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for electrochemical detection of Ag nanoparticle
labels†
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In the present article we report a new hybrid microfluidic device (hyFlow) comprising a disposable paper

electrode and a three-dimensional (3D) printed plastic chip for the electrochemical detection of a

magnetic bead–silver nanoparticle (MB–AgNP) bioconjugate. This hybrid device evolved due to the difficulty

of incorporating micron-scale MBs into paper-only fluidic devices. Specifically, paper fluidic devices can

entrap MB-containing conjugates within their cellulose or nitrocellulose fiber matrix. The hyFlow system

was designed to minimize such issues and transport MB conjugates more efficiently to the electrochemical

detection zone of the device. The hyFlow system retains the benefit of fluid transport by pressure-driven

flow, however, no pump is required for its operation. The hyFlow device is capable of detecting either pre-

formed MB–AgNP conjugates or conjugates formed in situ. The detection limit of AgNPs using this device

is 12 pM, which represents just 22 AgNPs per MB.

Introduction

Herein we report a hybrid microfluidic device (hyFlow)
composed of a paper electrode and a three-dimensional (3D)
printed plastic chip intended for electrochemical detection of
bioconjugated silver nanoparticle (AgNP) labels. The key
finding is that the hyFlow device is capable of detecting
preformed magnetic bead–AgNP (MB–AgNP) conjugates at
AgNP concentrations as low as 12 pM. Additionally, we show
that these conjugates can be formed in situ within the flow
channel from separate, dried-down components. The device
is shown in Scheme 1. Scheme 1a represents the wax printed
paper electrode platform, which incorporates the screen-
printed carbon electrodes. This paper electrode was designed
to slide into an edge connector, which has compressible
crimp terminals for providing an ohmic electrical contact.
Scheme 1b is the 3D-printed microfluidic chip, which
comprises two pieces. The top piece has an inlet for sample
addition while the bottom piece contains a hollow
microfluidic channel, an electrochemical detection zone, and
an outlet reservoir.

The hyFlow is a significant advance for microfluidic
biosensing applications for four reasons. First, it uses a
disposable paper-based electrode insert to ensure low cost
and to aid in reagent storage. Second, the hollow channel
within the 3D-printed plastic chip facilitates transport of
micron-scale particles and minimizes nonspecific adsorption.
This is in contrast to traditional paper-only devices in which
particles become entrapped within the cellulose fiber
network.1,2 Third, the biotin–streptavidin conjugate that links
the AgNPs and MBs can be formed within the microfluidic
channel in <2 min following hydration and passive diffusive
mixing of the individual, dried-down assay components.
Therefore, the device does not require an active, and hence
complex, means of mixing. Fourth, the hyFlow device is
capable of detecting AgNP labels at concentrations as low as
12 pM, which represents just 22 AgNPs per 1.0 μm-diameter
MB.

Point-of-care (PoC) technologies are important because
they are capable of providing fast (typically <10 min)
diagnostic testing in non-laboratory and resource-limited
environments.3–5 Among the large variety of PoC sensing
strategies, paper-based lateral flow test formats are attractive
due to their low cost, portability, and simplicity.6,7 In most
cases, these devices are used to detect a single analyte: the
classic case being the home pregnancy test for human
chorionic gonadotropin hormone.8 Starting in 2007,
Whitesides and co-workers extended the lateral flow concept
to include multidimensional geometries that could sense
multiple analytes upon application of a single sample.9,10
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Since their introduction, these microfluidic paper-based
analytical devices (μPADs) have evolved to provide
sophisticated and multiplexed analyses.11–14 Our group has
contributed to this evolution by introducing origami-based
fabrication methods,15,16 electrochemical detection,17–19 and
hollow channels for rapid fluid processing.20–22

Because they are robust and sensitive, electrochemical
detection schemes have previously been incorporated into
μPADs.23,24 Electrochemical lateral flow immunosensors have
also been reported for a vast range of analytes including: viral
proteins,25,26 cardiovascular disease markers,27,28 biological
warfare agents,29 and immunologically important enzymes.30

Our group developed an electrochemical strategy to detect
AgNP-labeled bioconjugates on paper devices in 2014.31

Specifically, we showed that AgNPs can be oxidized by either
chemical means18,19,31 or by a galvanic exchange (GE)
reaction.32–34

Transport of micron-scale magnetic beads through paper
channels is a challenge, because, as mentioned earlier, they
can become trapped within a cellulose or nitrocellulose fiber
matrix.1,2,35,36 To remedy this problem, we reported on the

development of hollow channel paper fluidic devices,
however even in this format MB transport can be
hindered.18,31,32 Henry and coworkers have also reported a
method for preparing hollow paper channels, but it suffers
from the same problems.37 We conclude that paper-only
devices, as presently configured, are not reliable platforms
for transport of micron-scale particles.

