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ABSTRACT: Biosensors made entirely of paper are becom-
ing increasingly popular due to their low cost, facile
fabrication, and lightweight portability for in-field measure-
ments. However, it is difficult to store nanoparticles in paper
substrates without irreversibly binding them to the cellulose
matrix. This makes it challenging to fabricate biosensors
incorporating nanoparticle probes in paper-based reservoirs.
Here, we overcome this limitation with a new method for
storing protein-decorated nanoparticles on paper substrates
that also allows to release them on demand. It consists of
spotting nanoparticles onto pieces of filter paper previously
modified with polystyrene sulfonate. Gold nanoparticles
modified with avidin or antibodies can be easily transferred
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from the dry reservoir to a receiving wet piece of paper by simply pressing with the finger or a clamp. Paper-based
immunosensors incorporating the reservoir enabled the detection of glycoprotein B from human cytomegalovirus in serum with
a limit of detection of 0.03 ng mL™" and a total assay time of only 12 min. The low limit of detection obtained with a short assay
time along with the long shelf-life of the reservoirs make the proposed paper-only biosensors ideal of point-of-care diagnostics.
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ilter paper is becoming a popular substrate for developing

disposable biosensors because of its lightweight, low price,
and easy disposal.' > It is commercially available in a wide
array of pore sizes and can be easily modified with
biomolecules following physical adsorption or covalent attach-
ment methods.” Its porous matrix can also be used to store
reagents such as enzymes and their substrates in order to
fabricate reservoirs integrated into paper-based analytical
devices.’ Such reservoirs must preserve the physicochemical
properties of the constituent reagents over time while also
ensuring an efficient release of their contents to other paper
areas upon addition of liquid. Plasmonic nanoparticles are
extremely useful building blocks for the fabrication of
biosensors using a wide array of signal transduction
mechanisms, from colorimetry” and surface-enhanced Raman
spectroscopy’ to fluorimetry” and electrochemistry.'® How-
ever, plasmonic nanoparticles tend to adsorb irreversibly to
paper substrates after drying, which makes it difficult to store
them in reservoirs made of this material.'" Traditionally, this
issue has been overcome by making reservoirs out of glass fiber
rather than conventional paper.'” However, this approach is
not fully compatible with biosensor designs such as origami
paper-based analytical devices. These biosensors are meant to
be entirely made of paper with the purpose of simplifying their
fabrication and facilitating the contact between the parts
without the use of additional adhesives.">™'° Therefore, it
would be desirable to find a method for storing nanoparticles
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on paper substrates so that they could be implemented in
paper-only 3D analytical devices.

In this manuscript, we introduce a new approach for
fabricating nanoparticle reservoirs on filter paper. It consists of
modifying the paper substrates with the negatively charged
polymer polystyrene sulfonate (PSS) in order to avoid the
irreversible binding of gold nanoparticles to the cellulose
matrix (Figure 1A). Reservoirs prepared this way can release
nanoparticles with high efficiency. PSS has been previously
used in order to avoid nanoparticle flocculation, usually in the
form of alternating layers of PSS and a positively charged
polymer such as polydiallyldimethylammonium chloride.'® 1t
has also been used as a support for growing nanoparticles'’
and for transferring them to a receiving substrate with soft
lithography.'® PSS blended with poly(3,4-ethylenedioxythio-
phene) is routinely used in order to modify cellulose and
render it conductive.'” In our approach we report a novel use
for PSS to avoid the irreversible binding of nanoparticles to
cellulose matrices. Besides enabling the release of nanoparticles
from cellulose on demand, PSS also makes it possible to
transfer nanoparticles from the dry reservoir to a receiving wet
paper substrate by simply pressing the former against the latter

Received: October 2, 2019
Accepted: December 18, 2019
Published: December 18, 2019

DOI: 10.1021/acssensors.9b01937
ACS Sens. 2020, 5, 147-153


pubs.acs.org/acssensors
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.9b01937
http://dx.doi.org/10.1021/acssensors.9b01937
http://pubs.acs.org/page/policy/editorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Sensors

A PSS

reservoir | /

receiving | el

! o
i o N\
« 7 antigens or

substrate
i biotinylated
proteins

Figure 1. Schematic representation of the paper-based nanoparticle
reservoirs and their utilization in biosensing; (A) reservoirs consist of
pieces of filter paper modified with PSS and protein-decorated
nanoparticles, the receiving paper substrate contains antigens or
biotinylated proteins; (B) pressing the dry reservoir onto the wet
receiving substrate triggers the transfer of nanoparticles from the
former to the latter; (C) the nanoparticles establish biospecific
interactions with antigens or biotinylated proteins bound to the
receiving paper substrate.

