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ABSTRACT: Point-of-care (PoC) tests are practical and effective Buffer ——»

diagnostic solutions for major clinical problems, ranging from the N\ Blood sample + X AP
monitoring of a pandemic to recurrent or simple measurements. ~

Although, in recent years, a great improvement in the analytical N @ ! sutter
performance of such sensors has been observed, there is still a major

issue that has not been properly solved: the ability to perform
adequate sample treatments. The main reason is that normally sample
treatments require complicated or long procedures not adequate for
deployment at the PoC. In response, a sensing platform, called paper-
based electrophoretic bioassay (PEB), that combines the key
characteristics of a lateral flow assay (LFA) with the sample treatment
capabilities of electrophoresis is developed. In particular, the ability of
PEB to separate different types of particles and to detect human
antibodies in untreated spiked whole blood is demonstrated. Finally, to make the platform suitable for PoC, PEB is coupled with a
smartphone that controls the electrophoresis and reads the optical signal generated. It is believed that the PEB platform represents a
much-needed solution for the detection of low target concentrations in complex media, solving one of the major limitations of LFA
and opening opportunities for point-of-care sensors.

he ability to measure a specific biomarker within minutes The only sample treatment included in the former type of

and in the easiest possible way is crucial for a variety of assays is the modification of the physical—chemical properties
healthcare-related scenarios, ranging from the daily measure- of the sample, thanks to the use of a prestored buffer (ie., a
ment of glucose level to the monitoring of a pandemic.”” In buffer dried into the sample pad, which is the region of the test
this context, laboratory-based technologies are not useful, where the sample is applied). This allows for the stabilization
considering that they require expensive/bulky equipment, of the pH, ionic strength, and viscosity of the sample, which
long/multistep protocols, and qualified personnel.” Instead, may be enough for clear samples with low viscosity (i.e.,
point-of-care (POC) tests represent a valid solution due to urine), but it is not sufficient for more viscous and complex
their ease of use, speed, low cost, and portability.”~* In the matrixes (i.e, serum/blood).'> Regarding the latter type of
realm of POC technologies, lateral flow assays (LFAs) stand LFAs, they can include either a dilution step (prior to the
out as the most widely used POC sensors across many addition of the sample onto the sample pad) or a washing step
disciplines, from environmental analysis to safety and (the addition of a washing buffer after the application of the
diagnostics. Their success lies in their single-step procedure sample).'>'* The washing buffer is usually based on a low

(the user has to just apply the sample and in some cases a ionic strength and neutral buffer doped with anionic

washingglzlllffer) and their ability to provide results within 10— surfactants such as Tween-20'"'° or sodium dodecyl sulfate
15 min. The combination of their practicality with a low (SDS).'>'7 These are frequently combined with external
fabrication cost makes them a particularly attractive sensing filtration units or integrated external filtration membranes,

platform for both developers and users. Indeed, the simple such as the commercial Cytosep and Vivid plasma separation
operation of LFAs is one of their major advantages over other

sensing technologies, but it also comes with a major drawback:
the inability to perform efficient sample treatments. This
limitation of LFAs precludes their use for more challenging
applications, for example, the detection of biomarkers at low
concentrations in complex media.

Most commercially available LFAs are either single-step (i.e.,
pregnancy tests) or double-step (i.e., serological tests) assays.
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18-20 - .
membranes. There are also publications reporting novel

integrated plasma separation strategies.ﬂ’22 In this case, LFAs
can also work with blood and serum samples, but it
compromises their ease of use (i.e., the user has to dilute the
sample, add a washing buffer or remove the filtration
membrane at a fixed time) and possibly their sensitivity (the
dilution of the sample implies a dilution of the target analyte).
LFAs can also include reagents that remove specific
contaminants (for example, antibodies for the removal of
albumin), but this increases the complexity and cost of
fabrication.”*”*

Here, we propose a sensing platform that allows the use of
whole blood while retaining all of the characteristics that make
LFAs the most popular POC diagnostic technology.
Particularly, we developed a paper-based electrophoretic
bioassay (PEB) that uses the main components of LFAs, but
instead of relying on the capillary force to move the sample, it
uses electrophoresis. The use of a continuous and tunable flow
to move the sample easily overcomes the main issues observed
when using blood samples in LFAs, like nonspecific binding or
the clogging of the strip. We validated the PEB using as a test
bed the detection of Human Immunoglobulin G (H-IgG) in
untreated spiked whole blood. Finally, we demonstrated the
applicability of PEB at the point-of-care using a smartphone-
based system that controls the electrophoresis and quantifies
the optical signal.

B EXPERIMENTAL SECTION

Materials, Reagents, and Instruments. Materials,
reagents, and instruments, are detailed in the Supporting
Information (SI).