To address the deficiencies of paper-only microsystems,
we have developed the simple hybrid paper and 3D-printed
microfluidic hyFlow device shown in Scheme 1. The hyFlow is
capable of carrying out four types of model assays
(Scheme 2). The first of these we call a ‘wet’ assay. In this
case, the model MB–AgNP conjugate is prepared off-chip and
then the suspension is pipetted into the inlet of the device.
The second is a ‘dry’ assay, in which the preformed MB–
AgNP conjugate is dried onto the paper electrode strip and
subsequently resolvated prior to analysis. We call the third
type of assay ‘instant mix-1’. Here, streptavidin-coated MBs
predeposited and dried within the channel are resolvated
using a solution containing biotin-labeled AgNPs. In other
words, the conjugate is formed in situ starting with just one
dried-down component. Finally, the fourth assay, ‘instant
mix-2’, involves resolvation and subsequent conjugation of
two components predried in separate zones on the test strip
channel: streptavidin-coated MBs and biotin-labeled AgNPs.

On the basis of the foregoing four types of assays, we show
that the hyFlow device is capable of storing, resolvating, and
conjugating individual assay components of a model MB–
AgNP analyte system. In contrast to the paper-only devices
that have been previously reported,18,31,38 the hyFlow delivers
a substantial fraction of the MB–AgNP conjugates to the
detection zone where they are reproducibly detected by
electrochemical means. Moreover, the novel paper and 3D-
printed hybrid design of the hyFlow device not only facilitates
the incorporation of a rigid hollow channel for fluid
processing, but also retains its compatibility to store reagents
on the paper ceiling of the microfluidic channel to aid on-
chip assay formation.

Experimental section
Chemicals and materials

All solutions were made using deionized (DI) water (>18.0
MΩ cm, Milli-Q Gradient System, Millipore, Bedford, MA).
NaCl, NaOH, HCl, HAuCl4, KNO3, KCl, K3[Fe(CN)6], citric acid
monohydrate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), isopropanol, SuperBlock blocking buffer in
PBS, Whatman grade 1 chromatography paper (180 μm thick,
20 cm × 20 cm sheets, linear flow rate of water = 0.43 cm
min−1), and siliconized low-retention microcentrifuge tubes
were purchased from Fisher Scientific (Pittsburgh, PA). Boric
acid was purchased from EM Science (Gibbstown, NJ).
Citrate-capped AgNPs (nominal 20 nm diameter, 6.0 × 1011

AgNPs per mL) were purchased from Ted Pella (Redding, CA).
Sucrose and D-(+)-trehalose dihydrate were purchased from
Millipore-Sigma (Burlington, MA). A solution containing 0.10

Scheme 1
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M borate and 0.10 M NaCl (referred to henceforth as BCl)
was prepared by dissolving appropriate amounts of boric acid
and NaCl in DI water, and then adjusting the pH to 7.5 with
NaOH. A separate set of BCl solutions was prepared using
different mass percentages of sugar (2, 10, 20, and 50 wt%)
by adding 1 : 1 mixtures of sucrose and D-(+)-trehalose
dihydrate, and they will be denoted henceforth as BClS(2%),
BClS(10%), BClS(20%), and BClS(50%). These borate
solutions primarily serve as supporting electrolytes and
storage media for MB–AgNP conjugates under different
assays conditions.

Conductive carbon paste (Cl-2042) was purchased from
Engineered Conductive Materials (Delaware, OH). Cylindrical
neodymium magnets (0.12 inch diameter: N42P120060; 0.50
inch diameter: N42P500060) were purchased from Bunting
Magnetics Co. (Newton, KS). Streptavidin-coated, 1.0 μm-
diameter MBs (Dynabeads, MyOne Streptavidin T1, 10 mg
mL−1, ∼7–10 × 109 MB per mL, binding capacity: 1100–1700
pmol mg−1 of free biotin) and 2.8 μm-diameter MBs
(Dynabeads, M-270 Streptavidin, 10 mg mL−1, ∼6–7 × 108 MB
per mL, binding capacity: 650–900 pmol mg−1 of free biotin)
were obtained from Invitrogen (Grand Island, NY). Smaller
size MBs were purchased from Ademtech (Pessac, France):
∼227 nm diameter (Bio-Adembeads Streptavidin Plus 0322, 5
mg mL−1, ∼4.5 × 1011 MB per mL, binding capacity: 4475
pmol mg−1 of free biotin). Lyophilized thiol-DNA-biotin (5'd
thiol C6 SSACATTAAAATTC-biotin 3′) was purchased from
Biosearch Technologies (Petaluma, CA). Before use, the DNA-
biotin was hydrated with the appropriate amount of DI water
to yield a final concentration of 1.0 mM.32

A4-sized Kodak photo paper and clear acrylic spray
(Krylon) were purchased from Staples, Inc. (Framingham,
MA).

