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Addressing the distribution of proteins spotted on
μPADs
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Adsorption is the most common approach to immobilize biorecognition elements on the surface of

paper-based devices. Adsorption is also the route selected to coat the substrate with albumin, therefore

minimizing the interaction of other proteins. While similar in nature, the structure of the selected proteins

as well as the conditions selected from the immobilization have a significant effect on the amount and

distribution of the resulting composites. To illustrate these differences and provide general guidelines to

efficiently prepare these devices, this article explores the interaction (adsorption and desorption) of BSA

with 3MM chromatography paper. The experimental conditions investigated were the protein concen-

tration, the interaction time, the number of times the protein was spotted, the pH of buffer solution, and

the ionic strength of the buffer solution. The proposed approach mimics the steps involved in the fabrica-

tion (adsorption) and use (rinsing induced by the sample) of paper-based microfluidic devices. To identify

the protein location following the rinsing step, the protein was fixed by dehydration in a convection oven

and then stained using Coomassie Blue. The color intensity, which was found to be proportional to the

amount of protein immobilized, was determined using a desktop scanner. To highlight the importance of

understanding the adsorption process to the rational development of μPADs, results were complemented

by experiments performed with lysozyme and immunoglobulin G.

1. Introduction

One of the most active areas in analytical chemistry is the
development and application of microfluidic paper-based
analytical devices (µPADs). Since their introduction, about a
decade ago, these devices have been extensively used in
diverse clinical, environmental, and defense applications.1

Their versatility, low-cost, portability, and simplicity offered for
performing chemical tests are some of the most significant
advantages of this technology.2 Although different detection
systems have been coupled with µPADs (e.g., electrochemical,
optical, chemiluminescence, and fluorescence), the most com-
monly used detection approach is based on the selective oxi-
dation of the analyte using an enzyme followed by a peroxi-
dase-based reaction that catalyzes the oxidation of a reagent,
yielding a change in color. This strategy has been incredibly
successful for the analysis of small molecules including bio-
markers3,4 and contaminants.5 While it is expected that
reagents and enzymes would remain in place and yield a
uniform colorimetric response, the opposite is often
reported,6,7 rendering noticeable color gradients that affect the
detection performance of these devices. To address this issue

and strike a balance between the forces controlling the inter-
action (that can also induce conformational changes), a
detailed understanding of the interaction of proteins with the
cellulose substrate is clearly required.

The analysis of protein-based biomarkers is a second group
of µPADs applications where understanding the interactions of
proteins with the paper fibers can render significant improve-
ments in performance. Although the number of reports in this
category is significantly smaller than those concerning small
molecules, µPADs have been successfully used to quantify
hormones,8 enzymes,9,10 cancer biomarkers,11–13 immuno-
globulins,14,15 and even viruses.16,17 Because all of these appli-
cations require the quantitative transfer of the target mole-
cules from the sample spot to the reaction chamber, 0.1–5%
bovine serum albumin (BSA) is commonly added to the device
in order to minimize non-specific adsorption of proteins and/
or reagents.6,18 BSA has also been used to optimize the
immobilization of glucose oxidase to cellulose,19 significantly
increasing its storage stability.

Considering that nonspecific protein adsorption to cell-
ulose has been identified as a major barrier to the use of
paper as a platform for microfluidic bioassays,20 this report
aims to provide information related to how (and how fast) a
model protein interacts with paper. As a first approach, BSA
was chosen as the target molecule because it is a soft protein
with well-known physico-chemical characteristics and wide-
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spread use in the µPAD community. BSA also tends to adsorb
to a variety of surfaces, including those with hydrophilic
characteristics.21 While a variety of cellulose substrates have
been reported in literature,22 the herein described experiments
were performed on 3MM chromatography paper because it
provides a convenient balance between porosity and wicking
speed.23 The results obtained with BSA are also complemented
by experiments performed with other proteins (lysozyme
and Immunoglobulin G) with different physico-chemical
characteristics.24