(Figure 1B). This makes the proposed reservoirs useful for
developing biosensors with simplified liquid handling schemes
because there is no need to add a controlled volume of buffer
to the reservoir in order to transfer its contents to a detection
area. Furthermore, nanoparticles modified with a protein
(avidin, antibodies) retain their ability to specifically recognize
their target ligand (biotin, antigens) immobilized on the
receiving piece of paper in a dose-dependent manner, which
demonstrates the suitability of our approach for developing
biosensors (Figure 1C). Vertical transfer between different
layers of paper happens efficiently with limited horizontal
diffusion without the requirement of hydrophobic barriers™ or
extra additives.” This generates intense colorimetric signals due
to the biospecific binding of gold nanoparticles to the receiving
paper substrate. Our method is an alternative to previously
proposed paper-based reservoirs that contained nanoparticles
suspended in sucrose-supplemented buffers. The release of
nanoparticles from such reservoirs has not been characterized
in full,”" and in some cases, it has been reported to be highly
inefficient."" The reservoirs proposed here are easy to fabricate,
have a long shelf life, and avoid common pitfalls associated to
paper biosensors such as the generation of patchy colorimetric
signals. The proposed nanoparticle reservoirs were incorpo-
rated into immunosensors for the detection of human
cytomegalovirus (CMV) in order to demonstrate their
suitability for developing biosensors made entirely of filter
paper. Our biosensors were able to detect a key antigen of the
virus [glycoprotein B (gB) antigen] spiked into serum with a
limit of detection of 0.03 ng'mL™" and a rapid assay time
within 12 min. To the best of our knowledge this is the lowest
limit of detection reported for this analyte thus far, and in a
matrix as complex as human serum.”***

B EXPERIMENTAL SECTION

Fabrication of Gold Nanoprobes. Citrate-capped gold nano-
particles with a diameter of ca. 40 nm were synthesized with the
Turkevich method as previously described.”® The nanoparticles were
then modified with 0.1 mM thiolated polyethylene glycol (PEG)
molecules ending in carboxylate moieties [poly(ethylene glycol) 2-
mercaptoethyl ether acetic acid, Mn 2100, Sigma] overnight. The
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resulting pegylated nanoparticles were concentrated and washed with
water five times via centrifugation at 8000 rpm for 6 min. The
nanoparticles were finally suspended in 0.5 M 2-(N-morpholino)-
ethanesulfonic acid (Sigma) adjusted at pH S.5. Carboxylate moieties
around the nanoparticles were then transformed into sulfo-NHS
esters by adding 1 mg of N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (Sigma) and 2 mg of N-hydroxysulfo-
succinimide sodium salt (sulfo-NHS, Sigma) for 20 min. Then, the
nanoparticles were pelleted by centrifugation, and the supernatant was
substituted for a solution containing 1 mgmL™" avidin in 0.1 M
phosphate buffer pH 7.4. After 1 h, unreacted sulfo-NHS esters were
capped with 0.1 M glycine and 10 mg:mL™" bovine serum albumin
(BSA) for 30 min. The nanoparticles were then washed five times
with phosphate buffer saline (PBS) containing 0.1% Tween-20
(PBST). The resulting avidin-covered nanoparticles were kept at 4 °C
until used.

Densitometry. Gold nanoparticles on paper substrates generate
concentration-dependent colorimetric signals that can be evaluated
with densitometry as follows. First, the paper substrates were scanned
with an MFC-1910W scanner-printer (Brother). Pixel intensity (PI)
profiles were obtained with Image]. In grayscale, pure white yields a
255 pixel intensity, whereas pure black yields a 0 pixel intensity. The
colorimetric signal S was obtained as follows: First, the pixel intensity
in grayscale was measured in a circular area within the area of interest
with the Histogram function of Image]J. The colorimetric signal S was
taken as the integer value after subtracting the background signal.
Please note that subtracting the background pixel intensity yields
inverted signals compared to the raw data.