PEB Device Design and Fabrication. A nitrocellulose
(NC) membrane with a size of 10 cm X 0.49 cm was used as a
platform for running the electrophoresis. Two adhesive copper
electrodes were stacked through their adhesive at 0.5 cm from
both ends of the NC membrane. As stipulated by the
manufacturer, both the copper and the adhesive provide low
resistance to current and thus are suitable for their application
as electrical connectors. Moreover, two cellulose pads (6 cm X
1.5 cm) were used for the storage and gradual dispensing of
the electrophoresis buffer and were stacked over the adhesive
copper electrodes toward the extremes of the strip. The buffer
is required to act as an electrolyte and maintain the pH at a
relatively constant value. Next, the copper electrodes were
connected to the power source system that contained all of the
electronics inside a three-dimensional (3D)-printed polylactic
acid (PLA) cartridge (see the electronic diagram in Figure S1
and the Results and Discussion section for more details). For
the evaluation of the quantum dot (QD) mobility, a black
cover was fabricated to measure the fluorescence emitted by
the QDs. The cover was made of PLA and fabricated using a
3D printer. Two light-emitting diodes (LEDs) (365 nm
excitation wavelength) and two white LEDs were placed inside
the device cover and connected by an on-the-go (OTG) wire
to a Smartphone (Figure S2).

Nitrocellulose Membrane Strip Fabrication. The NC
membranes used for the evaluation of the electrophoresis
performance were CN95, CN110, and CN150. For the
detection of H-IgG, the CN95S NC membrane was used.
Polyclonal goat to H-IgG antibodies were deposited in the test
line (TL) and polyclonal chicken to goat IgG antibodies were
deposited in the control line (CL) (both at 1 mg/mL in 10
mM phosphate-buffered saline, PBS, pH 7.4) using a
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bioreagent dispenser. The antibodies were dried for 2 h at
37 °C.

Evaluation of the Electrophoresis Performance.
Commercial streptavidin-functionalized CdSe@ZnS QDs and
CdTe QDs were used. The graphene quantum dots (G-QDs)
were synthesized using a homemade method following the
procedure of Dong et al.”* The nitrogen- and sulfur-doped G-
QDS (N—S-doped G-QDs) were synthesized following the
procedure reported by Dong et al.”® The evaluation of the pH
buffer effect on the electrophoretic mobility of the QDs was
carried out by drop-casting 1 mL of sodium borate (SB) buffer
on the cellulose pads. Buffer solutions at different pH values
(8, 9, and 10) were prepared using boric acid with sodium
hydroxide and tested on different PEB strips working
simultaneously. The gold nanoparticles (AuNPs) were
synthesized by the Turkevich method”” using 50 mL of
HAuCl, (0.25 mM in Milli-Q water) and 1.25 mL of sodium
citrate (1% in Milli-Q water). They were conjugated with anti-
H-IgG following the experimental procedure already reported
by the group,”® detailed in the Supporting Information.

Detection of H-IgG in SB Buffer and Whole Blood.
One milliliter of SB buffer (10 mM, pH 8) was drop-casted
onto the cellulose pads. Once the entire strip was embedded
with the electrophoresis buffer, the electrodes corresponding to
the positive and negative charged poles were connected to the
power source. Next, 3 uL of the conjugated AuNPs was
incubated with 3 uL of chicken whole blood for 30 s and drop-
casted onto the NC pad at 1 cm from the TL. Then, the power
source was connected, and the assay was performed for 15 min.

Evaluation of the PEB. Pictures of the strips were taken by
adjusting the camera parameters of the smartphone (ISO 160,
A 1/10, Manual focus) at a height distance of 9 cm from the
strip and under constant light conditions, provided by the
white LEDs. The pictures were evaluated using Image ]
software, following the procedure reported by our group.”
The signal intensity was normalized following the equation:
(TL — BG)/(CL — BG), where TL, CL, and BG were the
signal intensities of the test line, control line, and background.
The limit of detection (LoD) was calculated as optical
intensity (LoD) = blank + 3 o blank (i.e., the corresponding
value of blank sample plus 3 times its standard deviation). The
limit of quantification (LoQ) was calculated as optical intensity
(LoQ) = blank + 10 o blank.*

Detection of H-IgG in Buffer and Whole Blood Using
LFA. The CytoSep membrane was used as the sample pad and
CNO9S as the detection pad. The anti-H-IgG functionalized
AuNP solution used in the conjugate pad was the same as the
one used for the PEB experiments. The calibration curve for
H-IgG was performed by spiking H-IgG (0—10 000 ng/mL) in
PBS buffer (10 mM, pH 7.4). Then, 100 uL of each solution
were drop-casted onto the sample pad. For the calibration
curve of H-IgG in whole blood, a solution of chicken whole
blood spiked with H-IgG (1 ug/mL) was prepared. The
solution was diluted 2.4- and S-fold using PBS buffer (10 mM,
pH 7.4). Then, 100 uL of the undiluted and diluted whole
blood were drop-casted onto the sample pad. Pictures of the
strips were taken after 15 min using the smartphone and
adjusting the same camera parameters as for the PEB
evaluation.

