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ABSTRACT: Infectious diseases remain one of the leading causes of deaths in developing countries due to a lack of basic sanitation,
healthcare clinics, and centralized laboratories. Paper-based rapid diagnostic tests, such as the lateral-flow immunoassay (LFA),
provide a promising alternative to the traditional laboratory-based tests; however, they typically suffer from having a poor sensitivity.
Biomarker preconcentration and signal enhancement are two common methods to improve the sensitivity of paper-based assays.
While effective, these methods often require multiple liquid handling steps which are not ideal for use by untrained personnel in a
point-of-care setting. Our lab previously discovered the phenomenon of aqueous two-phase system (ATPS) separation on paper which
allowed for the seamless integration of concentration and detection of biomarkers on the LFA. In this work we have extended the
functionality of ATPS separation on paper to automate the sequential delivery of signal enhancement reagents in addition to concen-
trating biomarkers. The timing of reagent delivery was controlled by changing the initial composition of the ATPS. We applied this
technology to automate biomarker concentration and nanozyme signal enhancement on the LFA, resulting in a 30-fold improvement
in detection limit over the conventional LFA when detecting Escherichia coli, all while maintaining a single-user application step

Infectious diseases are among the leading causes of deaths
in developing countries. Many of these deaths could be pre-
vented if the diseases were detected in their early stages, allow-
ing for better patient management, faster administration of ap-
propriate treatment, and more effective outbreak prevention.!?
However, the current gold standard diagnostic technologies ca-
pable of providing rapid and accurate detection are not suitable
for use in developing countries which lack access to electricity,
laboratory equipment, and trained personnel. The World Health
Organization has provided the ASSURED criteria to aid in the
development of point-of-care (POC) diagnostic tests specifi-
cally for use in developing countries. It states that such tests
must be affordable, sensitive, specific, user-friendly, rapid and
robust, equipment-free, and deliverable to the end-user.' Re-
cently, paper has emerged as an excellent material for develop-
ing POC devices due to its low cost, ease of functionalization,
and ability to passively transport fluid via capillary flow.> One
common paper-based device is the lateral-flow immunoassay
(LFA), a rapid antibody-based test that has achieved wide-
spread commercial success in the form of the over-the-counter
pregnancy test. Despite this success, the LFA does suffer from
having a low sensitivity relative to laboratory-based tests, such
as the enzyme-linked immunosorbent assay and the polymerase
chain reaction, which limits its effectiveness in the detection of
infectious diseases.*

To improve the sensitivity of the LFA, our group previously
developed equipment-free methods which utilize liquid-liquid
extraction techniques to concentrate the target biomarker prior
to detection. This was achieved by using aqueous two-phase
systems (ATPSs), which separate into two distinct phases,
where the target biomarker would partition extremely into one

of those phases, effectively concentrating it. The first method
we developed required the ATPS to macroscopically separate,
followed by the manual extraction of the phase containing the
concentrated biomarker and then application to the LFA. While
effective at improving the LFA detection limit by 10-fold for
both large viruses™® and small protein targets,”® this approach
was limited by its long time-to-result and requirement of multi-
ple user-steps. To address these limitations, a second method
was developed which involved the direct application of a mixed
ATPS to a paper device. Our lab discovered that a well-mixed
ATPS rapidly separated into its macroscopic phases as it flowed
through a paper membrane, producing distinct leading and lag-
ging phases. Integration of this ATPS separation on paper phe-
nomenon with the LFA allowed for simultaneous analyte con-
centration and detection, while reducing the overall time-to-re-
sult.>10

In addition to biomarker preconcentration, another equip-
ment-free method to improve the sensitivity of the LFA in-
volves chemical signal enhancement. Chemical signal enhance-
ment typically requires the user to manually apply enhancement
reagents to the LFA test strip in a sequential manner. Although
these methods are effective at improving LFA sensitivity, the
requirement of multiple user steps renders them not ideal for a
POC device.'""'? To eliminate the need for multiple user steps,
the Yager group developed 2D paper networks, which utilize
carefully designed 2D paper geometries to control fluid flow
and perform timed delivery of reagents to a detection zone.!*"!¢
Other paper-based automation techniques include the use of
controlled porosity,!” paper shunts,'® valves,'*?* and dissolva-
ble sugar delays.??* While successful at automating enhance-
ment reactions, many of the devices using these techniques have



thus far demonstrated limited improvements in detection limit
over their unenhanced counterparts. Additionally, many of
these devices are significantly more complex than the conven-
tional LFA test strip, which could increase cost and limit their
adaptability for high volume manufacturing.?