Fabrication of Nanoparticle Reservoirs. Whatman filter paper
number 41, 1, and 6 (pore diameters of 20—25, 11, and 3 um,
respectively) was used. The paper was cut in squares and modified
with SO uL of PSS (30%, Sigma) diluted to different % (v/v) with
water when required. After drying, 1 uL of pegylated gold
nanoparticles modified with avidin was added and left to dry at
room temperature. To study the release of nanoparticles from
reservoirs, the nanoparticle-modified dry paper substrates were
positioned on top of a folded piece of filter paper and 1 mL of
PBST was added three times. The presence of nanoparticles after this
step was evaluated by letting the paper dry and measuring any
changes in the color of the nanoparticle reservoir with densitometry.

Nanoparticle Transfer and Biorecognition. The transfer of
nanoparticles from the reservoir to a receiving paper substrate was
studied with the following procedure. Receiving paper substrates were
modified with 2 uL of biotinylated BSA (100 pg:mL™" in PBS).
Biotinylated BSA was obtained with an EZ-Link sulfo-NHS-
biotinylation kit (Thermo Scientific). Control experiments with
non-biotinylated BSA were performed in order to assess the
contribution of nonspecific interactions to the colorimetric signal.
After drying, 1 mL of PBS supplemented with 5 mg-mL™" BSA (PBS—
BSA) was added. Then, the reservoir was placed on top of the wet
receiving paper and nanoparticle transfer was facilitated by pressing in
the center of the spot for 4 min. Subsequently, the reservoir was
removed, and the receiving substrate was washed three times with
PBST in order to remove nonspecific interactions. After drying, the
colorimetric signal was evaluated with densitometry as detailed above.

Detection of gB from CMV. Monoclonal mouse anti-gB (Abcam,
ab6499) was biotinylated with an EZ-Link sulfo-NHS-biotinylation
kit (Thermo Scientific). Avidin-decorated nanoparticles (100 pL, 72
nM) were incubated with 10 uL of biotinlylated anti-gB for 1 h. After
washing three times with PBST, 1 uL of the nanoparticle suspension
(140 nM) was spotted on the paper reservoir modified with 30% PSS.
The capture antibody (mouse monoclonal anti-gB Abcam ab54023)
was spotted on the receiving paper substrate (2.5 uL, diluted 1:100 in
PBS) and left to dry at room temperature. Control biosensors were
prepared in the same way with anti-Escherichia coli (Invitrogen PA1-
7213), which does not recognize gB specifically. The resulting paper
biosensors were blocked by adding 1 mL of PBS—BSA and letting it
dry. To calibrate the biosensors, recombinant gB was spiked into
human serum at different final concentrations. After rehydrating the
biosensors with 1 mL of PBS—BSA, 50 uL of the spiked serum
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samples was added to the receiving paper substrate for 5 min. After
washing once with PBST, the reservoir containing nanoparticles
decorated with anti-gB was pressed onto the receiving paper with a
clamp for S min (a photograph of the clamp is available in Figure SS
in the Supporting Information). After S min, the reservoir was peeled
off and the receiving paper was washed four times with PBST. The
colorimetric signal was measured immediately afterward with
densitometry as explained above.