B RESULTS AND DISCUSSION

Concept. Electrophoresis is the migration of charged
particles under the influence of an electric field. The system

https://dx.doi.org/10.1021/acs.analchem.0c04330
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is based on two electrodes of opposite charges (cathode and
anode) connected by a conductive medium (electrolyte). The
charged particles are able to separate due to differences in their
velocity (v), which depends on the particle’s mobility (m) and
the applied field strength (E) in such a way

(1)

Moreover, the particle’s mobility (m) is determined by their
size, shape, and charge and by the temperature during the
separation. The mobility is constant under defined electro-
phoretic conditions, which are characterized both by electrical
parameters (current, voltage, power) and factors related to the
electrophoresis medium (ionic strength, pH value, viscosity,
and pore size). In this sense, the electrophoretic mobility (u)
can be expressed as

9

H= 6mrn

v =mE

()

where g is the charge on the particle, # is the viscosity of the
media, and r is the hydrodynamic radius related to the size of
the particle. This means that under defined electrophoretic
conditions, small and highly charged molecules will move
toward the electrode with the opposite charge faster than bulky
and neutral ones. From the perspective of sample treatment,
this allows for an active and precise separation of contaminants
from the target molecule (given the unique electrophoretic
properties of the different biomolecules present in blood/
serum samples), dramatically reducing nonspecific interac-
tions.”'

Electrophoresis can be carried out either in free solution
(capillary electrophoresis) or in a support medium (paper or
gel). The former offers fast and high-resolution separation but
requires strong electric fields, which limits its application at the
POC (i.e, expensive and bulky equipment is needed to
generate such electric fields, which may also be dangerous for
the final, untrained user). The latter is simpler, cheaper, and
enables facile visualization of the separation zone by direct
staining. Within the types of support media, the gel provides
better resolution than paper but is more affected by heat
generation, which causes variations in the particle’s migration
rate and band’s distortion.””** Contrary to free electro-
phoresis, the particle’s movement in support-medium-electro-
phoresis is a sum of electrophoretic and electroendosmotic
mobility. Electroendosmosis is the movement of liquid toward
an anode or a cathode depending on the type of support
medium, potential gradient, electrolyte ionic strength, and pH.
As a consequence, depending on the specific conditions, we
could observe charged molecules moving toward the electrode
with the same charge when the electroendosmosis forces are
greater than the electrophoretic ones.” ™’

Unexpected particle’s mobility or band’s distortion is
commonly observed upon heat generation during gel electro-
phoresis.”® This phenomenon is explained by Joule’s law and
the generalized power equation

V2

R (3)

where (P) is the power converted from electrical energy to
thermal energy, (V) is the voltage applied, and (R) is the
resistance to current.”’ Considering this equation, electrical
systems that exert higher resistance to current produce less
heat. In this sense, paper electrophoresis is less prone to heat
generation than agarose gel electrophoresis because the NC

p
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membrane has 10°-fold higher resistivity than agarose gel and,
therefore, it provides higher resistance to current.*”*'

The core of PEB is based on paper electrophoresis, which
since 1950s has been developing strategies for the examination
of a variety of different samples, ranging from water to human
serum.” ™ Most of these works aimed at the separation of
target analytes (including inorganic salts, amino acids,
enzymes, and proteins) along a filter paper and their
subsequent analysis, such as the measurement of their
concentration and/or specific activity.*> Nonetheless, these
works relied on complex and tedious techniques for the
identification of the separated components, which are based on
staining or immunoblotting. The former serves for an
estimation of the molecular size of the components upon
comparison with a ladder/marker. The latter provides a more
specific determination of the separated components, but it still
requires several complex steps (membrane transferring,
incubation with a primary antibody, washing, incubation with
a secondary antibody, washing, signal revealing) and high
volumes of antibodies.

For the development of PEB, we took advantage of the
sample treatment capabilities of paper electrophoresis and
merged them with the convenience of LFAs. The result is a
diagnostic platform that can receive an untreated drop of blood
and produce an easy-to-read optical signal in less than 15 min.

Design and Operation of the PEB Device. We designed
the PEB device to assure its application at the point-of-care,
retaining the portability, usability, and low cost of the LFA. For
this reason, we used the standard LFA materials: cellulose and
NC membranes. The cellulose pads were used as buffer
reservoirs to maintain the system constantly wet and the NC
membrane was used as the main platform for carrying out both
the electrophoretic separation and the signal generation. We
also used two sticky copper electrodes instead of applying the
voltage directly on the NC strip. Compared to crocodile clips
or similar electrical connectors, the copper sticky tape provides
a higher contact surface on the NC strip. In addition, it is
cheap and can be disposed together with the paper strip once
oxidized (the copper electrode is corroded due to the oxidation
reaction when used as an anode during electrophoresis). The
paper strip containing the copper electrodes is intended to be
disposable once the assay is performed. Regarding the reagents,
we used antibodies as bioreceptors (printed on the NC
membrane like standard LFA) and analytes, while we
employed AuNPs and QDs as labels. To perform the
electrophoresis separation, we designed a miniaturized and
portable power source as an alternative to the bulky and
expensive power supply used in conventional electrophoresis
systems. We connected the smartphone battery to a Joule thief
inverter and a rectifier (Figure S1) to obtain a stable 200 v DC
(0.1 mA, 20 mW). It is worth mentioning that although the
low intensity of the output current may suggest its inadequacy
to perform electrophoresis, the high resistance of the system
(several megaohms) allows keeping a constant voltage in the
device. The paper strip size is 21 cm X 4 cm (Figure S3),
weighs 2.1 grams, and costs around 1 euro (excluding the
power source, which costs approximately 10 euros and weighs
10 grams). The assembly grocedure of the different pads is
similar to that of LFA."® A detailed description of the
fabrication of the PEB device is in the Materials and Methods
section of this manuscript.