In this work, we introduce a new technique to automate both
biomarker concentration and signal enhancement which is easy
to use, low in cost, tunable without complex changes in device
design, and easily manufacturable. We have called this tech-
nique the ATPS-automated Concentration and Enhancement of
the Lateral-Flow immunoAssay (ACE-LFA). The ACE-LFA
takes advantage of both the selective partitioning of biomarkers
and reagent molecules between the phases of the ATPS, as well
as our lab’s ATPS separation on paper technology to sequen-
tially deliver the concentrated target biomarker and signal en-
hancement reagents across the LFA test strip. We demonstrated
that the delivery time of reagents is tunable by simply changing
the initial composition of the ATPS. In a proof-of-concept
demonstration, we used our ACE-LFA technology to automate
the preconcentration and capture of the model bacteria Esche-
richia coli (E. coli) along with a nanozyme signal enhancement
reaction, which ultimately resulted in a 30-fold improvement in
detection limit over the conventional LFA. To our knowledge,
this is the first reported use of the ATPS to automate sequential
reagent delivery, as well as the first integration of automated
biomarker concentration, capture, and signal enhancement on a
paper-based device.

MATERIALS AND METHODS

Preparation and characterization of ATPSs for flow studies.
All reagents and materials were purchased from Sigma-Aldrich
(St. Louis, MO) unless noted otherwise. Poly(ethylene glycol-
ran-propylene glycol) (12 kDa) (EOPO) and sodium citrate salt
(2.6:1 trisodium citrate:citric acid to maintain pH 5) were dis-
solved in diH2O. Three different ATPSs with 3:1 equilibrium
volume ratios (volume of the top phase divided by the volume
of the bottom phase) were found by varying the initial % w/w
compositions of EOPO and salt. For individual phase character-
ization, 10 g ATPSs were made. Each solution was vortexed
and allowed to phase separate overnight. After phase separation
was completed, the solution was centrifuged for 5 min at 2000
rpm, and the immiscible phases were extracted using a pipette
and collected in separate tubes for characterization. The viscos-
ity of each phase was measured in triplicate using a Brookfield
LVDV-I Prime digital viscometer (AMETEK Brookfield, MA).
The surface tension of each phase was measured using a Kriiss
K6 force tensiometer (Kriiss USA, NC). For the flow studies,
0.5 g ATPSs were made with 5 pL of brilliant blue FCF dye to
aid in visualization of the phases. A detailed breakdown of
ATPS component quantities for the flow studies and ACE-LFA
studies can be found in Table S1 (ESI).

Demonstration of automated and tunable reagent delivery
on paper using ATPSs. Flow studies were conducted to meas-
ure the speeds of ATPS phases as they separated and flowed
through fiberglass paper via capillary action. The fiberglass pa-
per was mounted onto an adhesive backing and cut into 3 mm
X 67 mm strips. A three-dimensional (3D) paper wick was
placed at the lower end of the strip which aided in the separation
of'the ATPS as it flowed through the paper. This wick was com-
posed of five stacked sheets of 7 mm x 15 mm fiberglass paper.
The paper setup was enclosed in a custom-made acrylic cassette
to hold the wick together and minimize effects of evaporation.

The top piece of the acrylic cassette was marked every 5 mm
along the length of the strip. To run the flow studies, the wick
end of the paper setup was dipped into a 24 well plate contain-
ing a 0.5 g well-mixed ATPS with blue dye (Fig. 1A). The wick-
ing process was recorded using a Nikon D3400 digital camera
(Nikon, Tokyo, Japan). Experiments were performed in tripli-
cate and analyzed using QuickTime Player (Apple, Cupertino,
CA) to track the locations of each phase as they flowed through
the paper setup.

Preparation of bacteria cell cultures. Escherichia coli
O157:H7 (E. coli) (ATCC® 700728™) were cultured accord-
ing to manufacturer protocol (ATCC, Manassas, VA) and
plated onto Difco Nutrient Agar (Becton, Dickson and Com-
pany, Sparks, MD) plates. The plated cells were incubated at
37°C aerobically overnight and then the plate was sealed with
Parafilm and stored at 4°C until use. To prepare liquid bacterial
cultures, single colonies were picked from the agar plate and
cultured in 5 mL of Difco Nutrient Broth (Becton, Dickson and
Company, Sparks, MD). The cells were incubated at 37°C and
250 rpm on a shaking incubator for 16 h. To quantify the bacte-
ria concentrations within the original liquid suspension, serial
dilutions of bacteria were plated and colonies were counted af-
ter overnight incubation.

