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Abstract
We report a paper-based assay platform for the detection of the
kidney disease marker Trefoil Factor 3 (TFF3) in human urine. The
sensor 1s based on a quantitative metalloimmunocassay that can
determine TFF3 concentrations via electrochemical detection of
environmentally stable silver nanoparticle (AgNP) labels attached
to magnetic microbeads via a TFF3 immunosandwich. The paper
electroanalytical device incorporates two preconcentration steps
that make it possible to detect concentrations of TFF3 in human
urine at the low end of the target TFF3 concentration range
(0.03-7.0 pg/mL). Importantly, the paper device provides a level
of accuracy for TFF3 determination in human urine equivalent to
that of a commercial kit. The paper sensor has a dynamic range of
~2.5 orders of magnitude, only requires a simple, one-step
incubation protocol, and is fast, requiring only 10 min to
complete. The cost of the materials at the prototypic laboratory

scale, excluding reagents, 1s just USS$0.42.
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Introduction

Here we report an electrochemical metalloimmunoassay for Trefoil
Factor 3 (TFF3) that is compatible with an inexpensive paper-
based electrochemical detection platform and effective for
detection in human and artificial urine. TFF3 is one of three
proteins expressed in bodily tissues, most notably in the
gastrointestinal mucosa, that share the trefoil motif. This
motif is a 40-amino acid domain containing 6 cysteine residues
that form 3 disulfide bonds to create a three-leafed structure.’
Although the function of TFF3 has not been fully determined, it
has been suggested that TFF3 (and other secretory TFF peptides)
helps to repair mucosal epithelial injury via the formation of
mucous barriers, anti-apoptopic and pro-angiogenic effects,
restitution, and modulation of immune responsiveness,
inflammatory processes, and differentiation.” The motivation for
elucidating the usefulness of TFF3 in diagnostics stems from an
unmet need for more sensitive and specific biomarkers indicative

3-5

of renal health. The Predictive Safety Testing Consortium
Nephrotoxicity Working Group laid out the rationale for improved
renal biomarkers as follows: “Given the societal cost of
nephrotoxicity and the insensitivity of current methods to detect
it, sensitive methods for prediction of toxicity in preclinical
studies and identification of injury in humans are extremely
important for patient safety in clinical practice and in all
stages of the drug development process."3 Blood urea nitrogen

(BUN) and serum creatinine (SCr) have served as the standards for

preclinical and clinical renal monitoring.&‘r’"7 However, these
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tests have often been found to lack the specificity and
sensitivity required to assess whether the illness originates
from kidney damage,””’ and lack the diagnostic power to support
the identification of the condition before severe illness
manifests.””’

Several new renal biomarkers have recently been reported and
found to be better indicators of renal health status and also to
be more sensitive indicators of changes in renal function than
their predecessors. For example, the urinary TFF3 level has shown
promise as a biomarker for chronic kidney disease (CKD), which
affects roughly 11% of the US population,’® and acute kidney
injury (AKI), which is a risk factor for cardiovascular disease’
and develops in 30-50% of intensive care unit patients.” Urinary
TFF3 levels have increased in patients with chronic kidney

6,11,12

disease (CKD) and were markedly reduced in urinary rat models
with acute kidney injury (AKI) induced via cisplatin and other
pharmaceutical compounds. While trends in urinary TFF3 levels
have been observed for certain renal ailments, importantly, there
are currently no standard clinically relevant urinary TFF3 ranges
for healthy or diseased individuals. The Nephrotoxicity Working
Group of the Predictive Safety Testing Consortium is currently
evaluating the expanded clinical utility of several qualified
biomarkers, including TFF3, in human clinical research. However,
previously published data have reported TFF3 concentrations in
normal and diseased individuals to span the range between 0.03 -

6,12,13

7.0 pg/mL. Accordingly, and while acknowledging the

evaluation status of TFF3 in the Predictive Safety Testing
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Consortium qualification process, we will refer hereafter to this
as our *"target range” so that we have a reasonable benchmark to
compare to the results of our assay. Reports on existing TFF3

1,14,15

assays are available, but, to the best of our knowledge, an
inexpensive, portable, point-of-care (PoC) test for TFF3, which
could provide for improved patient monitoring and more reliable
toxicological information during drug development, does not exist
at the present time.

Low—cost, mass—-produced PoC biosensors provide access to
diagnostic and health monitoring technologies in resource-limited
regions,  benefit developed areas by enabling more convenient
healthcare monitoring for individuals, " increase drug