B RESULTS AND DISCUSSION

In our hypothesis, the modification of paper substrates with
PSS facilitates storing nanoparticles in the cellulose matrix
while at the same time enabling their release with a high
efficiency. This is based on previous studies using PSS to
prevent the aéggregation of gold nanoparticles via nonspecific
interactions.'® To study this, filter paper was cut in squares,
and then, 50 uL of PSS at different % (v/v) was added and left
to dry. Three types of paper with different pore sizes (22, 10,
and 3 pum) were studied. After drying, substrates with a pore
size of 11 and 3 um were discarded because they were heavily
warped and the PSS was unevenly distributed (Figure S1).
Paper substrates with a pore size of 22 ym (Whatman #41)
remained mostly flat at all PSS concentrations and therefore
were subsequently used for the fabrication of nanoparticle
reservoirs. They were obtained by pipetting 1 uL of gold
nanoparticles in the center of the PSS-modified paper and
letting it dry at room temperature. The most widely available
gold nanoparticle suspensions are synthesized following the
Turkevich method, which renders them capped with negatively
charged citrate molecules. To avoid nanoparticle aggregation
in solutions containing highly concentrated cations or proteins,
citrate molecules are often substituted for thiolated PEG
ligands.*® This not only prevents nanoparticle aggregation but
also enables introducing reactive groups such as carboxylate
moieties for further covalent attachment with biomolecules.
With this in mind, we studied the fabrication of reservoirs
containing pegylated nanoparticle probes modified with avidin
via amide bond formation. Figure 2A (top row, “before”)
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Figure 2. Fabrication of nanoparticle reservoirs with different % PSS;
(A) scanned images of the reservoirs before (top row) and after
(bottom row) washing three times with 1 mL PBST; (B) pixel
intensity (PI) profiles across the reservoirs; (C) colorimetric signal
(S) in the reservoir before (red circles) and after (green squares)
washing three times with PBST. Error bars are the standard deviation
(n = 3). Trend lines are a guide to the eye.
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shows pictures of nanoparticle reservoirs prepared with
different % PSS and 72 nM gold nanoparticles modified with
avidin. In these images, the spot diameter tends to decrease as
the % PSS in the paper increases. Concomitantly, the color
intensity increases as the % PSS increases. This can also be
observed in the pixel intensity profiles obtained from these
images in Figure 2B. In grayscale, the pixel intensity is the
highest when the color is white (255) and the lowest when the
color is black (0). In Figure 2B, the pixel intensity across the
reservoir decreases as the % PSS increases. The spot diameter
follows the same trend. This indicates that the nanoparticles
are found at higher concentrations and within a smaller volume
of the paper matrix as the % PSS increases. We propose that
the formation of these smaller and more concentrated
nanoparticle reservoirs is related to a slower diffusion of the
nanoparticles within the cellulose matrix. It is well established
that the viscosity of a solution increases as the concentration of
PSS increases.”” Because the diffusion coefficient is inversely
proportional to the viscosity according to the Stokes—Einstein
equation, highly concentrated PSS reduces radial diffusion and
results in smaller spots containing nanoparticles at a higher
concentration. Please note that, although PSS gives a yellowish
color to the paper substrate, its contribution to the pixel
intensity cannot fully account for the changes in color observed
within the reservoir. For example, in Figure 2B, the pixel
intensity outside the nanoparticle area decreases from 254 to
234 due to the modification with 30% PSS, but it decreases
much more in the center of the reservoir, where the
nanoparticles are found (PI = 62). This means that the
main contribution to the observed changes in color is a higher
concentration of nanoparticles in the reservoir and not the
addition of the PSS. In Figure 2B, it is also noticeable that the
pixel intensity is lower at the edge of the reservoir than in the
center. This is attributed to a higher concentration of
nanoparticles at the edge of the spots due to an uneven
distribution of solutes during the drying procedure (the so-
called “coffee-ring effect”).” Finally, we sought to determine
whether the nanoparticles could be released efliciently from
the reservoir, which is an important requirement for integrating
reservoirs in biosensors. To this end, 1 mL of PBST was added
three times to the reservoirs. In Figure 2A (bottom row, after),
the color does not change in reservoirs prepared in the absence
of PSS, showing that without the polymer, the nanoparticles
are irreversibly bound to the cellulose matrix. However, as the
% PSS increases, the color within the spot progressively
disappears, which indicates that the nanoparticles exit the
reservoir more efficiently when the % PSS in the reservoir is
higher. These experiments demonstrate that PSS prevents the
formation of irreversible interactions between the nano-
particles and the paper matrix. In Figure 2C, signal
quantification with densitometry shows that no color remains
in the reservoir when the % PSS utilized to fabricate the
reservoir is 15% or higher, which suggests a complete release of
avidin-modified nanoparticles under this condition. All in all,
the results shown in Figure 2 demonstrate that it is possible to
store pegylated nanoparticles modified with proteins in a dry
piece of paper previously modified with PSS and that the
nanoparticles can be released on demand by simply adding an
aqueous solution.