Measuring the partitioning of E. coli and TMB in ATPS. To
measure the partitioning of both E. coli and 3,3’,5,5’-tetra-
methylbenzidine (TMB) in the EOPO-salt ATPS, either ~107
cells or 10 puL of an 816 mM TMB solution in dimethylforma-
mide (DMF) were added to an ATPS with a total final mass of
0.5 g. The ATPSs were vortexed and allowed to phase separate
at room temperature (22°C) for 2 h. Each phase of the ATPS
was carefully withdrawn using a micropipette and diluted in wa-
ter. For the E. coli partitioning studies, the EOPO-rich top phase
and EOPO-poor bottom phases were diluted by 2-fold. A hemo-
cytometer (Thermo Fisher Scientific, Waltham, MA) was used
to count the total number of cell entities in each phase. The par-
tition coefficient for E. coli, which is defined as the concentra-
tion of E. coli in the top phase divided by the concentration in
the bottom, was then calculated. The hemocytometer was used
in these experiments instead of counting colonies to avoid pos-
sible error caused by the ATPS components inhibiting bacteria
growth. For the TMB partitioning studies, the EOPO-rich top
phase was diluted by 100-fold, while the EOPO-poor bottom
phase was diluted by 10-fold to reduce interference caused by
the phase forming components during analysis. The absorbance
at the peak wavelength for reduced TMB (Amax =286 nm) was
then measured for each diluted phase using a GENESYS 10S
UV-Vis spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA). The partition coefficient for TMB was calculated
by multiplying the measured absorbances by the dilution factor
and then taking the ratio of the resulting values for the top and
bottom phases. Each partitioning experiment was performed in
triplicate.

Preparation of antibody-decorated nanozyme and nanopar-
ticle probes. Platinum-coated gold nanozymes (PtGNs) were
synthesized using a protocol derived from Gao et. al. which is
described in the ESL?® To create anti-E. coli platinum-coated
gold nanozyme probes (PtGNPs), 20 uL of a 0.1 M sodium bo-
rate solution (pH 9) was first added to 1 mL of PtGNs. Then, 4
pg of primary Bactrace anti-E. coli O157:H7 antibody
(Seracare, Milford MA) was added to the suspension and incu-
bated for 30 min at room temperature (22°C). 50 uL of a 10%
(w/v) bovine serum albumin (BSA) solution was then added to



the suspension and incubated for 10 min. Free antibodies were
removed by centrifugation and the pellet was resuspended in 50
puL of a 0.1 M sodium borate (pH 9) solution. Anti-E. coli gold
nanoprobes (GNPs) were made using the same procedure; how-
ever, 40 nm GNs were used in place of PtGNs at the same con-
centration.

Detection of E. coli using the conventional LFA. The conven-
tional LFA strips were composed of overlapping pads secured
to an adhesive backing. These pads included a sample pad, a
conjugate pad, a nitrocellulose membrane, and a CF6 absorbent
pad (GE Healthcare Bio-Sciences, Pittsburgh, PA). In our work,
the sample pad consisted of a 3 mm x 10 mm Standard 17 fi-
berglass paper (GE Healthcare Bio-Sciences) treated with a run-
ning buffer (0.4% BSA, 0.6% Tween 20, and 0.2% polyeth-
ylene glycol in phosphate-buffered saline, pH 7.4). GNPs were
dehydrated onto a 3 mm x 10 mm fiberglass paper along with a
1% BSA in diH20 solution to form the conjugate pad. Both the
sample and conjugate pads were dehydrated under very low
pressure using a Labconco FreezeZone 4.5 lyophilizer (Thermo
Fisher Scientific, Waltham, MA) for 2 h. LFA strips in this
study utilized the sandwich assay format where Bactrace anti-
E. coli antibody were immobilized on a Unistart CN95 nitrocel-
lulose membrane (Sartorius, Goéttingen, Germany) at 0.5
mg/mL. This constituted the test line of the test strip. Anti-goat
antibodies (Bethyl, Montgomery, TX) were immobilized at
0.25 mg/mL to constitute the control line of the test strip. Test
and control line printing was performed by dispensing 50 puL of
antibody solution per 30 cm of nitrocellulose membrane using
an Automated Lateral Flow Reagent Dispenser (Claremont Bi-
oSolutions, Upland, CA) and a Fusion 200 syringe pump (Che-
myx, Stafford, TX) with a flow rate of 300 uL/min. The mem-
brane was left in a vacuum-sealed desiccation chamber over-
night. The nitrocellulose membrane was placed on the adhesive
backing and cut into strips 3 mm in width prior to assembly with
the sample pad, conjugate pad, and absorbent pad. The LFA test
strip was placed in a custom-made acrylic cassette to limit evap-
oration while running the assay. The top of the cassette also ap-
plied light pressure to the conjugate pad, aiding in the uniform
flow through the conjugate pad and uniform release of the de-
hydrated GNPs.