The operation of the sensor consists of few simple steps: (1)
the two cellulose pads at the two ends of the sensor are wet

https://dx.doi.org/10.1021/acs.analchem.0c04330
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Figure 1. Schematic representation of the PEB strip and assay operation. The PEB strip is composed of an NC membrane strip functionalized with
capture antibodies in TL and CL. (A) Two pieces of adhesive copper tape are stacked on both sides of the strip and serve as cathode and anode
electrodes. Two pieces of cellulose membrane are stacked on both ends of the strip and serve as electrophoresis buffer reservoirs. The
electrophoresis buffer is drop-casted on both cellulose pads and is gradually dispensed to the NC membrane. (B) Conjugate solution is mixed with
the whole blood sample and it is drop-casted on the strip. (C) Sample moves by electrophoresis toward the detection zone. (D) Target analyte and
the labeled antibodies are captured by the antibodies in TL and CL. The nonspecific interfering components of the whole blood sample flow out of
the detection zone, enabling a clear visualization of the signal in TL and CL.
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Figure 2. Electrophoresis performance evaluation. (A) Effect of the NC membrane pore size on the electrophoretic mobility of different QDs. NC
membranes, CN9S, CN110, and CN150, were selected due to their big, medium, and small pore size, respectively. (B) Evaluation of the voltage
effect applied on the electrophoresis mobility using the same QDs. (C) Effect of the pH value on the electrophoretic mobility. Data are shown as
mean =+ standard error of mean (SEM) of triplicate experiments. (D) G-QDs image at different pH values before applying the voltage 0 min (i) and
after 10 min of voltage (ii).

with the electrophoresis buffer, which contains the electrolytes for the whole duration of the assay (15 min). (2) Once the NC
enabling the electric bridge between the cathode and the membrane is fully wet (approximately in 2 min from the
anode. The high void volume of the two cellulose pads ensures addition of the electrophoresis buffer), the labeled bioreceptors
the complete and homogenous wetting of the NC membrane and sample (6 uL) are drop-casted onto the membrane. (3)
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The electrophoretic potential is applied to move the sample
along the membrane, which will generate the optical readout.
The full operation is schematized in Figure 1. Additionally, a
demonstration video using a blood sample where the control
line appears after running the electrophoresis assay can be
observed in Movie S1. Conversely, Movie S2 shows that there
is no movement of the sample when the voltage is not applied
(after the paper strip is totally wet with the buffer). Meaning
that the sample does not move by capillarity in PEB and only
moves when the voltage is applied. Other authors have
previously reported the inability of compounds to flow by
capillarity in paper when it is soaked and in equilibrium.*° It is
important to note that, while here we demonstrate the proof of
concept of the technology, the entire operation could be
condensed into a single-step procedure by keeping the sensor
wet in a sealed container and employing a conjugate pad on
top of the NC membrane.

Characterization of the PEB as an Electrophoretic
Platform. Given the complexity of paper-based electro-
phoresis, we first characterized how using different materials
and reagents during the fabrication of the PEB would affect its
electrophoretic behavior. We studied four main components:
the particle mobility, the pore size of the NC membrane, the
applied voltage, and the pH of the electrophoresis buffer
(Figure 2). We evaluated how the size, shape, and charge of
nanoparticles affect their migration speed. According to the
concept of electrophoresis, we expect that bigger and less
charged particles would move slower than smaller and more
charged ones, given a fixed pore size, electrophoretic buffer,
and applied potential. To validate this hypothesis, we used
three different QDs: CdSe@ZnS QDs functionalized with
streptavidin (@ 20 nm, considering the streptavidin), CdTe
QDs (@ 5 nm), and G-QDs (@ 2.5 nm). We chose these three
QDs because they cover the size range of most proteins and
their charge has been previously studied. G-QDs have a high
negative charge due to the oxygen functional groups (C-OH,
C=0, and COOH);"*” CdTe QDs also have a negative charge
due to their functionalization with carboxyl groups.* The
streptavidin (pl & 5) functionalization of the CdSe@ZnS QDs
also confers them a negative surface charge at pH 8. Their
detailed characterization can be found in the Supporting
Information (emission spectra, excitation spectra, and trans-
mission electron microscopy (TEM) images are shown,
respectively, in Figures S4—S6). For this experiment, we
fixed the field strength using 10 mM SB buffer at pH 8 and an
operating voltage of 200 V (0.1 mA, 20 mW) and the CN150
NC membrane. Despite their negative surface charge, the QDs
moved to the cathode (negative electrode) and this was
attributed to electroendosmosis, which is the flow of the
electrolyte solution. Since the buffer solution has a pH value
lower than the pK, value of the boric acid (pK, = 9.24), the
predominant concentration of the positively charged ions
makes the electrolyte solution move toward the cathode,
dragging the QDs with it. As expected, we found a correlation
between the size/charge and the migration speed. In particular,
the CdSe@ZnS QDs moved at an average speed of 0.32 cm/
min toward the negative electrode due to their bigger size (20
nm) and the negative surface charge provided by the
streptavidin (—60.3 mV). However, despite its z-potential
value is 3 times higher than the G-QDs one (—20 mV), the
bigger size of the CdSe@ZnS QDs (20 nm) compared to the
G-QDs (2.5 nm) allows the G-QDs to move slightly faster
(0.37 cm/min). Likewise, despite the 2-fold bigger size of
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CdTe QDs compared to the G-QDs, their higher negative
surface charge provided by the carboxyl functional groups
(—56.9 mV) makes them move faster (0.72 cm/min).