Next, we investigated the impact of nanoparticle concen-
tration in the fabrication of a paper-based reservoir containing
avidin-modified gold nanoparticles. To this end, 1 uL of
nanoparticles at different concentrations were pipetted onto
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paper substrates modified with 30% PSS (Figure 3A). Profile

analysis reveals that the formation of a “coffee ring” in the
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Figure 3. Fabrication of reservoirs with 30% PSS and avidin-
decorated nanoparticles at different concentrations; (A) scanned
images of the reservoirs before (top row) and after (bottom row)
washing three times with 1 mL PBST; (B) pixel intensity (PI) profiles
across the reservoirs; (C) colorimetric signal (S) in the reservoir
before (red circles) and after (green squares) washing three times
with PBST. Error bars are the standard deviation (n = 3). Trend lines
are a guide to the eye.

reservoir observed in Figure 2 can be prevented when
nanoparticles are dispensed with a concentration of 140 nM
or higher because under this condition, the pixel intensity is
the same in the center and at the edge of the spot (Figure 3B).
It has been proposed that increasing the viscosity of the
solution suppresses the formation of coffee rings.” In the case
under study, the viscosity of the solution increases as the solid
volume fraction increases in agreement with the Einstein eq 1

5

a1+ 30) )
where 7 is the viscosity of the suspension, 7, is the viscosity of
the dispersion medium, and ¢ is the solid volume fraction.
Therefore, we propose that the increase in viscosity afforded by
the higher nanoparticle concentration is a driving force to
prevent coffee rings. To study the effect of nanoparticle
concentration in the release of contents from the PSS-modified
cellulose matrix, the reservoirs were washed with PBST as
above and the remaining colorimetric signal was measured
with densitometry. In Figure 3A, low row (after) and Figure
3C, the remaining colorimetric signal is very low at all the
concentration assayed. Only a slight increase in color can be
detected at the highest assayed concentration of nanoparticles.
This indicates that 30% PSS is effective at preventing
irreversible interactions with the paper even when the
reservoirs contain a high concentration of gold nanoparticles.
In summary, experiments in Figure 3 indicate that the best
fabrication parameters for obtaining reservoirs with the
proposed method are 30% PSS and gold nanoparticles with a
concentration of 140—210 nM. Under these conditions,
nanoparticles within the reservoir are evenly distributed (i.e.,
there is no coffee ring) and there is a complete release of
colloids from the reservoir (no color remains in the paper
reservoir).
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After studying the best conditions for storing and releasing
nanoparticles in cellulose, we tested the ability of transferring
the colloids in the dry reservoir to a receiving wet paper by
pressing the former onto the latter (Figure 1B). Simulta-
neously, we tested whether the avidin around the nanoparticles
was still able to bind biotinylated molecules in the receiving
substrate. In other words, we sought to investigate whether the
presence of PSS interfered with our model biological
interaction. To carry out this investigation, the dry reservoirs
were pressed against a receiving paper substrate modified with
biotinylated BSA and saturated with PBST. This transferred
liquid from the wet receiving paper to the dry paper reservoir.
The resulting rehydration of the reservoir allowed the
nanoparticles to be transferred from the reservoir to the
receiving substrate. After peeling off the reservoir, the presence
of nanoparticles bound to the receiving paper substrate
through avidin—biotin interactions was evaluated after washing
it three times with PBST. Figure 4A shows images of the
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Figure 4. Transfer of avidin-decorated nanoparticles from the
reservoirs with different % PSS to receiving substrates modified
with biotinylated proteins; (A) scanned images of the receiving
substrates after pressing the reservoirs for 4 min, removing them, and
washing three times with 1 mL PBST; (B) pixel intensity (PI) profiles
across the receiving substrate; (C) colorimetric signal (S) in the
receiving paper substrate. Error bars are the standard deviation (n =
3). Trend lines are a guide to the eye.

receiving substrate when the reservoir was made with the same
concentration of nanoparticles (72 nM) and different % PSS.
In these images, the color in the spot is more homogenously
distributed and intense as the % PSS increases. Indeed, at low
% PSS, only a nanoparticle ring is generated, which
progressively fills up to yield a colored spot at high % PSS.
Figure 4B also shows that avidin-decorated nanoparticles tend
to accumulate in the periphery of the receiving spot when the
concentration of PSS is low. As the % PSS increases, the
diameter of the nanoparticle ring decreases and more
nanoparticles are observed in the center of the spot. In Figure
4C, the colorimetric signal increases as the % PSS increases
because more nanoparticles are transferred within the region of
interest. The formation of a ring made of biotin—BSA was
ruled out ith the experiment shown in Figure S3, which
indicates that the ring is originated by the transfer of the
nanoparticles from the reservoir.