To detect for E. coli in buffer using the conventional LFA,
the test strip was inserted vertically into 125 pL of a sample
suspension containing a known concentration of E. coli in phos-
phate-buffered saline (PBS). To detect for E. coli in Surine™
Negative Urine Control (Cerilliant, Round Rock, TX), the test
strip was inserted into 165 pL of E. coli in Surine. Videos of the
test strips were taken using a Nikon D3400 digital camera (Ni-
kon, Tokyo, Japan). Additionally, photos were taken after 30
min in a controlled lighting environment. To quantify the test
line intensities, images of the LFA test strips, as well as the
video frames (1 frame per 3 min), were processed using a cus-
tom MATLAB script developed by our lab.°

Detection of E. coli using the ACE-LFA. The ACE-LFA setup
was composed of a test strip as well as an ATPS solution with
signal enhancement reagents. For the test strip, the conventional
LFA strip design was modified to include a 3D paper wick in-
stead of the sample pad. This wick was composed of five
stacked sheets of 7 mm x 15 mm fiberglass paper with the top
corners cut at a 45° angle (Fig. S1, ESI). PtGNPs were dehy-
drated onto the conjugate pad in place of the GNPs. The ACE-
LFA test strip was enclosed in a custom-made acrylic cassette

to hold the wick together and to limit evaporation while running
the assay.

To detect E. coli in PBS using the ACE-LFA, a 0.5 g well-
mixed 12.9% EOPO — 10% salt 3:1 volume ratio ATPS con-
taining 10 pL of an 816 mM TMB solution in DMF, 10 uL of a
30% w/v hydrogen peroxide solution, 50 uL of a TMB stabiliz-
ing solution (Vector Laboratories, Burlingame, CA), and 5 pL.
of E. coli in PBS were added into a well of a 24 well plate. The
3D wick-modified test strip was then placed into the mixed
ATPS, and the solution was allowed to pass through the wick
towards the absorbent pad. To detect E. coli with the LFA +
ATPS, the above ACE-LFA procedure was modified by replac-
ing the TMB with 10 uL of DMF. To detect E. coli in Surine™
using the ACE-LFA, a 0.5 g well-mixed 12.9% EOPO — 8.2%
salt ATPS containing 15 pL of an 816 mM TMB solution in
DMEF, 10 uL of a 30% w/v hydrogen peroxide solution, 100 uL.
of'a TMB stabilizing solution, and 165 uL of E. coli in Surine™
were added into a well of a 24 well plate followed by the addi-
tion of the test strip.

Videos of the test strips were taken to monitor the signal de-
velopment over time. Images of the resulting test strips were
also taken after 30 min in a controlled lighting environment. To
quantify the test line intensities, the video frames (1 frame per
3 min) and images were processed using a custom MATLAB
script developed by our lab.

RESULTS AND DISCUSSION

Demonstration of tunable flow behavior and reagent deliv-
ery on paper using ATPSs. In this work, we hypothesized that
the separation and flow of an ATPS through a paper membrane
can be used to automate both biomarker preconcentration and
the delivery of signal enhancement reagents on a paper-based
device. Many varieties of ATPS exist; however, here we will be
discussing the use of a polymer-salt system composed of EOPO
and citrate salt. When salt is added to an aqueous solution of
EOPO, the salt will disrupt the hydrogen bonds between the wa-
ter and the oxygen atoms of the EOPO polymer chains. This
will decrease the EOPO-water interactions and increase the
EOPO-EOPO interactions, ultimately leading to phase separa-
tion where immiscible microscopic EOPO-rich and salt-rich
(EOPO-poor) domains are formed to minimize the Gibbs free
energy of the system.

To utilize this ATPS to sequentially deliver reagents as they
flow through a paper device, the reagents to be delivered are
first added to the mixed ATPS where they must partition or lo-
calize extremely into microdomains of the opposite
phases. Subsequently, the ATPS is applied to a paper device
where it will rapidly separate into its two bulk, macroscopic
phases as it flows via capillary action. The reagents localized in
the leading EOPO-poor phase of the ATPS will be delivered
first to the region of interest on the paper device. This is then
followed by the lagging EOPO-rich phase, which will deliver
the reagents localized in that phase in an automated fash-
ion. Note that, in this work, the “extreme” localization of reac-
tive reagents into opposite macroscopic phases, means that the
reagents are separated from one another to a great enough de-
gree to prevent premature interactions that could result in unde-
sired visible signal development.
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Figure 1. Flow studies. Green corresponds to the 13% EOPO — 10.2% salt ATPS, blue to the 15% EOPO — 9.9% salt ATPS, and red to
the 17% EOPO — 9.6% salt ATPS. (A) Experimental setup for ATPS flow studies. (B) Viscosity measurements for the extracted ATPS
phases. (C) Distance traveled up the paper strip by the air - phase 1 interface (¢,9,9) and the phase 1 - phase 2 interface (®,9,®) as a
function of time. (D) Time-delay between when the air - phase 1 interface and the phase 1 - phase 2 interface reach a particular distance
on the paper strip (0,0,0). All of the data are presented as mean + SD (n = 3).

