) of hardwood
and softwood handsheets of different basis weights.
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Figure 3a also shows that the internal pores of hardwood
handsheets with basis weights of 20, 35, and 50 g/m2 are
centered at 20, 18, and 10 μm, respectively. Among these
handsheets, the 20 g/m2 one has an internal volume of 8.4 mL/
g, while the internal volumes of the 35 and 50 g/m2 sheets are
much lower, being 4.7 and 4.2 mL/g, respectively. In addition,
the high-intensity peak of the 20 g/m2 hardwood handsheet is
narrower than those of higher basis weights. These findings
suggest that low basis weight handsheets have more uniform
internal pore size distribution, which is a desirable sheet
property for separation. It is noted, however, that the internal
pore size distribution of the 50 g/m2 hardwood sheet has a
shoulder, suggesting that the internal structure is formed by
pores of two sizes. We hypothesized that the internal pore
structure of the 50 g/m2 hardwood sheet was less uniform and
more complex. One explanation of this observation is that
sheets of high basis weight contain more fibers, which
contribute to more fiber−fiber bonding; this leads to a more
complex internal pore structure of the sheet. We hypothesize
that RBC transport in complex pore structures would be more
difficult. This effect is discussed in more detail below.
Internal pores with diameters smaller than 8 μm would not

provide easy transport pathways to free RBCs. Although it is
known that red cells can pass through veins with smaller
diameters than those of RBCs under pressure through cell
deformation,35,36 no report has shown that this would also
occur for RBCs traveling in a porous network under no external
pressure.
In summary, hardwood handsheets of lower basis weights

could have the potential to transport free RBCs more efficiently
via both chromatographic elution and flow-through modes

because of their large surface volume and internal pores that
have uniform sizes.
The pore size distributions of softwood papers are illustrated

in Figure 3b. The first (left) peak corresponds to surface pores;
the second peak with more than one shoulder corresponds to
the internal pores. The pore volume of softwood handsheets
decreases as the basis weight increases; this trend is similar to
that observed for hardwood sheets. This trend indicates that
sheets of higher basis weights contain more fibers and therefore
more fiber−fiber bondings, which leads to denser sheets (see

Figure 2. Apparent thickness (a) and apparent bulk (b) of handsheets
with different content of hardwood and softwood fibers (basis weight
of all sheets was 20 g/m2).

Figure 3. Pore size distributions of (a) hardwood paper with different
basis weights, (b) softwood paper with different basis weights, and (c)
paper with different content of hardwood and softwood fibers (basis
weight of 20 g/m2).
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also Figure 1b). This finding is in agreement with the sheet
bulk data in Figure 1b.
The first peak of surface pores of softwood paper is also

centered at approximately 100 μm, similar to that of the
hardwood paper. The most interesting information in Figure
3b, however, is that the mercury intrusion results show more
than one peak in the region of internal pores, indicating that the
internal pore structures of the softwood sheets are more
complicated than those of hardwood sheets and that mercury
intrusion into the softwood handsheets has met a hierarchical
internal structure. This can be clearly observed from the four
peaks (shoulders) of the intrusion curve for the internal pore
region of the 20 g/m2 softwood sheet. At the end of each step
of the hierarchical structure, the rate of mercury intrusion
slowed down, but the rate increased again when mercury
intruded into the pores of the next hierarchical step. This could
make the transport of RBC in softwood sheets more difficult.
The mercury intrusion results are discussed with respect to the
RBC elution results below.
The pore size distributions of papers made by blending