The second parameter that we studied was the effect of
different NC membranes over the migration speed. For this
study, we used three different NC membranes (CN9S, CN110,
and CN150) commonly used for the development of LFAs.
Particularly, they provide three different capillary flow rates of
95 s/4 ¢cm, 110 s/4 cm, and 150 s/4 cm for CN9S5, CN110,
and CN150, respectively. The capillary flow rate represents the
required time for the sample to cover 4 cm of the NC
membrane, which is inversely related to the membrane pore
size. For example, CN150 with a capillary flow rate of 150 s/4
cm has the smallest pore size of the three membranes tested in
this work. The fabricants of NC membranes do not give
information on the pore size as the polymeric structure does
not actually create pores but rather a sponge-like pathway.*’
We refer the reader to Figure S7 containing the scanning
electron microscopy (SEM) images of the three different
membranes and the estimation of their relative pore size.
Again, the PEB device responded accordingly to the electro-
phoresis model. For this experiment, we used 10 mM SB buffer
at pH 8, an operating voltage of 200 V (0.1 mA, 20 mW), and
the same QDs. As expected, the CN9S membrane produced
2.67-, 1.37-, and 2.30-fold faster migration speed of G-QDs,
CdTe, and CdSe@ZnS QDs, respectively, compared to the
CN150 membrane (Figure 2A).

The third parameter we tested was the applied voltage. In
electrophoresis, under a uniform electric field, the field
strength is directly proportional to the voltage applied and
hence to the particle’s velocity. Therefore, the higher the
voltage, the faster the migration speed when the other
parameters are fixed. From the engineering point of view of
the sensor fabrication and design, this is a crucial parameter
since we need to be able to achieve a quick migration applying
a relatively low voltage to have a sensor deployable at the
point-of-care. In Figure 2B, we show the behavior of the
voltage on the electrophoretic mobility at 100 (0.05 mA, S
mW), 200 (0.1 mA, 20 mW), and 300 V (0.15 mA, 45 mW).
For this experiment, we used CN95 NC membrane because
this type of NC membrane provided similar speeds for the
three QDs (Figure 2A). As expected, a higher voltage caused a
faster movement of the QDs to the negative electrode. G-QDs,
CdTe, and CdSe QDs moved 2.86, 1.50, and 1.54-times faster
when applying 300 V rather than 200 V. However, higher
voltages resulted in less reproducible velocities. The standard
deviation of the velocities of G-QDs, CdTe, and CdSe QDs
were 2.56, 3.55, and 6.60-times higher when applying 300 V
rather than 100 V. The CdTe QDs were the fastest, particularly
they moved 1.3 times faster than the G-QDs when applying
300 V. Instead, the CdSe QDs followed the same trend as in
Figure 2A and moved slowest to the negative electrode.

Finally, to evaluate the effect of the pH on the particle
mobility direction and speed, we tested SB buffer (10 mM) at
three different pH values (8, 9, and 10). The particle’s rate and
direction of movement are influenced by electrophoretic and
electroendosmotic mobilities. Variations in the pH have a
strong effect on both forces. In the former, the pH determines
the magnitude and sign of particle’s surface charge, while in the
latter the pH determines the rate and direction of movement of
the electrolyte solution. Being able to tune not only the speed
but also the direction of the flow is paramount to achieve a
complete sample treatment. In fact, just by changing the pH of
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the electrophoresis buffer, we could separate the target analyte
from other compounds. For this experiment, we challenged the
PEB device with G-QDs since their surface functional groups
are deprotonated when the pH value is higher than 7.°° This
means that the G-QDs have a higher negative surface charge
upon pH values higher than 7. However, we observed that at
pH 8, the G-QDs moved toward the negative electrode, at pH
9 they slightly moved, and at pH 10 they moved toward the
positive electrode (Figure 2C,D). This means that the mobility
of the G-QDs was mostly influenced by the electroendosmotic
mobility: at pH 8, the pH value of the buffer was lower than
the pK, value of the boric acid (pK, = 9.24) and, therefore, the
predominant ions in the electrolyte solution were positively
charged. The buffer dragged the G-QDs to the negative
electrode. At pH 9, the pH value of the buffer was nearly equal
to the pK, value of the boric acid (pK, = 9.24); therefore, there
were no predominantly charged ions in the electrolyte solution
and the G-QDs had enough negative surface charge to slightly
move toward the positive electrode. Conversely, at pH 10, the
predominant jons in the electrolyte were negatively charged;
thus, the buffer dragged the G-QDs toward the positive
electrode. Once again, the PEB device was found to adhere to
the laws of paper-based electrophoresis.