When designing a system to automate reagent delivery, it is
important to have tunable fluidic control. We hypothesized that
we could achieve this fluidic control by changing the equilib-
rium state of the ATPS. By altering the initial concentrations of
the phase forming components added to the ATPS, the proper-
ties such as the equilibrium volume ratio and concentrations of
phase forming components in the equilibrium phases, can be
changed, which will affect the physical properties that dictate
flow behavior. For a polymer-salt ATPS system (such as the
EOPO-salt system used in this study) with a fixed volume ratio,
an increase in the initial concentration of polymer results in an
increase in the concentration of polymer in the polymer-rich
phase and a decrease in the concentration of polymer in the pol-
ymer-poor phase at equilibrium.?” We anticipated that this in-
crease in the equilibrium concentration of polymer in the poly-
mer-rich phase would result in an increase in the viscosity of
that phase, which in turn, would result in slower flow and a
greater reagent delivery time. To confirm this, we experimen-
tally found three different EOPO-salt ATPS compositions that
yielded a 3:1 volume ratio. The measured viscosities of the
EOPO-rich and EOPO-poor phases for these systems are shown
in Fig. 1B. Consistent with our expectations, as the concentra-
tion of EOPO initially added to the ATPS increased, the viscos-
ity of the EOPO-rich phase also increased from 25.7 £ 0.7 cP
for the 13% EOPO — 10.2% salt ATPS to 37.8 £ 0.8 cP for the
15% EOPO — 9.9% salt ATPS to 56.4 + 1.6 cP for the 17%

EOPO - 9.6% salt ATPS. The viscosities of the EOPO-poor
phases were found to be constant for all systems tested.

For each different ATPS, the locations of the air - EOPO-
poor phase (air - phase 1) interface and the EOPO-poor phase -
EOPO-rich phase (phase 1 - phase 2) interface were tracked and
plotted versus time (Fig. 1C). It is observed that an increase in
the initial concentration of EOPO in the ATPS resulted in a
slower moving phase 1 - phase 2 interface. This was expected
because increasing the initial EOPO concentration made the
EOPO-rich phase more viscous, and higher viscosity leads to
slower flow. We next calculated the time delay between when
the air - phase 1 interface and the phase 1 - phase 2 interface
reached the same distance along the paper strip. The time delay
is an important metric to be able to control when designing au-
tomated reactions and assays, because different applications
may require shorter or longer durations of time between the de-
livery of the reagents. It was observed that the time delay in-
creased with an increase in both the viscosity of the EOPO-rich
phase and the distance along the strip. These trends were ex-
pected as it is well-established that the viscous resistance, which
acts to slow fluid flow, increases with an increase in viscosity
and/or an increase in length of the fluid segment.?® Time delays
ranging from 30 to 840 s were achieved in our experiments.
Note that greater delays may be obtained by choosing different
ATPS systems with phases that have higher viscosities, such as
a polymer-polymer or micellar ATPS.
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Figure 2. Schematic of ACE-LFA for the detection of E. coli. (A) The test strip is dipped into an ATPS solution which phase separates as
it flows through the paper. E. coli is concentrated in the leading phase, and the TMB partitions preferentially into the lagging phase. The
leading phase delivers the concentrated E. coli and rehydrated PtGNPs to the detection zone. (B) Biomarker capture occurs at the LFA
detection zone where E. coli is sandwiched between the test line antibodies and the PtGNPs. (C) This is followed by the lagging phase,
which delivers the TMB substrate to initiate the nanozyme signal enhancement reaction.