Fabrication of paper electrodes (hyFlow and noFlow devices)

Fig. S1† is the CAD drawing of the hyFlow paper electrode.
These electrodes were fabricated by stencil-printing carbon
paste onto wax-patterned sheets of chromatography paper
(Fig. S2†). Some control experiments intended to investigate
the effect of sugar on interfacial electrochemistry and GE

were carried out using a simplified version of the hyFlow
paper electrode, which is termed the noFlow electrode (Fig.
S3†). Detailed fabrication procedures of both hyFlow and
noFlow devices are provided in the ESI.†

Note that Au was electrochemically deposited onto the
carbon paste working electrodes (WEs) of both the hyFlow
and noFlow paper electrodes only when they were used to
detect MB–AgNP conjugates. This was necessary because the
MB–AgNP conjugates are detected using a GE reaction, which
will be discussed in detail later, between electrogenerated
Au3+ ions and conjugated AgNPs.

Unless otherwise indicated, Au was electrochemically
deposited onto the carbon paste WE as follows. A droplet
(50.0 μL) of solution containing 6.0 mM HAuCl4 and 0.10 M
KNO3 was pipetted atop the electrochemical detection zone,
and then a potentiostat was used to step the potential of the
WE from 0 to −0.60 V (vs. CQRE). The duration of the
potential step was 2.0 s. Some control experiments carried
out using the noFlow device, which did not involve MB–AgNP
conjugates, were performed in the absence of
electrodeposited Au.

3D printing

The hyFlow device consists of a paper electrode and a 3D-
printed chip. The chip is composed of two pieces. The top
piece, or ceiling, of the chip has an inlet (Fig. S4a†) and the
bottom piece, or floor, contains the microfluidic channel
(Fig. S4b†). These individual parts were 3D printed using a
Form 2, stereo lithography printer from Formlabs
(Somerville, MA). Additional details relating to the fabrication
procedure and the assembly of the hyFlow device (Fig. S5†)
are provided in the ESI.†

Preparation of biotin-labeled AgNPs and MB–AgNP
conjugates

Biotinylated DNA was immobilized onto 20 nm AgNPs using
a previously reported fast, pH-assisted method.32,34,39 This
construct will henceforth be referred to as ‘AgNP-bDNA’. Fig.
S6† illustrates the preparation of MB–AgNP stock conjugate
suspensions, samples prepared from these stock

Scheme 2
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suspensions, and the application of these samples in the
hyFlow and noFlow devices. All these MB–AgNP conjugate
types, their concentrations and performed experiments are
summarized in the Table 1. Four different types of assays
(‘wet’, ‘dry’, ‘instant mix-1’ and ‘instant mix-2’) were
examined using the hyFlow device. The specific protocols
used for these experiments are discussed later.

The concentrations of MB–AgNP conjugates were
calculated using the following two methods. First, assuming
all added AgNP-bDNA are uniformly distributed on the MBs,
the number of AgNPs bound to a single MB was estimated as
the AgNP :MB ratio. The second estimate is based on the
final concentration of AgNPs present in the 50.0 μL conjugate
sample introduced into the device during the ‘wet’ assay.
These estimated values are presented in Table 1 and Table
S1.† Note that UV/vis spectroscopic data confirm complete
attachment of AgNP-bDNA to the MBs (Fig. S7†).

Electrochemistry

All electrochemical measurements were performed using a
CH Instruments electrochemical workstation (Model 120b,
Austin, TX).

Contact angle measurements

Contact angles were quantified using a FTA200 Goniometer
(First Ten Angstroms, Portsmouth, VA).

Scanning electron microscopy (SEM)

SEM micrographs were obtained using a Hitachi S5500 SEM
instrument having an accelerating voltage of 30 kV, and a
point-to-point resolution of 0.4 nm.

Results and discussion
Description and operation of the hyFlow device

The hybrid paper and 3D-printed hyFlow device used for
electrochemical detection of AgNP-labeled magnetic beads
(MB–AgNP) is illustrated in Scheme 1 and described in detail
in the Experimental section. The paper electrode assembly
(Scheme 1a) features a sample flow path, an electrochemical
detection zone (printed with yellow wax, which is slightly
more hydrophilic than black wax as shown in Fig. S8†), and a
sink consisting of wax-free cellulose paper. Three carbon
paste electrodes are screen printed in the electrochemical

detection zone: the WE, the carbon quasi-reference electrode
(CQRE), and the counter electrode (CE). For most
experiments, Au is electrodeposited onto the WE. After
fabricating the electrode assembly, the hyFlow device was
assembled as discussed in the ESI† section.

An inlet is present in the top piece of the hyFlow device
for sample injection (Scheme 1b and Fig. S4a†). To ensure
spontaneous pressure-driven flow, the sample inlet was
designed to have a height of 5.0 mm above the plane of the
top piece. The bottom piece of the chip contains a
microfluidic channel that is colinear with the sample flow
path on the paper. It also incorporates an outlet reservoir
that facilitates sample flow through the electrochemical
detection zone (Fig. S4b†). The fluid flow rate within the
hyFlow device is ∼420 μL min−1. As the sample flows toward
the outlet reservoir, a magnet, located in the top piece of the
chip, concentrates the MB–AgNP conjugate onto the WE.
Electrochemical detection of the conjugate is initiated after
the conjugate is immobilized on the WE.