After demonstrating that the PEB device was responding
accordingly using simple homogenous buffer solutions, we
verified that our platform is able to separate different particles
from a heterogeneous sample. To achieve this, we used two
different solutions: one containing N—S-doped G-QDs and
CdSe@ZnS QDs (at 25 nM), while the other containing CdTe
QDs and CdSe@ZnS QDs (both at 25 nM). The choice of
these two couples of QDs gives relevant information on the
influence of the surface charge and size on the particle’s
mobility. For instance, in the previous section, we observed
that the G-QDs moved faster toward the cathode than the
CdSe@Zn$ QDs, mainly due to their big difference in size (2.5
and 20 nm, respectively). However, we wanted to check if this
phenomenon could be conversed by manipulating the surface
charge of the G-QDs. In this sense, we doped the G-QDs with
nitrogen and sulfur functional groups to increase their negative
surface charge, which provides repulsion to the cathode. It is
reported that the N—S-doped G-QDs have a more negative {-
potential value than the G-QDs (—31.6 and —20 mV,
respectively).”””" The system set up included the use of the
SB buffer at pH 8, a potential of 200 V (0.1 mA, 20 mW), and
the CN150 NC membrane. This membrane provides the
slowest speeds and, therefore, the mobility progression of the
QDs can be evaluated with more detail. Again, the system
responded as expected. Both QDs in the mixture moved
toward the cathode due to electroendosmosis. However, the
N—S-doped G-QDs moved slower than the CdSe@ZnS QDs
toward the negative electrode despite their smaller size,
indicating that the CdSe@ZnS QDs have less negative surface
charges than the N—S-doped G-QDs (Figure 3A). Instead, for
the second mixture, the smaller CdTe QDs (diameter 5 nm)
moved faster than the bigger CdSe@ZnS QDs (Figure 3B),
which is similar to what we observed in Figure 3A. Crucially, in
both cases, we achieved the complete separation of different
QDs in the respective solutions in 10 min. This separation was
promoted by the difference in electrophoretic mobility of the
QDs and not by electroendosmosis. This result supports the
ability of the PEB device to carry out sample treatment for the
separation of both particles with different sizes and different
charges.
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10 min

Figure 3. Separation of QDs by electrophoresis. (A) N—S-doped G-
QDs are mixed with CdSe@ZnS QDs and drop-casted in the center
of the NC membrane strip that is immersed in electrophoresis buffer,
pH 8. After running the electrophoresis for 10 min, the CdSe@ZnS$
QDs (pink) moves to the left side of the strip (negative electrode),
separating from the N—S-doped G-QDs (blue), which have slightly
moved to the left side. (B) CdTe QDs are mixed with CdSe@Zn$S
QDs and drop-casted onto the center of the NC membrane strip that
is immersed in electrophoresis bufter, pH 8. After running the
electrophoresis for 10 min, CdSe@ZnS QDs (orange) have moved
faster to the left side (negative electrode), separating from the CdSe@
ZnS QDs (red), which have slightly moved to the left side.

PEB Optimization for Gold Nanoparticles. Supported
by the ability of the PEB device to separate different types of
QDs, we decided to test its ability to move also AuNPs.
Aiming at the development of a POC platform, the use of
AuNPs (the most used label in LFA) is fundamental to
translate the device from the benchtop to the market since they
provide cost-effective synthesis, straightforward functionaliza-
tion, and naked-eye visualization.””™>*

The AuNPs have a spherical shape and a diameter of around
15 + 2 and 34.8 nm when measured in TEM and DLS,
respectively. Their {-potential value is around —49.9 mV (the
reader can find a complete characterization of the AuNPs in
the SI (Figures S8 and S9)). In particular, we evaluated the
mobility of both citrate-capped AuNPs and AuNPs function-
alized with bovine serum albumin (BSA) and goat IgG (which
are the detection reagents used in the final application). The
system set up consisted of the use of a CN150 NC membrane,
10 mM SB buffer, pH 8, and a potential of 200 V (0.1 mA, 20
mW). The CN150 NC membrane runs at a slower speed
compared to CN9S and CN110 and thus more time to
accurately determine the distance traveled by the function-
alized AuNPs. As expected, the citrate-capped AuNPs had
higher mobility compared to the biofunctionalized AuNPs.
The electrophoretic velocity decreased 1.25-, 1.38-, and 1.51-
fold upon the functionalization with BSA (—44.1 mV, 38.0
nm), BSA + anti-H-IgG (—35.2 mV, 56.3 nm), and BSA +
anti-H-IgG + H-IgG (target molecule) (—27.5 mV, 58.8 nm),
respectively. This behavior is mainly due to the increase of the
hydrodynamic diameter of the AuNPs (BSA has an approx.
diameter of 3 nm, while IgG of 10 nm).”> As expected, we
observed that the AuNPs moved to the negative electrode due
to the movement of the buffer toward the cathode (electro-
endosmotic force) (Figure $10).>57%
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Figure 4. Calibration curve for H-IgG detection using the smartphone camera. (A) Calibration curve with PEB in buffer media (black) and whole
blood (red), covering the range from 0 to 1000 ng/mL. The curve equations with PEB in buffer and whole blood were (optical intensity = 2 X 1077
[H-IgG (ng/mL)]*%* 1 = 0.98) and (optical intensity = 1 X 107 [H-IgG (ng/mL)]"7%7 * = 0.98), respectively. (B) Correlation between the
signals obtained in PEB when performing the calibration curve (0—1000 ng/mL) in buffer and whole blood (optical intensity PEB Buffer = 0.9187,
optical intensity PEB Whole blood + 0.0124 r* = 0.99). Data are shown as mean =+ SEM of triplicate experiments. (C) Pictures of PEB strips after
performing the calibration curve (0—1000 ng/mL) in buffer and whole blood. (D) Pictures of LFA strips after the detection of H-IgG (1000 ng/
mL) in (i) S-fold diluted whole blood, (ii) 2.4-fold diluted, and (iii) undiluted whole blood. The inset picture showing a zoom-in on the detection

area.