Demonstration of improved detection limit using ACE-LFA
with nanozymes. After demonstrating the tunable nature of
ATPS flow on paper, we next sought to apply this technology
to automate a nanozyme-based signal enhancement reaction,
and to concentrate and detect E. coli on an LFA test. We have
called this new technology the ATPS-automated Concentration
and Enhancement of the Lateral-Flow immunoAssay (ACE-
LFA). A nanozyme-based signal enhancement reaction was
chosen due to its high catalytic activity and stability when com-
pared to the more traditional enzyme-catalyzed reactions. More
specifically we have utilized a recently developed nanozyme
system containing platinum-coated gold nanozymes which cat-
alyze the oxidation of TMB in the presence of hydrogen perox-
ide to produce a dark precipitate.?® To run the ACE-LFA, a test
strip with a 3D wick was dipped into an ATPS containing E.
coli and the signal enhancement reagents: TMB, hydrogen per-
oxide, and TMB stabilizing solution. We initially chose the
13% EOPO - 10.2% salt ATPS for use in the ACE-LFA, be-
cause it was found to allow ~7 minutes for antibody binding
before the lagging phase crossed the test line. This is compara-
ble to many commercial assays and should allow reasonable
time for antibody-antigen binding to occur at the test line as well
as signal enhancement reagents to be delivered. When the signal
enhancement reagents were added to the 13% EOPO — 10.2%
salt ATPS, the observed volume ratio shifted from 3:1 to ~2:1.
While this volume ratio shift is not completely understood, the
proprietary TMB stabilizing solution, which is required to pro-
duce an insoluble rather than a soluble TMB product, was found
to be responsible and thus must contain some compound that

influences phase separation (i.e., salt, polymer, or organic sol-
vent). Therefore, for the ACE-LFA demonstrations in this
work, a 12.9% EOPO — 10% salt ATPS with the TMB stabilizer
was used instead, which was found to produce a 3:1 volume
ratio in a microcentrifuge tube and also had comparable flow
behaviors to 13% EOPO — 10% salt ATPS without the stabilizer
(data not shown).

Recall that reagents must be localized in opposite phases of
the ATPS in order for them to be sequentially delivered. The
partitioning of different molecules and particles between the
two phases of an ATPS depends on a variety of physical and
chemical properties, such as size, hydrophobicity, and electro-
chemical properties of the target species.?” Due to its large size
and hydrophilicity, the E. coli bacteria was expected to partition
extremely into the EOPO-poor phase of the EOPO-salt ATPS,
where it would experience fewer unfavorable, steric, excluded-
volume interactions with the less abundant EOPO molecules in
that phase. In the case of the 3:1 volume ratio used in this work,
the E. coli would be forced into one-fourth of the original ATPS
volume, thus concentrating it by four-fold. The TMB substrate,
which is small and relatively hydrophobic, was expected to par-
tition preferentially into the more hydrophobic EOPO-rich
phase. The partition coefficients for both E. coli and TMB in
our ATPS were measured to be 0.0029 + 0.0005 and 11.1 +

0.3, respectively. A partition coefficient value less than one in-
dicates preferential partitioning to the EOPO-poor phase, and a
value greater than one indicates preferential partitioning to the
EOPO-rich phase. These results were consistent with our hy-
pothesis that the E. coli and TMB would selectively localize
into opposite ATPS phases.



When the ATPS containing E. coli and the signal enhance-
ment reagents is added to the ACE-LFA test strip, it flows
through the 3D wick and separates into its two macroscopic
phases. First, the leading, EOPO-poor phase containing the con-
centrated E. coli bacteria solubilizes the dehydrated PtGNPs
and delivers them to the LFA detection zone. Here, the presence
of the target biomarker E. coli in sufficient quantities produces
a visible pink or red test line, as the PtGNPs first bind to the E.
coli and then these PtGNP - E. coli complexes become captured
by the immobilized antibodies at the test line. An absence or
insufficient quantity of E. coli results in no visible test line. Re-
gardless of the presence or absence of E. coli, the control line
appears, indicating that the PtGNPs flowed up the entire strip
and that the test is therefore valid (Fig. 2). This is followed by
the lagging, EOPO-rich phase, which delivers the TMB to the
LFA detection zone. In the presence of hydrogen peroxide,
TMB that comes into contact with the PtGNPs bound to the test
and control lines will be converted into a dark purple precipi-
tate, thereby enhancing the signal. It is important to note that
because the TMB partitions favorably into the EOPO-rich
phase, while the PtGNPs are rehydrated into the EOPO-poor
phase, the reactive reagents are effectively separated from one
another. It is this thermodynamic separation of reactive reagents
within the ATPS, along with the ability of the ATPS to phase
separate as it flows through paper, that allows for the automa-
tion of signal enhancement while avoiding premature signal de-
velopment.