Galvanic exchange

The GE process that takes place in both the noFlow and
hyFlow devices is summarized in eqn (1), and illustrated in
Fig. 1a.

3Ag0(s) + Au3+(aq) → 3Ag+(aq) + Au0(s) ΔE° = 0.70 V (1)

Under standard conditions, the driving force for eqn (1)
can be calculated from the difference in the standard
potentials of the individual half reactions: ΔE° = 0.70 V.40

Specifically, the GE reaction occurs between zero-valent
AgNPs, present in the MB–AgNP conjugates, and
electrogenerated Au3+ ions. Briefly, after concentrating the
MB–AgNP conjugates onto the WE, the potential was
stepped from 0 to 0.80 V (all potentials are vs. CQRE
unless otherwise indicated) for 12.0 s. This results in
oxidation of a fraction of the previously electrodeposited
Au0, which initiates the GE reaction. GE proceeds for 1.0
s, and then the electrode potential is stepped from 0 to
−0.70 V for 50.0 s to electrodeposit the resulting Ag0 onto
the electrode surface. This series of steps is defined as
one GE cycle. We have found, however, that two GE cycles
maximizes the amount of Ag deposited onto the WE.34

Accordingly, after two GE cycles, the amount of Ag0

Table 1 Characteristics of the MB–AgNP conjugates detected using the noFlow and hyFlow devices under the indicated experimental conditions

Sample
type

Estimated AgNP :MB
ratio

Estimated [AgNP] in the
sample (pM)

Description of the experiment (see Results and discussion section
for more details) Device

Sample-0 441 125 Absence of sugar modifications noFlow
Sample-1 441 125 Effect of sugar dried on the WE noFlow
Sample-2 441 125 Effect of sugar dissolved in solution noFlow
Sample set-3 441 249 Effect of sugar on ‘wet’ assay hyFlow
Sample set-4 441 249 Effect of sugar on ‘dry’ assay hyFlow
Sample set-5 22–1765 12–996 Dose–response: ‘wet’ assay hyFlow
Sample set-6 22–1765 12–996 Dose–response: ‘dry’ assay hyFlow
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residing on the electrode is determined by anodic
stripping voltammetry (ASV). That is, following two GE
cycles, the WE electrode potential is scanned twice from
−0.70 V to 0.20 V, and the resulting charge is calculated
by integrating the charge under the peak corresponding to
the second ASV.

Fig. 1b shows ASVs obtained for detection of the MB–
AgNP conjugate using five independently fabricated noFlow
devices. In these experiments the concentration of the
AgNPs was 125 pM (Table 1 and Fig. S6:† sample-0). The
average GE/ASV charge recovered in these experiments was
12.5 ± 0.4 μC, which reflects the reproducibility of the
electrochemical detection method. The black dashed line
in Fig. 1b was obtained for an identical experiment, but
in the absence of electrodeposited Au on the WE. In this
case, there is no detectable level of charge, indicating that
the AgNPs are not in direct contact with the electrode.
The different peak positions are a consequence of
variability in the potential of the CQRE, but this does not
affect the analysis which depends only on the charge
under the peaks.

Effect of sugar on redox electrochemistry and GE

The point-of-care device format that we envision will have all
necessary reagents in a dried-down state immobilized in the
test device and these reagents will be rehydrated at the time
of use. A mixture of sugars is often used for stabilizing dried
biological reagents on lateral flow devices. There are two
reasons for this. First, sugars can prevent protein degradation
by creating an inert and glassy solid matrix around the
protein molecules.41 Second, sugars are capable of forming
hydrogen bonding networks with proteins, which serve as a
substitute for the stabilizing influence of water.42 For
example, Chen et al. recently reported that proteins dried in
a sugar matrix composed of 10 wt% sucrose plus 10 wt% of
D-(+)-trehalose and dehydrated on a paper device retained
80% of their activity after 30 days of storage at 25 °C.43 We
decided to adopt this approach but were concerned that the
presence of sugar could interfere with the electrochemical
processes used in the metalloimmunoassay. Accordingly, we
carried out the following control experiments.