PEB Optimization for Whole Blood Analysis. As we
previously described, the type of NC membrane can
dramatically affect the performance of the PEB device. For
this reason, we tested the ability of CN95, CN110, and CN150
membranes to move whole blood while applying a potential of
200 V (0.1 mA, 20 mW) in the SB buffer at pH 8. Similar to
what is reported in other works, we observed that the flow rate
was greater at the anode and decreased toward the cathode.™
This effect is related to the equilibrium reached between the
electroendosmotic force and the osmotic pressure, two
opposite forces leading to the accumulation of liquid nearby
the cathode. This means that while the applied potential
induces the movement of the electrolyte solution toward the
cathode, the accumulation of the electrolyte solution at the
cathode creates an osmotic pressure toward the anode until
reaching the equilibrium of forces. The result is that the sample
stops moving after 15 min. We observed that CN9S was the
only NC membrane capable of washing out the blood from the
detection zone in 15 min (see Figure S11). This is according to
the electrokinetic theory, stating that bigger pores produce
faster mobility.”” While a lengthier strip (the equilibrium of
forces would be reached later) together with more volume of
electrophoresis buffer (to avoid fast evaporation) would enable
a longer assay time, we preferred to use a bigger pore (CN9S)
membrane in the next experiments since it allows the assay to
be performed in just 15 min.

Detection of H-IlgG in Whole Blood. As the final step
toward demonstrating the applicability of the PEB device as a
point-of-care diagnostic platform, we employed it for the
detection of a biomarker in spiked whole blood. As the test
bed, we used a model system previously optimized in our lab
for the detection of human IgG. The choice of this analyte has
two main reasons: (1) it provides a convenient comparison to
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LFAs developed in our lab and (2) the detection of H-IgG in
blood represents a real clinical scenario, as shown by the recent
pandemic.® To facilitate the interpretation of the results and
limiting the sample-to-sample variation, we spiked chicken
whole blood with H-IgG, in this way, we removed the
variability lead by the endogenous concentration of human I7gG
in human blood, which is in the range of 3—16 mg/mL.5 A
detailed experimental procedure can be found in the SI section,
while the optimization of the preincubation step can be found
in Figure S12.

Before going to the analysis of whole blood, we
characterized the analytical performance of the PEB device
and compared it with the one of LFAs using buffered solutions
spiked with H-IgG. We performed a calibration curve in LFA
covering the range from 0 to 1000 ng/mL for the H-IgG
concentration (values above 1000 ng/mL usually produces the
hook effect, by which we observe a decrease in the signal due
to the saturation of the binding domain of the bioreceptors)
(Figure S$13).”® We then performed a calibration curve in PEB
covering the same range of H-IgG (Figure 4A). The LoD and
LoQ achieved in LFA were 265.56 and 1876.94 ng/mL, while
the ones for PEB were 489.78 and 856.09 ng/mL, respectively.
These are similar to the publications recently reported by our
group.'” Besides showing a higher LoD, PEB proved a 2.2-fold
lower LoQ_and a 4.5-fold higher sensitivity than LFA when
comparing the curve slopes (0.44 and 2.02 for LFA and PEB,
respectively). It is noteworthy that the strong affinity of the
bioreceptors to the target analyte created a stable signal in TL
and avoided the dragging of the labeled bioreceptors from the
TL by the strong electric field.

Finally, supported by the positive results obtained with
buffer solutions, we used the same range of concentrations but
using undiluted whole blood (Figure 4A,B). The PEB device
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produced a specific and sensitive response (LoD = 284.52 ng/
mL and LoQ = 441.07 ng/ mL). It is noteworthy that PEB
showed lower LoD and LoQ when detecting H-IgG in whole
blood than in buffer medium. The reason behind this is that
the materials and electrophoretic conditions used in PEB have
been specifically optimized to achieve the highest sensitivity
when analyzing spiked whole blood (details in Materials and
Methods). Conversely, buffer medium flow 1.83-fold faster
than whole blood when using the optimized conditions for
whole blood (see Figures S11 and S12). This has an impact on
the assay’s sensitivity, which is highly affected by the flow rate
(i.e., a faster flow decreases the interaction time between target
and bioreceptors).”” Although PEB enabled the detection of
H-IgG in whole blood, avoiding, on the one hand, nonspecific
interactions in TL for blank samples and, on the other hand,
responding accordingly to the increase in the H-IgG
concentration (Figure 4C), CN9S-based LFA failed in
producing a reading signal due to the lack of movement by
the blood sample (Figure 4D).