We propose two mechanisms for nanoparticle transfer that
could result in the formation of a ring. The first mechanism
implies that at a low % PSS, nanoparticles diffuse radially and
accumulate at the edges upon being transferred, whereas at
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high % PSS, the nanoparticles diffuse radially to a lesser extent
and are transferred homogenously to the receiving paper. This
would result in more concentrated nanoparticles in the center
of the spot as the % PSS increases, in agreement with the
observations in Figure 4. In the second hypothesis, nano-
particles are transferred preferentially from the edges of the
reservoir to the receiving paper substrate, that is, a ring is first
generated which subsequently fills up with more nanoparticles.
To discern which mechanism governs nanoparticle transfer
from the reservoir to the receiving paper, the same experiments
were repeated with reservoirs made with the highest
concentration of PSS (30%), but with different contact time
between paper layers. In Figure SA,B, the nanoparticles are

A time (min)

0.5 1 2 4

0 30 60 90
distance (pixels)

120 0 1 2 3 4 5
time (min)

Figure S. Time-dependent transfer of avidin-decorated nanoparticles
from reservoirs containing 30% PSS to receiving substrates modified
with biotinylated proteins; (A) scanned images of the receiving
substrates after pressing the reservoirs for different times; (B) pixel
intensity (PI) profiles and (C) colorimetric signal (S) in the receiving
paper substrate. Trend lines are a guide to the eye. Error bars are the
standard deviation (n = 3).

transferred as a ring when short transfer times are applied even
when the % PSS is high. In Figure 5C, the colorimetric signal
increases as the time increases. These results invalidate the first
mechanism, since no nanoparticles are observed in the center
of the reservoir during the first stages of the transfer process at
high % PSS. Therefore, we propose that nanoparticles and PSS
are preferentially transferred from the edges of the reservoir.
This generates a diffusion barrier that results in the subsequent
transfer of polymer and nanomaterials in the central area of the
receiving paper, in agreement with the second hypothesis
proposed above. Experiments showing the transfer of PSS can
be found in Figure S4 in the Supporting Information. Below
we study the impact of nanoparticle concentration and paper
type in the generation of specific and nonspecific signals for
biosensing applications.

Figure 6 shows the effect of the receiving paper pore size in
the generation of colorimetric signals when the reservoirs are
loaded with 30% PSS and different concentrations of avidin-
grafted gold nanoparticles. Nonspecific interactions were
evaluated with non-biotinylated (BSA) (control lanes in Figure
6A). Qualitative assessment of Figure 6A shows that using
Whatman paper #6 and #1 results in higher colored spots in
control experiments compared to Whatman paper #41. This is
ascribed to the higher specific area of paper types 6 and 1
because of their smaller pore sizes (3 and 11 ym, respectively),
which favors nonspecific interactions between nanoparticles
and the receiving substrate. Analysis of the specific signals

151

A [AuNPs] (nM)
18 36 72 140 210 290
#41 biotin
® ) [ ] [ 4 ®
1cm
#41 control
#6 biotin
Q L) @ L ] &
#6 control
#1 biotin
3 5] 2 L ] =3 ®
#1 control
B 200 C 260
biotin

160
210

120
Pl 160

S 80

40

- 110
o778
[oR 8
control
0 100 200
[AuNPs] (nM)

300 0 60 120
distance (pixels)

180

Figure 6. Transfer of avidin-decorated nanoparticles stored at
different concentrations to receiving paper substrates with different
pore sizes (22, 11, and 3 um for Whatman Paper 41, 1, and 6,
respectively) modified with biotinylated proteins; (A) scanned images
of the receiving substrates modified with biotinylated BSA (biotin) or
unmodified BSA (control); (B) colorimetric signals in receiving
substrates made of Whatman paper #41 (red triangles), #6 (black
circles), and #1 (green squares); control experiments with non-
biotinylated BSA are indicated with dotted lines; (C) pixel intensity
(PI) profiles across receiving substrates made of Whatman paper #41.
Error bars are the standard deviation (n = 3). Trend lines are a guide
to the eye.