First, 10.0 μL of a BClS(20%) solution was pipetted onto
the screen-printed carbon WE of a noFlow electrode (no
electrodeposited Au) and allowed to dry for 4 h under
ambient laboratory conditions (∼25 °C). Second, a 50.0 μL
solution containing 10 mM K3ĳFeĲCN)6] and 0.10 M KCl was
pipetted into the noFlow cell. After a few seconds, a series of
cyclic voltammograms (CV) was obtained to determine the
effect of dried, and subsequently resolvated, sugar on the
performance of the electrochemical cell. The results are

Fig. 1 (a) Schematic representation of the GE process. (b) ASVs for
detection of MB–AgNP conjugate using five independently fabricated
noFlow devices. The dashed line represents the signal collected on a
noFlow device in the absence of electrodeposited Au. MB–AgNP
conjugate: sample-0 (Table 1 and Fig. S6†); electrolyte: BCl; scan rate:
0.050 V s−1; T = ∼25 °C. The ASV peaks are at different potentials due
to the use of a carbon QRE.

Fig. 2 CVs obtained in 10.0 mM K3ĳFeĲCN)6] plus 0.10 M KCl in the (a)
presence and (b) absence of sugar dried onto the noFlow carbon WE.
For these experiments, Au was not electrodeposited onto the WE. In
(a) multiple, sequential CVs are shown; the order in which they were
obtained is provided in the legend. Scan rate: 0.050 V s−1; T = ∼25 °C.
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shown in Fig. 2a. The shapes of the first two CVs indicate
partial electrode passivation by sugar,44 but by the third scan
the CV attains a limiting shape with a cathodic peak current
(ip,c) = 70 ± 11 μA, E°′ = −0.12 ± 0.01 V, and splitting between
the two peaks (ΔEp) = 0.40 ± 0.03 V.

We carried out a control experiment identical to the one
described in the previous paragraph, but in the absence of
sugar (10.0 mM K3ĳFeĲCN)6] plus 0.10 M KCl only). The first
CV for this control experiment is shown in Fig. 2b. Here, ip,c
= 87 ± 8.2 μA, E°′ = −0.24 ± 0.01 V, and ΔEp = 0.31 ± 0.02 V.
These values are similar to those in CVs 3–5 in Fig. 2a. Note
that each CV shown in Fig. 2 takes ∼56 s to complete, and
therefore we conclude that most of the sugar layer deposited
onto the WE (Fig. 2a) dissolves in ∼2 min.

We next examined the effect of sugar on the GE reaction
using the MB–AgNP conjugate. Two different experiments
were carried out using this conjugate, and in both cases Au
was electrodeposited onto the carbon WE prior to analysis. In
the first set of control experiments, the effect of sugar dried
onto the WE was determined. These experiments were carried
out in a similar fashion to those discussed above; specifically,
the same protocol was used for drying sugar onto the WE.

Following preparation of the sugar layer, detection by GE/
ASV was carried out as follows. First, the MB–AgNP conjugate
suspension (Table 1 and Fig. S6:† sample-1) was pipetted only
onto the WE as a 50.0 μL droplet. After a few seconds, the
MB–AgNP conjugates concentrated on the WE electrode via
the magnetic force. Second, the droplet on the WE was
removed using a pipette, and then it was redispersed to cover
the complete electrode assembly (i.e., the WE, RE, and CQRE)
of the noFlow device (Fig. S3b†). In this last step, care was
taken to minimize disrupting the layer of MB–AgNP
conjugates on the WE. An identical control experiment was
also carried out in the absence of sugar.

The Ag ASVs in Fig. 3 are typical results for the foregoing
experiments: the black ASV was obtained in the presence of
predeposited sugar and the red Ag ASV was obtained in its
absence. Qualitatively, the two ASVs appear similar, and even

quantitatively the total GE/ASV charges are the same: 12.5 ±
0.4 μC in the presence of sugar and 12.6 ± 1.1 μC in its
absence (based on five independent experiments). This
finding indicates that the electrochemical processes that
occur during the GE reaction are not significantly affected by
sugar predeposited onto the WE. The results are also
consistent with the CVs in Fig. 2, which indicated that the
sugar layers dissolve within 120–180 s (the entire GE/ASV
detection protocol takes 162 s).

A second set of experiments was performed to determine
the effect of sugar present in the electrolyte medium during
electrochemical detection of Ag, but in this case sugar was
not dried onto the WE. Specifically, the MB–AgNP conjugate,
suspended in a sugar-containing matrix (Table 1 and Fig.
S6:† sample-2) was pipetted onto the noFlow device as a 50.0
μL droplet covering the entire electrode assembly. The AgNPs
were then detected by GE/ASV. For comparison, similar
experiments were carried out in the absence of sugar (Table 1
and Fig. S6:† sample-0). The results, presented in Fig. S9,†
indicated that the presence of sugar in the electrolyte
solution has no detectable effect on the charge resulting from
GE/ASV.

The results described in this section indicate that the
mixture of sucrose and trehalose used in experiments to be
described later has no significant impact on the GE/ASV
detection processes as judged by the amount of charge
collected during the final Ag oxidation step. Finally, we note
that sucrose and trehalose are non-reducing disaccharides,45

and they do not display any oxidation current in the potential
window of the Ag ASV peak.