hardwood and softwood fibers in different proportions were
also analyzed using mercury porosimetry, and the results are
presented in Figure 3c. The basis weight of all of the sheets
made with mixed fibers was 20 g/m2. The results show that
mixing short and long fibers in different proportions does not
change the size or volume of the surface pores. Thus, the
surface pores are dominantly determined by the basis weight of
the sheets and sheet-forming conditions, but not by the fibers.
Figure 3c also shows three expected trends. First, as the
percentage of long softwood fibers in the handsheets increases,
the overall pore volume of the sheets decreases. This trend is
supported by the conclusion of the previous section that long
softwood fibers form denser sheets. Second, the pore size of
handsheets increases with an increase in the percentage of
softwood fibers. This trend can be explained as follows: the
pore size of a network structure formed with larger fibers (both
in length and in width) is larger than that formed with smaller
fibers. Third, the internal sheet structure becomes increasingly
complex as the percentage of long fibers is increased to above
50%. This trend is supported by the increased fiber network
hierarchical structure with the increase of long fibers in the
network.
With the above insights into the handsheet surface and

internal structures, we have made hypotheses concerning RBC
transport behavior in different sheets. Tests of these hypotheses
are presented below.
3.3. Effect of the Physical Structure of Paper on

Lateral Elution Blood-Typing Performance. In the lateral
chromatographic elution blood-typing test, blood was spotted
onto a handsheet treated with grouping antibody reagents; the
spotted sheet was then chromatographically eluted by physical
saline solution in a chromatographic tank for 90 s. A blood
sample spotted on its corresponding antibody will agglutinate
and become immobilized on the same spot in paper and resist
saline elution; this signifies a positive test result. Conversely, a
blood sample spotted onto noncorresponding antibodies will
not agglutinate; RBCs remain free and can be eluted away by
the saline buffer, leaving behind no, or a very faint, blood spot.
Such an assay signifies a negative result. The critical criterion of
a high-performance blood-typing device is the ability to
distinguish a positive result from a negative result with high
clarity. Both surface and internal pores of paper affect the
fixation and transport of agglutinated and free RBCs.

From Figure 4a, the positive and negative results for the 20
g/m2 hardwood paper had the highest clarity judged by naked

eye, whereas the results for the 50 g/m2 softwood sheet had the
lowest clarity. Quantitative analysis of optical density of the
blood spotting area is given in Figure 4b and Table S3 in the SI.
The optical densities of all positive tests were high and not
significantly affected by either sheet basis weight or fiber type.
However, the optical density of all negative tests increased
substantially with an increase in sheet basis weight. In addition,
the scanned images of chromatographically eluted blood spots
on handsheets containing different percentages of softwood
fibers (Figure 5a) show that although the positive tests on all
sheets have high optical density (Table S4, SI), the optical
density of negative results increases with the increase in
softwood fiber content; this reduces the clarity of the negative
tests. Therefore, for sheets of the same basis weight, their
chromatographic elution performance reduces as the content of
the softwood fiber in the sheet increases.
To interpret the above results, the following points are

considered. First, the reason why positive tests are less affected
by the physical structure of paper sheets is because the RBC
reacted with the corresponding antibody and agglutinated into
large aggregates. Our previous confocal microscopy study
revealed that agglutinated RBC aggregates were immobilized
inside the fiber network through entrapment in interfiber gaps
and adhesion to the fiber surface.29,40 Those immobilized RBC
aggregates could not be moved by capillary-driven buffer
elution. Therefore, the physical properties of paper sheets have
a weak influence on the clarity of positive tests performed using
the chromatographic elution method.
Second, the physical structure of the paper substrate plays a

significant role in the elution of nonagglutinated RBCs in a

Figure 4. Lateral chromatographic elution blood-typing tests using
papers of different basis weights: (a) scanned images of testing results
and (b) mean optical densities of positive (+) and negative (−) tests.
H, hardwood fibers; S, softwood fibers. The numbers after H and S are
the basis weights of papers in g/m2.
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negative test using the chromatographic elution method.
Mercury intrusion results of handsheets made with different
fibers and mixed fibers showed that most internal pores of all
sheets are sufficiently large for free RBCs to pass through.
However, the internal pore structures became more compli-
cated as the content of softwood fibers increased (Figures 3c
and 5) and as the sheet basis weight increased (Figures 3a,b and
4). Because the movement of RBCs in the fiber network is
driven by the capillary flow of the plasma phase, it will be
slowed down when the network becomes more complex.
Roberts et al.37 showed that the penetration of aqueous