9-23

development efficiency,’ and ease the workload on strained

healthcare systems.’’ Paper analytical devices (PADs) show promise
for serving as inexpensive, PoC biosensors and have experienced a

surge in interest after Whitesides reported on a simple

25

fabrication method for PADs in 2007.7 This development was

followed by a rapid acceleration in the advancement of PAD

hardware, ™ accompanied by expanding test sophistication whereby

45-50

multistep immunoassays, = oligonucleotide capture,

51-53

conformational change at the detection site, and isothermal

54,55

nucleic acid amplification, have all been demonstrated. A
number of recent reviews of paper—-based devices are available
that discuss fabrication, device assembly, sensing schemes,
detection methods, applications, and data readout.”*”
We recently reported a 3D PAD design that is easily

fabricated using the principles of origami (Japanese paper
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folding).” We call this device an oSlip to signify origami
fabrication and the presence of a slip layer. In the present
study we adapted this basic form factor to a TFF3 assay using
urine as the matrix. The device design is shown in Scheme 1 and
discussed in more detail later. The dynamic range of the oSlip-
based TFF3 assay spans 2.5 orders of magnitude and overlaps most
of the target TFF3 concentration range (0.03-7.0 pg/mL) .7 """
Importantly, the oSlip assay and a commercial TFF3 enzyme-linked
immunosorbent assay (ELISA) kit were found to agree within a
relative error of 15% when analyzing samples of TFF3 spiked into
artificial and human urine. The total oSlip assay time is <10 min

and the cost of the materials at the lab scale, and excluding the

cost of reagents, is ~USS$0.42.

Experimental Section

Chemicals and materials. Recombinant human TFF3 (13.2 kDa,
MBS144182) was obtained from MyBioSource (San Diego, CA).
Monoclonal mouse anti-human TFF3 solid-phase Ab (spAb) (MAB4407)
was obtained from R & D Systems (Minneapolis, MN). Monoclonal
rabbit anti-human TFF3 mobile-phase antibody (mpAb) (abl08599)
was obtained from Abcam (Cambridge, MA). Biotinylated goat anti-
rabbit secondary mobile-phase antibody (2°mpAb, 43R-1480) was
obtained from Fitzgerald (North Acton, MA). Streptavidin-
conjugated horseradish peroxidase (SA/HRP, N100) and 1-Step Ultra
TMB-ELISA Substrate Solution (34028) were obtained from Thermo

Scientific (Grand Island, NY).
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Erioglaucine disodium salt (blue dye) was obtained from

Acros Organics (Pittsburgh, PA). H,SO

2 ar

95.0 - 98.0 wt%,
phosphate-buffered saline (PBS) (10X Powder Concentrate), NaOH,
NaCl, (NH,),SO,, citric acid monohydrate, urea, CuCl,, MgSsoO,,
Na,SO,, KHPO,, KHPO,, NH,Cl, NaHCO,, and HCl were obtained from
Fisher Scientific (Pittsburgh, PA). Boric acid, ACS grade, was
obtained from EM Science (Gibbstown, NJ). KMnO, and casein sodium
salt from bovine milk (casein) were purchased from Sigma-Aldrich
(St. Louis, MO). All solutions were prepared using deionized
(DI) water (18.2 Me-cm, Milli-Q Gradient System, Millipore,
Bedford, MA).

Whatman grade 1 chromatography paper (20 cm X 20 cm X 180 um
thick) was from Fisher Scientific. Citrate—-capped silver
nanoparticles (AgNPs), nominally 20 nm in diameter (0.02 mg/mL in
aqueous 2 mM citrate solution, pH 8), were obtained from
nanoComposix (San Diego, CA). Magnetic microbeads (MpBs) having a

diameter of 2.8 pm (Dynabeads M-270 Epoxy) were obtained from

Life Technologies (Grand Island, NY). A 2 in. x 1/2 in. x 1/8 in.
thick neodymium rectangular magnet (N40) was purchased from K & J
Magnetics (Pipersville, PA) and used to separate and wash the
MpBs during conjugation and some assays. A 1/16 in. diameter x
1/4 in. long neodymium cylindrical magnet (N48) was acquired from
Apex Magnets (Petersburg, WV) and used for oSlip experiments.
Acrylic plates (0.6 cm thick), used to compress the oSlip, were
obtained from Evonik Industries (AcryliteFF).

Costar 9017 medium binding microtiter plates were obtained

from Corning (Corning, NY). Clear nail polish was purchased from
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Electron Microscopy Sciences (Hatfield, PA). Cu tape was obtained
from 3M (Saint Paul, MN). Conductive carbon paste (C1-2042) was
purchased from Engineered Conductive Materials (Delaware, OH).

Instrumentation. All electrochemical measurements were
performed at 23 + 2 °C using a potentiostat (Model 650C or 700E,
CH Instruments, Austin TX). A conventional
poly(tetrafluoroethylene) (Teflon) cell was used for
electrochemical measurements. A 1.0 mm-diameter glassy carbon
working electrode (GCE), Ag/AgCl reference electrode ([KCl] = 1.0
M), and Pt wire counter electrode (CH Instruments) were used for
electrochemical measurements carried out in the conventional
cell.