2. Experimental design
Reagents and solutions

All aqueous solutions were prepared using 18 MΩ cm water
(NANOpure Diamond, Barnstead; Dubuque, IA) and analytical
reagent grade chemicals. Bovine serum albumin (BSA),
sodium hydroxide, and sodium phosphate monobasic an-
hydrous were purchased from Fisher Scientific (Fair Lawn, NJ).
Lysozyme (Lys, from chicken egg white) and Brilliant Blue R
were obtained from Sigma-Aldrich (St Louis, MO).
Immunoglobulin G (IgG) from human plasma was purchased
from Lee BioSolutions, Inc. (St Louis, MO). Citric acid was
acquired from Aldrich Chemical Co. (Milwaukee, WI). Glacial
acetic acid and methanol were purchased from VWR
International, LLC (Radnor, PA). Whatman 3 MM
Chromatography Paper (189 g m−2) was obtained from GE
Healthcare (Pittsburgh, PA). The pH of different solutions was
adjusted using 1 mol L−1 NaOH or HCl and measured using a
glass electrode and a digital pH meter (Orion 420A+, Thermo;
Waltham, MA). BSA and Lys solutions (0.4, 1.0, 1.5, 2.0, 4.0,
8.0, and 20.0 mg mL−1) were prepared by dissolving a known
amount of protein in 10 mmol L−1 buffer solution at a pH
matching the corresponding IEP (isoelectric point), pH = IEP ± 1,
or pH = 7.2. Solutions of IgG containing 0.4, 1.0, 1.5, 2.0, 4.0,
8.0, and 20.0 mg mL−1 of immunoglobulin were prepared in
10 mmol L−1 phosphate buffer at pH = IEP and pH = IEP ± 1.
The staining solution was prepared by dissolving 10 mg of
Brilliant Blue R in 10 mL of an aqueous solution containing
50% v/v methanol and 10% v/v acetic acid.

Substrate, staining procedure, and data processing

3MM chromatography paper was selected as substrate for the
protein immobilization, following previous publications from
our research group.23,25 In order to pattern uniform paper
chips, 3MM chromatography paper sheets were cut using a
commercial CO2 laser engraver (Mini24, Epilog Laser Systems;
Golden, CO, USA) using the design shown in Fig. 1. In this
case, the paper chips were composed of 3 circles intercon-
nected by 2 channels (length = 5 mm and width = 2 mm). In
order to mimic conditions leading to protein displacement,
the selected protein (0.5 µL) was spotted in the central zone
(d = 5 mm) and allowed to interact with the substrate under
ambient conditions for 30 min (unless otherwise stated). At
this point it is important to point out that this time was

selected as a compromise between the time required to
prepare the chip and that required for BSA to adsorb and
undergo surface-induced structural rearrangements.26 This
consideration is also in line with results reported by our
group,27–30 specifically addressing the adsorption kinetics of
BSA to various substrates. Then (and unless otherwise stated),
15 µL of buffer were spotted in the buffer zone (d = 5 mm) and
allowed to wick through the device (through the protein-
modified zone) towards the waste reservoir (d = 10 mm). This
step was implemented to displace the unbound fraction of
BSA.

Next, the paper chips modified with the selected protein
were transferred to a convection oven (80 °C) for 10 min to fix
the protein molecules to the paper before staining. Although it
is unlikely that proteins would leach out to the staining solu-
tion (containing 50% v/v methanol and 10% v/v acetic acid),
the thermal step was implemented to minimize that possi-
bility. The following staining steps allowed for estimating what
fraction of the protein remained in the central zone (where the
protein was initially spotted) and what fraction was displaced
by the buffer. For this purpose, the paper chips were then
soaked in 0.1% w/v Coomassie blue for 10 min. Next, the
excess dye was removed by placing the devices in a vial con-
taining 10 mL of a mixture of 10% v/v acetic acid and 50% v/v
methanol in water. This rinsing step was carried out under
continuous agitation (80 rpm for 1 h), replacing the solution
every 30 min. After drying at room temperature, an image of
each paper chip was acquired using a flatbed scanner (Canon,
CanonScan Lide700F) to be later analyzed using Adobe
Photoshop CC 2015.5. For the analysis, the protein zone and
the transfer zone were measured using a common template
(see Fig. 1) and then the mean color intensity was calculated.
In all cases, the reported data points and error bars corres-
pond to the average and the standard deviation, respectively,
of at least 5 devices. As a representative example, Fig. 1
contains images of the devices before the addition of BSA (A),
after the addition of BSA (B, no buffer added), and after the
addition of the buffer to the buffer zone (C).