liquid in paper was by film flow. V-shaped microgrooves formed
by the interfiber gaps constitute a major group of channels for
liquid transport in paper. Their model shows that liquid wicking
along a fiber gap is interrupted or stopped when the liquid
wicking front hits the discontinuity of a V-groove channel.
Roberts et al. showed that fiber−fiber crossing points could be
points of discontinuity, which could cause the liquid wicking
front to stop and then change to another channel to continue
the wicking.37 In our study of blood wicking in paper, RBCs are
likely to be caught at the fiber−fiber crossing points where the
buffer wicking front hits points of discontinuity. This will
increase the chance for more and more RBCs to be left behind
the buffer wicking front, reducing the clarity of a negative
blood-typing assay by chromatographic elution.
Softwood fibers are approximately three times longer and are

thicker than hardwood fibers.38 In a paper sheet, a single
softwood fiber may have more fiber−fiber crossing points than
a single hardwood fiber because of the greater length of the
former. He et al. and Batchelor et al. proposed a new analytical
model that links the paper sheet cross-sectional properties of
the fibers in the sheet to the number of fiber−fiber crossing

points per unit length of fiber; their modeling work concluded
that the number of fiber−fiber crossing points along a single
softwood fiber in a sheet is greater than that along a hardwood
fiber.39 This greater number leads to a larger number of liquid
flow discontinuities along a single softwood fiber than a single
hardwood fiber. Because of the greater width of a softwood
fiber compared with a hardwood fiber, the fiber−fiber contact
area of two crossing softwood fibers is greater than those of two
crossing hardwood fibers. Therefore, fiber−fiber crossings
formed by softwood fibers present more substantial disconti-
nuities to the liquid flow and RBC migration. In this study, the
observed more complex internal pore structures of softwood
fiber sheets agree with the above analysis. Therefore, buffer
wicking in paper sheets with higher softwood fiber content will
meet a greater number of discontinuities. This creates more
obstacles to the elution of free RBCs, resulting in negative
elution blood typing with low clarity. Increasing the sheet basis
weight has a similar effect.
In summary, a paper’s physical structure affects the clarity of

positive tests of chromatographic elution blood typing relatively
weakly, but it affects the clarity of negative tests significantly.
Our investigation shows that paper sheets of low basis weight
and high hardwood fiber content provide greater assay clarity
for chromatographic elution blood typing. The results from this
study provide a guide for the future investigation of paper
chemical effects on elution blood typing.

3.4. Effect of Paper Physical Structure on Vertical
Flow-Through Blood-Typing Performance. An advantage
of the flow-through test over the lateral elution test in practical
blood-typing application is its rapidness; test results can be read
immediately after rinsing. The mechanism of buffer rinsing and
buffer elution is different, and the influence of paper properties
on the clarity of flow-through rinsing results is thus different.
For the buffer rinsing method, the buffer does not just enter

the pores in a paper sheet by capillary wicking. Instead, when a
drop of buffer is added to the blood spot on paper surface, it
floods the blood spot. Because the agglutination of RBCs by
their corresponding antibodies is a reversible process, some
large lumps of agglutinated RBCs may dissociate into smaller
ones or even to free RBCs when flooded by buffer and be
flushed away by the rinsing buffer. Figure 6a shows that the
color densities of positive assays obtained using the rinsing
method are weaker than those obtained using the elution
method for the same handsheets, whereas the clarity of negative
assays was improved.
The antibody concentration in the paper sheet is likely to be

the major factor affecting the color density of positive assays.
Because buffer rinsing can cause the dissociation of agglutinated
RBCs, a higher antibody concentration in the sheet will resist
such dissociation by shifting the equilibrium toward the RBC
agglutination. In the antibody treatment of the sheets, the same
quantity of antibody solutions was added to sheets of different
basis weights, which have different thickness (Figure 1a). Our
experimental observation showed no significant difference in
sizes of antibody-wetted areas on sheets of different basis
weights. Considering that low basis weight sheets have low
thickness, the antibody would be distributed in a smaller
volume; the antibody concentration in low basis weight sheets
is likely to be higher than that in high basis weight sheets.
Because the RBC agglutination is controlled by the equilibrium
involving the antibody concentration, it is expected that the
RBC agglutination on the 20 g/m2 sheets would be the
strongest. The results of optical density for positive tests in