To demonstrate that the above process does indeed occur
and to examine the ability of the ACE-LFA to automate the sig-
nal enhancement reaction and therefore improve signal over the
conventional LFA, we tested each assay with an overall E. coli
concentration of 10° colony forming units (cfu)/mL in the sam-
ple/ATPS. A video of the signal development was taken over
the course of 30 min (ESI). For the conventional LFA, a visible
pink test line developed within 15 min (Fig. 3). For the ACE-
LFA, a pink test line was visible within the first 6 min of the
assay. The earlier formation of the pink test line in the ACE-
LFA compared to the conventional LFA was due to the E. coli
being concentrated in the leading phase of the ATPS which only
occurred in the ACE-LFA. For the ACE-LFA, the interface be-
tween the leading and lagging phase can be observed in the 6
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Figure 3. Comparing signal development over time for the con-
ventional LFA and the ACE-LFA tested with 10° cfu/mL of E. coli.

min photo. After ~7 min, the lagging phase crossed the test line
region, delivering the TMB and initiating the nanozyme signal
enhancement reaction. (This can be observed in our signal de-
velopment video, ESI). Signal enhancement was observed as
the test and control line color changed from pink to purple. We
also quantified the test line intensities using a MATLAB script
developed by our lab and the results are plotted in Fig. S2. After
30 min of assay time, the test line intensity of the ACE-LFA
was measured to be 14-fold greater than that of the conventional
LFA (relative test line signal of ACE-LFA was 100.0 + 7.9%
compared to the conventional LFA at 7.0 + 0.7%). These re-
sults confirmed that our ACE-LFA technology has the ability to
successfully automate both biomarker preconcentration and
nanozyme signal enhancement while maintaining a low back-
ground signal, suggesting that it may serve as a more sensitive
alternative to the conventional LFA.

We next wanted to determine if the ACE-LFA had an im-
proved detection limit relative to the conventional LFA. First,
we identified the detection limit of the conventional LFA with
GNPs by testing dilutions of E. coli in PBS. The conventional
LFA was able to successfully detect E. coli down to a concen-
tration of 10® cfu/mL within 30 min, indicated by the formation

(B)
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Figure 4. 30-fold improvement in detection limit when using ACE-LFA over the conventional LFA. (A) Conventional LFA detects
down to 10° cfu/mL, LFA + ATPS detects down to 3.3'><105 cfu/mL, and the ACE-LFA detects down to 3.3><104 cfu/mL of E. coli
overall. (B) Plot of quantified relative test line signals vs. E. coli concentration for the conventional LFA (A), LFA + ATPS (¥) and
ACE-LFA (®). All of the data are presented as mean = SD (n = 3).
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of 2 visible lines. On the other hand, the ACE-LFA was able to
detect E. coli at 3.3x10* cfu/mL, demonstrating a 30-fold im-
provement in detection limit over the conventional LFA (Fig.
4A). This is also supported by the quantitative results shown in
Fig. 4B, where the relative test line intensities for the conven-
tional LFA at 10° cfu/mL and the ACE-LFA 3.3x10* cfu/mL
are comparable and the two curves are continuously separated
by at least a 30-fold difference in the overall concentration of
E. coli for approximately the same test line signal. We also
found the detection limit of the LFA + ATPS (without the
nanozyme-TMB enhancement) to be 3.3x10° cfu/mL, demon-
strating a 3-fold improvement over the conventional LFA. This
is similar to the expected 4-fold improvement in detection limit
that would be due to the E. coli bacteria being effectively con-
centrated into the leading phase of the ATPS. This suggests that
the nanozyme-TMB enhancement reaction alone was responsi-
ble for a 10-fold improvement in the LFA detection limit. Ad-
ditionally, we compared the detection limit of the conventional
LFA using GNPs versus PtGNPs and found that both assays
have a detection limit of 10° cfu/mL of E. coli (Fig. S3, ESI),
confirming that the 30-fold improvement in detection limit ob-
tained from the ACE-LFA is a result of improvements from
both biomarker preconcentration via the ATPS and signal en-
hancement via the ATPS-automated nanozyme reaction, and
not any characteristic differences in the optical properties of the
nanoprobes.

In these experiments, we demonstrated that the ACE-LFA
can achieve a 30-fold improvement in detection limit over the
conventional LFA if the overall concentration of E. coli was the
same between the ATPS of the ACE-LFA and the sample added
to the conventional LFA. This comparison is suitable for a
swab-based test where a swab must be agitated in an excess of
a predetermined buffer to release and dilute the sample prior to
application onto a test strip. Using this type of setup, a swab
could be agitated in the ATPS of the ACE-LFA ATPS or a
buffer of the same volume for the conventional LFA, thus re-
sulting in a similar concentration of E. coli in both solutions.
Additionally, while the above conventional LFA detection pan-
els were performed with a 4-fold lower volume than the ACE-
LFA (125 pL vs. 500 pL), increasing the conventional LFA
sample volume to 500 pL did not improve the detection limit
(Fig S4, ESI). This is most likely because the solution was too
large for all of the E. coli in the sample to interact with all of
the rehydrated PtGNPs and completely flow past the test line, a
common LFA problem. Therefore, one of the benefits of sample
concentration techniques is that the biomarker present in a
larger volume could be concentrated into a smaller volume
where all of the biomarker could effectively interact with the
PtGNPs and flow past the test line.