It is also important to note that when the buffer was added
to the device after the thermal treatment, no significant differ-
ences were observed, yielding to devices that resemble the one
shown in Fig. 1B.

Fig. 1 Optical images showing the paper chips obtained after: the
engraving (A), the protein spotting (B), and the introduction of running
buffer solution (C). In all cases, the devices were thermally treated and
then stained using Coomassie blue. The figure also shows the templates
used to measure the average color intensity in each zone of the device.
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3. Results and discussion

As previously stated, the described experiments were per-
formed by adsorbing BSA under various experimental con-
ditions, including the protein concentration, the time between
when the protein was spotted and washed with the buffer solu-
tion (0–90 min), the number of times the protein was spotted
(1–5) before washing with buffer solution, the pH of buffer solu-
tion (IEP ± 1, and physiological pH = 7.2), and the ionic strength
of the buffer solution (adding 0.1–100 mg mL−1 NaCl).
Additional experiments were performed with two other pro-
teins (Lys and IgG) to identify the role of protein structure on
the adsorption process. Although the results presented in this
manuscript were obtained using 3MM chromatography paper,
preliminary experiments indicated that the overall conclusions
could be extended to other paper types; once the differences in
thickness/porosity23 are accounted for (data not shown).

In order to evaluate the effect of protein concentration on
the adsorption of BSA on 3MM chromatography paper,
solutions containing 0.4–20.0 mg mL−1 were prepared in
10 mmol L−1 citrate buffer at pH = 4.7, which is BSA’s isoelec-
tric point (IEP). The solutions were first used to confirm the
proportionality between the color intensity and the amount of
protein in the paper. For these experiments, the protein solu-
tion was spotted on the protein zone and allowed to interact
with the substrate at room temperature for 30 min. Then, the
paper chips were placed in the oven, stained, and the color
intensity measured as described in the Experimental section.
Fig. 2A presents a summary of the results obtained, where the
color intensity (measured in the protein zone or the adjacent
channel), was analyzed as a function of the protein concen-
tration used. Because these results were collected by fixing the
spotted protein (no buffer rinsing step, equivalent to the
device shown in Fig. 1B), they are equivalent to a calibration
curve. In this case, it can be observed that a negligible color
intensity was detected in the adjacent channel, therefore con-
firming that all the protein spotted remained in the seeding
spot. Fig. 2A also shows that under these conditions, color
intensities of up to 80 A.U. can be considered proportional to

the amount of protein present in the spot. This value corres-
ponds to 4 µg of BSA (0.5 µL of a solution containing
8 mg mL−1) distributed in the seeding spot (d = 5 mm).
Although a sensitivity of 10.6 ± 0.6 A.U. mg−1 mL can be calcu-
lated from these results, it is important to mention that the
color intensity would be affected by the spatial distribution of
the protein and that very likely, not all of the protein present
in the 3D structure of the paper is detected by the scanner. For
these reasons, the color intensity will be considered to provide
only semi-quantitative information about the amount of
protein in each area.