The LFA strips were fabricated following the procedure
reported in the materials and methods section, and a
commercial cellulose membrane specifically designed for the
analysis of whole blood samples was used as the sample pad.
The whole blood sample did not flow properly until it was
diluted S-fold in buffer medium, but still the background signal
remained high and favored the masking of the red colorimetric
signal in TL. In addition, the dilution of the whole blood
sample also implied the dilution of the spiked concentration of
H-IgG up to 200 ng/mL, which was lower than the LoD.
Therefore, the extra dilution of the whole blood sample
improved its flow along the strip but was not appropriate from
an analytical viewpoint.

B FINAL REMARKS AND CONCLUSIONS

We observed three main forces affecting the movement of
particles within the paper-based electrophoretic platform:
electroendosmosis, electrophoresis, and osmosis. First, we
saw that the mobility of QDs was influenced by electro-
endosmosis since all QDs moved toward the cathode (in
electrolytic cells, the cathode is negatively charged), despite
their negative surface charge. We verified this hypothesis by
changing the pH of the electrophoresis buffer: when the pH
was lower than the pK, value of the boric acid (pK, = 9.24),
the movement of the electrolytes toward the cathode
represented the major force of the system, also dragging the
negative particles toward the cathode. Instead, for pH close to
the boric acid pK, value, the absence of the electrolyte’s
movement made the electrophoresis the main force, directing
the negatively charged nanoparticles toward the anode.
Obviously, for pH higher than the pK, value, both the
electrophoretic and electroendosmosis forces were moving the
particles toward the anode. Then, we observed the influence of
electrophoresis in the PEB function since factors such as the
particle size, particle surface charge, membrane pore size, and
applied voltage were enhancing or hindering the particle
mobility, following the general principle of electrophoresis.
Additionally, we observed the effect of the osmosis limiting the
amount of volume that could be displaced.

The PEB demonstrated to perform efficient sample
treatment keeping the main characteristics of point-of-care
devices. In fact, employing either a portable battery or a
smartphone, we managed to perform two key activities: the
separation of different types of nanoparticles in less than 10
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min and the flow of blood along NC membranes. Regarding
the former, the results we obtained indicate that using NC
membranes, whose porosity is orders of magnitude higher than
the diameter of the nanoparticles generally employed in LFA,
the main factor governing the particle movement is their
surface charge, rather than their size. We believe that the ability
of PEB to purify particles opens a myriad of opportunities for
the treatment and detection of different types of biomarkers.
Instead, the latter shows how PEB can handle complex and
highly viscous samples without the need for extensive dilutions
(which would also decrease the amount of target) or extra
washing steps (forcing the user to actuate at different times on
the same test). In our opinion, this is a game changer within
the field of point-of-care sensors, allowing the use of media
such as blood, serum, and other viscous solutions in a simpler
and more effective way. In addition, although PEB operation is
based on electrophoresis, it can deal with biological samples
with different pH values or salt content. The reason behind
this is that the electrophoresis buffer (not the sample contents)
is the one leading the flow rate and direction of the sample.
The almost 3 orders of magnitude difference in volumes used
for the electrophoresis buffer (2000 L) and sample (6 uL)
makes the electrolytes of the buffer prevail over whole blood
salts. Moreover, since there is not a significant diffusion
between the sample and the buffer during the electrophoresis,
the buffer is leading all the forces, and hence, it is the one
responsible for the flow rate and direction modulation. In
addition, it is reported that the whole blood samples have
generally an ionic strength of 0.15 M® and it is also reported
that the factors determining protein’s mobility in electro-
phoresis (retardation coefficients (Ky), free mobilities (Y,),
and R; values) are not affected by NaCl in the samples up to
0.8 M. In fact, the main issue with high-concentrated salt
samples in electrophoresis is that SDS cannot bind to
proteins.’’ But this is not our case since SDS is not used in
PEB. Regarding the pH of electrophoresis bufter, this should
be optimized for any given application. Similarly, blood
samples with different hematocrit levels would have a greater
influence on analytical variability in LFA than in PEB since in
PEB all of the whole blood samples are removed from the
detection zone by electrophoresis.

Finally, we validated the PEB for the detection of H-IgG in
buffered medium and spiked whole blood and compared its
analytical performance with LFA. PEB proved a 2.2-fold lower
LoQ and a 4.5-fold higher sensitivity (when comparing the
curve slopes) than LFA for H-IgG detection in buffer media.
Moreover, while LFAs were incapable of directly handling
undiluted blood, the signals obtained with PEB when detecting
H-IgG in spiked whole blood showed a correlation of 0.99 with
the ones for the detection in buffer samples. Therefore, PEB
proved to be capable of maintaining its outstanding analytical
sensitivity when evaluating nondiluted and nonpretreated
spiked whole blood. While it is noteworthy that the current
approach consists of four main steps, these are easy to be
condensed into two steps (current switch-on and sample
addition). The relying of the PEB on the connection of the
electrodes and the power source can be easily re-engineered by
the insertion of a power button, whereas the labeling of the
sample and the addition of the electrophoresis buffer can be
solved by the storage of the buffer in burstable containers, such
as the ones reported by Prof. Mc Neil's group,”” and the
incorporation of a dedicated conjugate pad using dissolvable
wax barriers, such as the ones reported by our group.'' Most of
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the commercially available LFA kits are based on a two-step
operation; thus, we believe that the proposed optimizations of
the prototype are compatible with the application of the
concept at the point-of-care.
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