Finally, we evaluated the applicability of the ACE-LFA for
detecting E. coli in a physiologically relevant liquid sample. E.
coli was suspended in Surine™ Negative Urine Control, which
is a Certified Reference Material for applications in clinical and
analytical chemistry. For the conventional LFA, a 165 pL sam-
ple of E. coli in Surine™ was applied directly to the test strip.
E. coli was successfully detected down to a concentration of 10°
cfu/mL within 30 min (Fig. 5). In the case of the ACE-LFA, the
165 pL E. coli sample was added to the ATPS phase forming
components and enhancement reagents resulting in an approxi-
mate 3-fold dilution in the ATPS. The ACE-LFA was able to
detect down to 103 cfu/mL of E. coli in the original Surine™
sample (also corresponding to 3.3x10* cfu/mL overall in the

E. coli concentration in Surine™ (cfu/mL)
- 104 105 10 107

Conventional LFA

L
ACE-LFA

Figure 5. 10-fold improvement in detection limit for E. coli in
Surine™. Conventional LFA detects down to 10° cfu/mL while
ACE-LFA detects down to 10° cfu/mL of E. coli in Surine™.

ATPS), demonstrating a 10-fold improvement in detection limit
from the point of view of the original E. coli sample. This is
expected because the sample was first diluted 3-fold in the
ATPS prior to being reconcentrated in the leading phase. This
dilution reduced the observed fold improvement in detection
limit from the previous 30-fold to 10-fold. Ultimately, even
with this dilution and using a more complex sample, we’ve
demonstrated that the ACE-LFA can achieve a significant im-
provement in detection limit over the conventional LFA.

The importance of developing new methods of fluidic con-
trol for paper-based devices that require minimal user interven-
tion and are compatible with high volume manufacturing was
recently highlighted by Fu and Downs.?> We believe that the
ACE-LFA technology developed here is a significant contribu-
tion to addressing this need with several potential benefits over
the previously developed automation techniques. For one, un-
like many of the previous techniques, the device footprint of our
ACE-LFA is very similar to the conventional LFA and it does
not require complex paper geometries or electronic actuators.
As a result, the ACE-LFA should be compatible with currently
available high-volume LFA manufacturing techniques and will
thus retain a low cost. Secondly, the ACE-LFA also has the po-
tential to achieve higher levels of improvement over other tech-
niques, because it can integrate both biomarker concentration
and signal enhancement into a single device. This can be useful
for the detection of biowarfare agents, infectious diseases, and
food-borne illnesses, where it is desirable to detect the target at
the lowest possible concentration.

The ACE-LFA procedure used in this work, which required
an initial mixing step prior to the addition of the ATPS onto the
test strip, is well suited for applications that require initial mix-
ing into a predetermined buffer (i.e., swab-based diagnostics).
However, other diagnostic applications may benefit from the
direct application of a sample to the test without any mixing or
sample dilution steps. To address this, our lab has recently
demonstrated that ATPS components can be dehydrated on pa-
per and then rehydrated upon addition of a sample fluid to in-
duce phase separation and biomarker preconcentration without
the need for any user mixing steps.?’ Future work will therefore
aim to dehydrate the signal enhancement reagents along with
the ATPS components to improve ease-of-use of the ACE-LFA
for these applications. We also plan to investigate and integrate
other signal enhancement reactions with the ACE-LFA, partic-
ularly those that can occur at a physiological pH.

CONCLUSION



In summary, we have developed a new method to automate
sequential reagent delivery on paper-based devices using ATPS
separation and flow on paper. The timing of reagent delivery
could be controlled by altering the initial composition of the
ATPS. To our knowledge, the ACE-LFA is the first reported
technology with the capability to automate biomarker concen-
tration, capture, and signal enhancement in a single paper-based
device, as well as the first reported automation of a nanozyme
signal enhancement reaction. Thus, this work plays a significant
role in the advancement of paper-based devices with improved
functionalities. Furthermore, with a 10-fold or greater improve-
ment in detection limit within 30 min, the ACE-LFA has the
ability to rapidly identify pathogens at lower concentrations
than were previously detectable with the conventional LFA, all
while maintaining a low cost, involving minimal user interac-
tion, and requiring no electricity or laboratory equipment.
Therefore, our ACE-LFA technology has the potential to
greatly improve the state of disease detection in resource-poor
regions which would ultimately lead to more effective patient
management, treatment, and outbreak prevention.
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