The subsequent set of experiments were designed to deter-
mine how much of the spotted protein remained in the
protein zone and how much would be displaced by the buffer.
This experiment mimics the typical steps involved in the
preparation and use of a device, respectively. As it can be
observed in Fig. 2B, the results resemble those obtained in a
classic adsorption isotherm and show a rapid increase in the
adsorbed amount (color intensity) leading to a plateau when
the [BSA] in solution reached approximately 8 mg mL−1. While
it is possible that the color intensity of the plateau could be
influenced by the staining/reading procedure, these results are
analyzed also considering the color development in the adja-
cent channel/reservoir. Although the saturation value herein
calculated is significantly higher than those reported by
Jeyachandran21 (saturation reached at ∼1 mg mL−1) or Norde26

(saturation reached at ∼4 mg mL−1), the difference can be
reasonably attributed to the fact that the exposed area in paper
is significantly larger than the corresponding geometric area.
It is critically important to state that because these experi-
ments are very different from traditional adsorption experi-
ments (solvent evaporation, no equilibrium, etc.), estimating
accurate thermodynamic parameters from these results would
be extremely challenging.31 Fig. 2B also shows that when the
BSA concentration was greater than 4 mg mL−1, a fraction of
the protein spotted was transferred upon the addition of
buffer. This behavior is especially important at higher protein
concentrations (e.g. 20 mg mL−1 BSA), where similar color
intensities were observed in both the seeding spot and the

Fig. 2 A. Intensity of the stained BSA at the protein zone and the adjacent channel/reservoir as a function of the BSA concentration used for spot-
ting. Lines included to guide the eye. B. Intensity of the stained BSA at the protein zone and the adjacent channel/reservoir as a function of the BSA
concentration used for spotting, upon the running buffer solution was introduced. Lines included to guide the eye.
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adjacent channel (see Fig. 1C). Because these experimental
results show that only a fraction of the BSA would adsorb to
the cellulose, researchers interested in using BSA as a blocking
agent should carefully balance the concentration required to
saturate the surface of the paper (approximately 8 mg mL−1)
with the possibility of BSA leaching to downstream structures
(more significant when [BSA] > 4 mg mL−1). While accurate
information about surface coverage is currently not available,
this information is critical for the rational design of µPAD
because (as a strong ligand) BSA could displace other proteins
from the cellulose by competition and therefore affect the
analytical performance of the device.

While the formation of multilayer arrangements of BSA
(during a single adsorption event) is unlikely, a common prac-
tice during the development of µPADs is the deposition of pro-
teins using multiple spotting steps. In order to follow this
practice and possibly increase the amount of BSA attached to
the surface, 0.5 µL of either 1 mg mL−1 or 2 mg mL−1 BSA in
10 mmol L−1 citrate buffer solution at pH = 4.7 were spotted
multiple times on different paper chips. During each experi-
ment, the BSA solution spotted on the paper chip was allowed
to dry (at room temperature) for 30 min before re-spotting. The
experimental results are shown in Fig. 3, where the color inten-
sity in both the spotting zone and the adjacent channel/reser-
voir was measured.

As can be observed in Fig. 3A and B, this strategy led to sig-
nificant increases in the color intensity of both the protein
zone and the adjacent channel, showing a direct relationship
between the color intensity and the number of times the
protein was spotted on the paper chip. Because this strategy
allowed the newly spotted protein to interact with the modified
surface, these results suggest that this may be the most
convenient option to increase the amount of protein in the
seeding spot (Fig. 3A). As expected, the color intensity was
significantly higher when a solution containing 2 mg mL−1

BSA was used. However, it is important to note that the latter
conditions (Fig. 3B) led to the displacement of a larger fraction
of the BSA spotted, clearly visible when BSA was spotted
5 times. In agreement with the previous experimental data
described in Fig. 2, the greater the amount of BSA dispensed
(higher concentration or spotting multiple times), the greater

the adsorbed amount. Again, for the selected spot dimension
(d = 5 mm), 2–4 μg of BSA seem to saturate the surface without
significantly leaching to downstream elements.