Analysis of preformed MB–AgNP conjugates at a single
AgNP :MB ratio using the hyFlow device

In this section we discuss prototype assays carried out at the
single AgNP :MB ratio of 441 AgNPs per MB (results from
assays in which this ratio is varied will be discussed in a
subsequent section). As discussed earlier in the context of
Scheme 2, two types of assays were examined in the hyFlow
system using preformed MB–AgNP conjugates: the ‘wet’ assay
and the ‘dry’ assay. In the ‘wet’ assay, a suspension of the
preformed MB–AgNP conjugate is injected into the inlet of
the device (upstream of the electrochemical sensing area,
Scheme 1b), transported to the electrochemical detection
zone, and then concentrated at the WE by a magnetic force
prior to GE/ASV detection. In contrast, the ‘dry’ assay is
carried out by drying the MB–AgNP conjugate onto the paper
electrode strip (Scheme 2, red box), and subsequently
resolvating and concentrating it at the WE by a magnetic
force prior to GE/ASV. The ‘wet’ assay was performed to
obtain the maximum Ag charge that can be recovered from a
sample suspension of the preformed MB–AgNP conjugate,
and the ‘dry’ assay was designed to compare that value to the
Ag charge recovered after the MB–AgNP conjugate was
predried onto sample flow path and subsequently
rehydrated.

Fig. 3 ASVs for the detection of the MB–AgNP conjugate in absence
(sugar −) and presence (sugar +) of sugar predried onto the noFlow
WE. MB–AgNP conjugate: sample-0 and sample-1 (Table 1 and Fig.
S6†); electrolyte: BCl; scan rate: 0.050 V s−1; T = ∼25 °C.
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In the ‘wet’ assay (Scheme 2), a suspension of MB–AgNP
conjugate was analyzed by sequentially pipetting the following
solutions into the inlet of the hyFlow device: 100.0 μL of DI
water, 50.0 μL of an MB–AgNP conjugate sample, and then two
100.0 μL rinsing volumes of BCl solution (Movie S1†). When
the final rinse solution ceased to flow through the channel, the
GE/ASV electrochemical analysis was performed.

The first set of ‘wet’ assay experiments was carried out
using 50.0 μL of MB–AgNP conjugate samples containing the
range of wt% sugar indicated in Table 1 and Fig. S6† (sample
set-3). The results of this experiment are shown as orange
bars in Fig. 4, and they show the charge due to Ag oxidation
is, within error, independent of the wt% sugar present in the
solution. This result further confirms that sugar, present in
the electrolyte solution, does not adversely impact analysis by
GE/ASV.

The foregoing results were next compared to the ‘dry’
assay. In this case, 2.0 μL of the AgNP–MB conjugate
suspension was directly drop-cast onto the yellow wax
channel of the hyFlow paper electrode (Scheme 1a) 1.5 cm
upstream from the center of the WE electrode (Table 1 and
Fig. S6:† sample set-4) and allowed to dry overnight at ∼25
°C in air. The device was then assembled and 100.0 μL of DI
water was pipetted into the inlet. This solution was left in
contact with the channel for 1.0 min to hydrate and resolvate
the dried MB–AgNP conjugates (Movie S2†). Finally, the
channel was rinsed with two 100.0 μL aliquots of BCl
solution, and then the GE/ASV analysis was performed. Note
that additional rinsing steps did not improve device
performance.

The results of this experiment, shown in Fig. 4 as red bars,
clearly underscore the importance of the co-deposited sugar
for resolvation of the MB–AgNP conjugate in the ‘dry’ assay.
Specifically, no GE/ASV charge is detected for 0 or 2 wt%

sugar, while small but increasing signals are observed at the
higher percentages. At 20 wt% sugar, the Ag charge detected
is 6.3 ± 0.6 μC, which is well above the method detection
limit of 0.04 μC. Accordingly, we carried out the remaining
experiments involving dried assay components using 20 wt%
sugar. Finally, Fig. S10† provides photos of the hyFlow
electrodes obtained after the ‘dry’ assay experiments. These
indicate the final locations of the MB–AgNP conjugates.

We also investigated the effect of magnetic bead sizes on
the GE/ASV signal using beads having diameters of 227 nm,
1.0 μm, and 2.8 μm. Normalized GE/ASV charges (based on
the binding capacity of the beads) indicate that micron-scale
MBs generate significantly higher signals compared to
magnetic nanoparticles (see ESI† Fig. S11 for complete
details). Accordingly, and unless otherwise indicated, the
MB–AgNP conjugates used in subsequent experiments were
prepared using 1.0 μm-diameter MBs.

Analysis of preformed MB–AgNP conjugates at multiple
AgNP :MB ratios using the hyFlow device

Up to this point, all GE/ASV experiments were carried out
using a single AgNP :MB ratio 441 (Table 1). In a real
sandwich-type metalloimmunoassay, however, the target is
present at varying concentrations and therefore the MBs will
have different average AgNP coverages. Accordingly, we
constructed a dose–response curve for both the ‘wet’ and
‘dry’ assays using different AgNP :MB ratios. These
experiments were carried out in a similar manner to those
previously described using BClS(20%) (BCl plus 20 wt%
sugar) and using the hyFlow device.