Figure 5. Lateral chromatographic elution blood-typing tests using
paper with different content of hardwood fibers: (a) scanned images of
testing results and (b) mean optical densities of positive (+) and
negative (−) tests.
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Figure 6 and Table S5 (SI) support this analysis. For the rinsing
method, the blood spot color densities of positive assays on
sheets of different basis weights are different. This trend is
different from that observed for the elution method. The
slightly higher optical density of a positive result on 20 g/m2

softwood than on 20 g/m2 hardwood sheets can be attributed
to the higher complexity of the internal pore structure in the
softwood sheet compared with the hardwood sheet; complex
pore structures make the movement of agglutinated RBCs in
fiber network difficult.
For negative assays, hardwood fiber sheets show higher

clarity than do softwood fiber sheets. This result can also be
attributed to the structures of the fiber network. The less
complex pore structures of hardwood fibers allow easy
movement of RBCs with the rinsing buffer to travel through
the sheets. Again, the more complex pore structure of the
softwood fiber sheets makes RBC movement more difficult.
The blood-typing assay performances of all 20 g/m2 mixed

fiber sheets are shown in Figure 7. According to the above
analysis, it can be understood that the color density of all
positive assays is not significantly dependent on fiber mixing.
However, the color density of negative assays is affected by the
content of softwood fibers because of the increasing complexity
in the sheet pore structure as the softwood fiber content
increases.
In summary, the future design of paper sheets for buffer

rinsing or flow-through blood-typing sensors will need to follow
the principle using a low basis weight sheet with low content of
softwood fibers.

4. CONCLUSIONS
In this study, we identified two important paper sheet physical
properties that significantly influence the RBC transport
behavior in paper: the fiber type and the sheet’s internal pore
structures. These properties must be controlled in paper sheet
design for blood analysis applications. Low basis weight papers
made with hardwood fibers have high porosities (i.e., the void
fraction) and a simple internal pore structure. These properties,
particularly the simple internal pore structure, allow the easy
transport of RBCs in paper. Sensors made with such paper
deliver high-clarity assay results. However, papers made with
softwood fibers have lower porosity, and mercury porosimetry
data revealed more complex sheet internal pore structures.
Complex pore structures do not allow the easy transport of
RBCs; thus, paper sheets made of softwood fibers have an
inferior blood-typing performance compared with sheets made
of hardwood fibers. Our analysis suggests that the number of
fiber−fiber contacts along a single fiber in a sheet is likely to be
a significant factor that affects the RBC transport. This analysis
is made on the basis of the aqueous liquid flow pattern in paper
that was previously reported. The liquid penetration front in a
fiber network may be slowed down when it hits a discontinuity
in its flow path, and fiber−fiber contacts in paper were
identified by Roberts et al. as discontinuities for liquid
penetration. Softwood fibers are much longer and thicker
than hardwood fibers; the number of fiber−fiber contacts on a
single softwood fiber is therefore greater than those on a single
hardwood fiber in a paper sheet. RBC transport in softwood
paper is therefore more difficult. The finding of this work will
be used as a guide for future paper sheet design for paper-based
blood analysis sensors.

Figure 6. Vertical flow-through blood-typing tests using paper of
different basis weights: (a) scanned images of testing results and (b)
mean optical densities of positive (+) or negative (−) tests. H,
hardwood fibers; S, softwood fibers. The numbers after H and S are
basis weight of papers in g/m2.

Figure 7. Vertical flow-through blood-typing tests using paper of
different content of hardwood fibers: (a) scanned images of testing
results and (b) mean optical densities of positive (+) or negative (−)
tests.
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For future work, more pulping and papermaking parameters
including refining and addition of papermaking chemicals could
be investigated.
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