The aforementioned experiments were performed consider-
ing (based on literature reports) that 30 min represents a
reasonable balance between the time required to fabricate the
devices and time required for the interaction between the pro-
teins and the cellulose fibers to reach an equilibrium. To
determine if this assumption can be considered valid when
adsorbing BSA to cellulose fibers, the effect of the time
elapsed between the moment when the protein was spotted on
the protein zone and the time when the buffer solution was
dispensed on the device was investigated. In this case, 0.5 µL
of 2 mg mL−1 BSA in 10 mmol L−1 citrate buffer at pH = 4.7
was spotted on the chip and allowed to dry at room tempera-
ture for a selected period of time, ranging between 0 and
90 min. Next, the paper chips were processed and measured as
previously described. Fig. 4 includes a summary of the results
obtained, showing the distribution of BSA on either the
central circle or the adjacent channel, as a function of the
interaction time (note the difference in scale with respect to
previous figures).

Fig. 3 Intensity of the stained BSA at the protein zone and the adjacent channel/reservoir as a function of the number of spots performed on the
paper chip upon the running buffer solution was introduced. The BSA concentrations used were 1 mg mL−1 (A) and 2 mg mL−1 (B).

Fig. 4 Intensity of the stained BSA at the protein zone and the adjacent
channel/reservoir as a function of the time allowed to the BSA solution
to dry before the introduction of the buffer solution. Lines included to
guide the eye.
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As it can be observed, increasing the interaction time
yielded moderate but systematic changes in the distribution of
BSA in the paper device. In general, the longer the interaction
time, the higher the amount of BSA immobilized on the
seeding spot. In agreement with adsorption data reported for
other hydrophilic substrates, BSA displays high affinity for the
cellulose fibers, resulting in its quick attachment to the sub-
strate. In one extreme, it can be observed that when the
protein was rinsed immediately after spotting, about 40% of
the dispensed BSA was displaced to the adjacent channel/reser-
voir. In the other extreme, almost all the protein can be con-
fined to the seeding spot (no protein detected in the adjacent
channel) if allowed to interact for 90 min before introducing
the buffer (see Fig. 4). Based on these results it can be con-
cluded that the minimum time required to quantitatively
attach BSA in µPADs is 30 min. However, if the development
process can afford it, the longer the wait, the higher the
adsorbed amount. It is important to highlight that homo-
geneous blue spots were always obtained, indicating that a
uniform distribution of the protein molecules on the protein
zone was accomplished at all selected times (no coffee ring
effect).

Because they are often reported as key variables affecting
both the kinetics and final outcome of the adsorption process,
the effects of the pH and ionic strength of the buffer solution
were also evaluated on the distribution of BSA. In these experi-
ments, the paper chips were spotted with 0.5 µL of 2 mg mL−1

BSA contained in 10 mmol L−1 citrate buffer at pH = 4.7. After
30 min, either citrate or phosphate buffer at the selected pH or
ionic strength was introduced to wash the protein zone. The
pH of the buffer solution was investigated at the IEP = 4.7 of
BSA, IEP ± 1, and pH = 7.2 (physiological pH). The ionic
strength was studied at the IEP of BSA by adding 0.1, 1, 10,
and 100 mg mL−1 NaCl in 10 mmol L−1 citrate buffer (pH =
4.7). The experimental results of pH and ionic strength are
shown in Fig. 5A and B, respectively.

It can be observed in Fig. 5A that the maximum color inten-
sity developed on the protein zone was obtained at the IEP of
the protein. Only slightly lower intensities were obtained
under conditions leading to electrostatic repulsion between

proteins. Because cellulose is neutral in the studied pH range,
these results indicate that the interaction with the substrate is
mostly driven by structural rearrangement of the protein
leading to the exposure of its hydrophobic groups to the cell-
ulose fibers. It is important to note that pH = 7.2 led not only
to the lowest color intensity on the protein zone but also the
highest color intensity in the adjacent channel. These findings
suggest that mild (but noticeable) protein–protein electrostatic
interactions can also affect the adsorption/desorption process
and that pH values close to the corresponding IEP could lead
to maximizing the amount of protein adsorbed. In line with
these results, the color intensity in the protein zone was only
marginally affected when the rinsing buffer contained increas-
ing amounts of NaCl (Fig. 5B). These results not only highlight
the relevance of these results to the rational design of paper-
based devices, but also demonstrate how careful researchers
should be when selecting a substrate, as the presence of func-
tional groups could have significant effects on the
adsorption.32