The samples used for these ‘wet’ assay experiments are
provided in Table 1 and Fig. S6† as sample set-5. These
conjugates were prepared by mixing different concentrations
of AgNP-bDNA solutions with a fixed volume of 1.0 μm-
diameter MBs (see Table S1† for more details). Fig. 5a shows
representative ASVs for the different AgNP :MB ratios in
terms of the total AgNP concentrations. These
voltammograms indicate that the Ag ASV current increases as
a function of the concentration of the AgNPs in the sample.
As shown in the inset of Fig. 5a, an AgNP concentration of 12
pM (average of 22 AgNPs per MB, Table S1†) can be
differentiated from the baseline current. The average GE/ASV
charge for six independent experiments per AgNP
concentration are plotted in Fig. 5b. These data demonstrate
that the GE/ASV charge increases linearly from 12 to 498 pM
AgNPs, which corresponds to AgNP :MB ratios of 22 to 882,
respectively. Note that when the AgNP concentration was
increased to 996 pM (data not shown), the GE/ASV charge
increased to only 26 ± 3.4 μC indicating saturation of the
dose–response curve at concentrations somewhat lower than
498 pM. However, the hyFlow device has generated the
highest Ag charge detected for a MB–AgNP conjugate using a
hollow-channel, paper-based analytical device (Table S2†).

The foregoing results were next compared to the ‘dry’
assay. This set of experiments was carried out as discussed in

Fig. 4 Histogram showing the GE/ASV charge determined for
detection of the MB–AgNP conjugates using the ‘wet’ and ‘dry’ assays.
The MB–AgNP conjugate samples were prepared as indicated in Fig.
S6† (sample set-3 and set-4). The error bars represent the standard
deviations of three measurements for the ‘wet’ assay and five
measurements for the ‘dry’ assay, obtained using independently
fabricated paper electrodes.
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the previous section. Here, the MB–AgNP conjugates were the
same as those used for the experiments described in the
previous paragraph (Table 1 and Fig. S6:† sample set-6).
Fig. 5c shows representative ASVs for different AgNP
concentrations for the ‘dry’ assay. These voltammograms
indicate the same trend noted earlier: an increasing
concentration of AgNPs leads to a higher ASV current. The
average Ag charge measured for six independent experiments
per AgNP concentration are plotted in Fig. 5d.

Interestingly, both the ‘dry’ and ‘wet’ assays yield a limit
of detection of 12 pM AgNPs, and the two assays have about
the same linear detection range. The sensitivity (slope of the
calibration curve) is 0.053 μA pM−1 for the ‘wet’ assay and
0.017 μA pM−1 for the ‘dry’ assay. This means the sensitivity
of the ‘wet’ assay is about three-fold higher than the ‘dry’
assay, which might be a consequence of some or all of the
following reasons. First, some of the MB–AgNP conjugates

might aggregate during the drying process and not resolvate
correctly in the flow channel. Second, some conjugates could
be nonspecifically adsorbed on the flow channel and hence
not reach the WE. Third, different flow dynamics could lead
to more or less favorable distribution patterns of the wet vs.
pre-dried conjugates on the WE.

We investigated these hypotheses by performing a few
control experiments as discussed in ESI† (Fig. S12 and
S13). The results showed that the manner in which the
MB–AgNP conjugates are distributed on the WE
significantly impacts the final GE/ASV signal. Specifically,
in the ‘wet’ assay, the conjugates were distributed
uniformly on the WE, but in the ‘dry’ assay they tended
to localize onto the side of the WE nearest the flow
channel (Fig. S14†). We believe this unfavorable
distribution adversely affects mass transfer of Au3+ and
Ag+ during the GE reaction.

Fig. 5 Electrochemical results obtained using the hyFlow device for GE/ASV detection of MB–AgNP conjugates. (a) Baseline-corrected ASVs for
detection of MB–AgNP conjugates using the ‘wet’ assay. The inset shows ASVs for the two lowest concentrations. The legend represents the
concentration of AgNPs in the 50.0 μL of conjugate sample inserted into the hyFlow device. (b) Dose–response curve corresponding to the ASVs in
(a). Note that the highest concentration (996 pM) shown in (a) is outside the linear range of the dose–response curve and therefore not plotted in
(b). The error bars represent the standard deviations of six measurements obtained using independently fabricated paper electrodes. (c) Baseline-
corrected ASVs for detection of MB–AgNP conjugates using the ‘dry’ assay. The inset shows ASVs for the two lowest concentrations. The legend
represents the concentration of AgNPs in the resolvated conjugate sample. (d) Dose–response curve corresponding to the ASVs in (c). Note that
the highest concentration (996 pM) shown in (c) is outside the linear range of the dose–response curve and therefore not plotted in (d). The error
bars represent the standard deviations of six measurements obtained using independently fabricated paper electrodes. For all experiments the
electrolyte solution was BCl, the scan rate was 0.050 V s−1, the scan range was −0.70 V to 0.20 V, and T = ∼25 °C. For (b) and (d), the dashed lines
are the best linear fits to the data. For (a) and (c), the Ag oxidation peaks occur at different potentials due to the use of a carbon QRE.
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On-chip formation and detection of MB–AgNP conjugates