obtained after subtracting the control experiments shows that
paper # 41 produces the highest specific signals when using
nanoparticles in the concentration range between 140 and 290
nM, whereas paper #1 yields higher specific signals when using
nanoparticles in the concentration range between 36 and 72
nM (Figure S7 in the Supporting Information). In Figure 6C,
the pixel intensity within the colorimetric signal is homoge-
nously distributed (i.e., no ring formation) when the
concentration of nanoparticles in the reservoir is 140 nM or
higher and the receiving substrate is Whatman paper #41.
These results, in addition to those obtained in Figure 4,
indicate that paper-based reservoirs containing 30% PSS and
140 nM nanoparticle probes are the best candidates to
generate homogenous and highly intense plasmonic signals in
biosensors. The reservoirs were able to establish biospecific
interactions even after being kept for a month in an envelope at
room temperature (Figure S2). No preservatives were added,
and no additional measures such as lyophilization or co-storage
with silica gel were taken in order to further preserve the
probes, which shows that the proposed method is useful for
fabricating biosensors with extended shelf-life without the need
to impose strict temperature or humidity storage conditions.
After optimizing the fabrication procedure of the nano-
particle reservoirs, we sought to apply them in sandwich
immunoassay for the detection of the antigen gB from CMV.
To this end, the avidin-decorated nanoparticles were modified
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with biotinylated detection antibodies and stored in the dry
paper reservoir as explained above. The receiving paper
substrate was modified with capture antibodies and blocked
to prevent nonspecific interactions. The immunoassay
consisted of adding the target analyte spiked into human
serum to the receiving substrate and pressing the paper
reservoir for 10 min. After washing away excess reagents, the
colorimetric signal was recorded. The whole assay took less
than 12 min to be completed. In Figure 7, the proposed paper
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Figure 7. Detection of gB from human CMYV in serum with reservoirs
containing antibody-decorated nanoparticles and paper substrates
modified with anti-gB (red dots) or anti-E. coli (black dots)
(semilogarithmic scale). S is the colorimetric signal. Error bars are
the standard deviation from three independent experiments (n = 3).
The green line represents the limit of detection expressed as the blank
signal (Sg) and three times the standard deviation of the blank (30}).

biosensors were able to detect gB with a limit of detection of
0.03 ng-mL ™" expressed as the first sample that yielded a signal
higher than three times the standard deviation of the blank
(green line in Figure 7, 99% confidence). This limit of
detection is ca. 100 times lower than the one obtained with a
disposable electrochemical biosensor for detecting CMV
within 45 min®> and three times lower than colorimetric
ELISA that required several hours to be completed.”> Control
experiments performed with biosensors modified with anti-E.
coli instead of anti-gB yielded lower nonspecific signals. These
results demonstrate that the method for fabricating paper
reservoirs containing protein-decorated nanoparticles can be
extended to biomolecular interactions other than biotin—
avidin interactions, for example, antibody—antigen interactions
for developing paper-based immunoassays. It can also be used
to store citrate-capped nanoparticles modified with antibodies
(Figure S6). Furthermore, the proposed method affords low
limits of detection with very short incubation times, which
makes it particularly useful for developing rapid diagnostic
tests such as those required in decentralized healthcare
schemes.

B CONCLUSIONS

In conclusion, we have demonstrated that gold nanoparticles
modified with PEG and proteins can be stored in filter paper
when the substrate is previously treated with PSS. This avoids
irreversible interactions with the paper, which enables a
complete release of nanoparticles upon addition of an aqueous
solution. It also enables transferring the nanoparticles from the
reservoir to a receiving substrate by pressing one paper sheet
against the other with the finger. Fine-tuning the % PSS avoids
the formation of “coffee rings” in both the reservoir and the
receiving substrate. This leads to homogenously distributed
colorimetric signals resulting from biomolecular interactions

152

between the nanoprobes and substrate-bound molecules. The
presence of PSS in the reservoir does not interfere with the
generation of avidin—biotin or antibody—antigen interactions
and preserves the nanoprobes for at least one month. The best
paper types for receiving nanoparticles in paper-only
biosensors are #41 when the nanoparticles are stored with a
concentration between 140 and 210 nM or #1 when the
nanoparticle concentration is 36—72 nM. Nanoparticles
decorated with anti-gB were able to detect this analyte with
a biosensor made entirely of paper rapidly and with a low limit
of detection of 0.03 ng'mL™" (99% confidence). These features
make the proposed reservoirs ideal for fabricating paper-only
biosensors for point-of-care diagnostics, especially when
combined with wax-printed microfluidics.

B ASSOCIATED CONTENT
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