Thus far, the experiments were focused on the adsorption
of BSA to the paper substrate and provide guidelines to use
this strategy when BSA is used to block the surface and sub-
sequently minimize the non-specific adsorption of other pro-
teins. Based on a general literature survey, it is evident that it
is often assumed that proteins (including BSA) will interact
with the substrate and remain in the seeding spot. Taken at
face value, adsorption studies could then be considered redun-
dant and not required for the rational design of analytical
devices. However, the presented results demonstrate that
several experimental variables can influence the amount and
location of proteins.

To illustrate the effect of protein structure on their adsorp-
tion/desorption behavior, two additional proteins (Lys and
IgG), with different structural characteristics were selected. Lys
is a hard protein with low molecular weight (14 kDa). On the
other extreme, IgG is a soft protein almost three times larger
than BSA. As it can be observed in Fig. 6, the differences
between these proteins are striking. In the first case (Fig. 6A),
it can be observed that the amount of Lys adsorbed to the cell-
ulose (at the seeding spot) is smaller than that obtained with

Fig. 5 Intensity of the stained BSA obtained at the protein zone and the adjacent channel/reservoir as a function of the pH (A) and ionic strength (B)
of the protein solution. Lines included to guide the eye.
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BSA or IgG and that a small amount of the enzyme can always
be displaced by the rinsing step with buffer. According to
these results, a solution containing at least 8 mg mL−1 Lys
would be required to saturate the surface. The second case
(Fig. 6B) shows that IgG can be readily adsorbed to the paper
displaying a behavior that is similar to that of BSA. However,
the results show that much smaller concentrations of IgG are
required to yield to significant color changes and that unless
saturation is reached (>10 mg mL−1), most of the protein will
remain in the seeding spot.

These differences could be attributed to a number of
factors. Following the mechanism proposed for the adsorption
of BSA (driven by structural rearrangements to enhance the
interaction of hydrophobic amino acids with the surface),33,34

it is reasonable to consider that stiffer proteins, like Lys, would
be more resistant to undergo conformational transitions and
to adsorb to the cellulose fibers (neutral and hydrophilic).
Albeit being more stable, a fraction of these proteins can be
desorbed during rinsing steps or displaced by the sample
introduction, originating the color gradients often reported in
literature. The second factor to be considered is that the evap-
oration and rehydration in the presence of salts has been
reported to induce changes in the solubility of proteins like
BSA.35 Considering that these changes in solubility are
accompanied by significant structural rearrangements, these
results provide additional evidence about the importance of
closely monitoring to preserve their functionality.

4. Conclusions

The experiments discussed describe the experimental con-
ditions to favor the interaction of BSA with cellulose fibers.
The protein was spotted and then rinsed, following the steps
usually involved in the preparation and use of paper-based
microfluidic devices. The subsequent staining step (performed
with Coomassie Blue) provided a simple and selective avenue
to obtain semi-quantitative information and determine the
distribution of the protein on the device. The results obtained
with BSA can be used to implement rational strategies to

immobilize and control the location of proteins in μPADs.
Experiments performed with Lys and IgG not only highlighted
the differences in adsorption behavior of these proteins but
also suggest that the adsorption behavior could be related to
the tendency of the proteins to undergo surface-induced struc-
tural rearrangements. Considering the obvious differences in
the experiments, these results also support the hypothesis that
the main issue related to color gradients generated by enzymes
can be related to an excess of enzymes (with respect to the
amount dictated by the surface) added during the preparation
of the device and that remains loosely-bound in the device.
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