In a typical lateral flow sandwich immunoassay, an analyte
forms a sandwich complex during capillary flow through the
paper substrate.7 This is achieved by drying the assay
reagents on the paper substrate and then resolvating them
during the analysis. Therefore, one crucial aspect of the
operation of a lateral flow device is that the immunoassay
forms within the device over a relatively short time interval.
Accordingly, we investigated in situ formation of the MB–
AgNP conjugate within the hyFlow device.

We examined two different on-chip assay formation
protocols, which are referred to as ‘instant mix-1’ and
‘instant mix-2’. For the ‘instant mix-1’ assay (Scheme 2), 2.0
μL of MBs (∼7–10 × 109 MB per mL) in the BClS(20%)
solution were drop-cast onto the yellow wax channel of the
paper electrode, just as previously discussed for the ‘dry’
assay. Next, the MB–AgNP conjugate was formed on-chip by
injecting 100.0 μL of a AgNP-bDNA/DI water solution (∼6.0 ×
1011 AgNPs per mL) into the chip to hydrate the dried MBs.
This was followed by a 2 min incubation step, two washing
steps (each using 100.0 μL of BCl solution), and finally GE/
ASV detection. An identical control experiment was
performed in the absence of MBs.

As shown in Fig. 6, this assay resulted in 7.3 ± 1.9 μC of
GE/ASV charge for four independently prepared electrodes. A
comparable GE/ASV signal was observed when the pre-dried
volume of MBs was doubled (Fig. S15†). In contrast, the
relevant control experiment (AgNP-bDNA control-1 in Fig. 6)
exhibited negligible Ag charge. We conclude that the
conjugate is able to form within the flow channel and be
efficiently detected at the electrode assembly by GE/ASV.

For the ‘instant mix-2’ assay, both AgNP-bDNA and MBs
were drop-cast onto the flow channel of the hyFlow paper
electrode. Specifically, 2.0 μL (∼7–10 × 109 MB per mL) of
MBs in the BClS(20%) solution was drop-cast onto the yellow
wax channel of the paper electrode 1.5 cm upstream of the
WE. Additionally, three 2.0 μL aliquots of AgNP-bDNA in
BClS(20%) solution (∼2.4 × 1013 AgNPs per mL) were also
drop-cast in the flow channel in three separate zones. As
shown in the lower-right illustration in Scheme 2, two of
these aliquots were deposited upstream of the MBs and one
was deposited downstream. The drop-cast reagents were then
allowed to dry at ∼25 °C overnight in the lab ambient.

The MB–AgNP conjugate was formed on-chip by injecting
100.0 μL of DI water into the inlet of the hyFlow device. The
water facilitates hydration, resolvation, and passive mixing of
the MBs with AgNP-bDNA (Movie S3†). Following a 2 min
incubation in water and two subsequent washing steps (each
using 100.0 μL of BCl solution), the Ag charge was
determined by GE/ASV. As shown in Fig. 6, four
independently conducted ‘instant mix-2’ assays yielded a GE/
ASV charge of 8.8 ± 0.9 μC. A control experiment was also
carried out in which pre-dried MBs were omitted, and as
shown in Fig. 6 (AgNP-bDNA control-2) the resulting charge
was negligible. On the basis of these results, we conclude
that the assay forms even when both assay reagents are pre-
dried within the flow channel of the hyFlow device.

Summary and conclusions

In summary, we have investigated an application of a hybrid
paper/3D-printed microfluidic device (hyFlow) for
electrochemical detection of a MB–AgNP model conjugate.
This device was constructed to overcome problems associated
with the use of MBs in paper-only analytical devices.31,32,38

There are three important conclusions arising from this
study. First, the hollow channel within the hyFlow device
facilitates transport of micron-scale MBs and minimizes
nonspecific adsorption. Second, a 20 wt% mixture of sucrose
and trehalose is effective for storing dried reagents within
the channel of the hyFlow device. Moreover, the presence of
sugar has no significant impact on the GE/ASV detection
processes. Third, this hybrid device is capable of detecting a
MB–AgNP conjugate in both pre-formed (off-chip) and in situ
formed (on-chip) formats. We are presently investigating the
applicability of the hyFlow device to detect a heart-failure
biomarker, and the results of those experiments will be
reported in due course.
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