Absorbance readings were obtained using a Synergy H4 Hybrid
Multi-Mode Microplate Reader from BioTek (Winooski, VT). A
Sorvall Legend Micro 21R Centrifuge from Thermo Scientific was
used for washing and separation during AgNP conjugation. A Mini
Vortexer 945300 from VWR International (Radnor, PA) was used to
briefly mix solutions while a BioShake 1Q from QUANTIFOIL
Instruments GmbH (Germany) was used for assay incubations and
AgNP and MpB conjugate preparation. A VP 771HH-R handheld
magnetic separator was obtained from V & P Scientific (San Diego,
CA) and used to decant microtiter plates while retaining the
MuBs. An Epilog (Golden, CO) laser engraving system (Zing 16) was
used to cut stencils, hollow channels, and the acrylic holder for
the oSlips. A Xerox (Norwalk, CT) ColorQube 8570DN inkjet printer

was used for wax printing.
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2

2 oSlip fabrication. The fabrication and operation of the

g 0Slip have been described in detail previously.” Briefly, oSlip
; patterns were designed using Adobe Illustrator CS6 (version

20 16.0.0) and then wax printed on Whatman grade 1 chromatography
1; paper using black wax for all patterns except for the

ii hemichannel, which was printed using 60% yellow wax. The print-
ig outs were heated at 130 °C for 30 s to melt the wax through the
ig paprer. The hollow channels were fabricated by cutting out a

;g section of the paper with the laser engraving system. Individual
g% paper devices were also cut from the paper sheets using the laser
gi engraving system. Carbon ink was heated to 65 °C for 1 h, cooled
gg to 4 °C, and then used to stencil print electrodes onto the

ég oSlips. Stencil patterns were designed using Adobe Illustrator
§§ and cut into plastic transparency sheets using the laser

gg engraving system. The printed electrodes were allowed to dry

gg overnight at 23 + 2 °C.

g? The next day, Cu tape was attached to the carbon ink contact
gg pads and then a strip of nail polish was painted over a portion
22 of the carbon ink bands that connect the electrode surfaces to
jg the contact pads where Cu tape is fixed (Scheme 1). 4 pL of blue
jg dye were pipetted onto the paper circle depicted in Scheme 1, and
jg then the nail polish and dye were dried for 30 min. A strip of
jg Whatman 1 chromatography paper was placed over the 3 electrode
22 surfaces and wet with DI water to increase the hydrophilicity of
gg the carbon ink electrodes prior to use. After drying, the oSlips
gg were folded as depicted in Scheme 1 and were ready for use.

56

57

58

59



©CoO~NOUTA,WNPE

Analyst Page 10 of 40

Electrochemical detection. Electrochemical detection was
carried out using anodic stripping voltammetry (ASV) both in the
conventional cell and on the oSlips. For detection in the
conventional cell, a Ag deposition potential of -0.30 V (vs.
Ag/AgCl) was applied for 200 s, followed by a 10 s guiet time at
-0.10 V, and then a linear voltammetric sweep from -0.10 V to
0.40 V at 0.050 V/s. For detection on the o0Slips, a similar
procedure was followed, except the deposition potential was —-0.60
V (vs. carbon quasi-reference electrode, cQRE) and the linear
sweep was from -0.50 V to 0.20 V. Data were processed using
OriginPro 8 software and data points were treated according to
Dixon’s Q test. Error bars represent one standard deviation from
mean values.

Procedures for stepwise and one-step assays. The procedures
for preparing the MuB/spAb and AgNP/2°mpAb/mpAb conjugates are
provided in the Electronic Supplementary Information. Both the
stepwise and one-step assays were carried out in a medium-binding
microtiter plates blocked with 1 wt% casein in 100 mM borate (pH
7.5, overnight, 4 °C). For the stepwise assays, the MuB/spAb
conjugate was pipetted into the blocked plate and then decanted
using the magnetic separator to retain the beads. TFF3 in 100 mM
borate (pH 7.5) containing 1 wt% casein was added to the plate
and incubated at 23 = 2 °C with agitation for 5 min. The plate
was decanted again and washed 3 times with 100 mM borate (pH
7.5). Finally, the AgNP/2°mpAb/mpAb conjugate was added and the

plate was incubated for an additional 5 min using the same

10
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conditions. The plate was washed 3 more times with the same
washing buffer.

The one-step assay was similar to the stepwise assay, but
with the following exceptions. The TFF3 solution and AgNP
conjugate were simultaneously added to the plate and incubated
with the MpB conjugate. The TFF3 and AgNP conjugate solutions
were concentrated at 2X prior to being added in equal volumes to
the mixture in the microtiter plate well. For experiments
involving human or artificial urine, the stated dilution (if any)
of the human or artificial urine was used to prepare the TFF3
solution (1 wt% casein), which was then mixed with an equal
volume of AgNP conjugate in 100 mM borate (pH 7.5) with 0.1 wt%
casein for a one-step incubation.

For electrochemical detection, the MpB/spAb-TFF3-
mpAb/2°mpAb/AgNP immunocomplex (hereafter, the "immunocomplex")
was used without further processing. For spectroscopic detection,
40 pL of 1:2000 SA/HRP:1 wt$% casein in 100 mM borate (pH 7.5) was
added to each well and the plate incubated for another 5 min. The
plate was then washed 3 more times. 20 pL of 100 mM borate (pH
7.5) were added to each well and the plate agitated for 1 min. 50
pL of TMB substrate solution was added to each well and the
reaction was allowed to proceed for 1 min before being quenched
with 50 pL of 1.0 M H,SO,. The plate was then immediately read on

the plate reader at a wavelength of 450 nm.

Results and Discussion

11
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Overview of the o0Slip design. We recently reported a 3D PAD
design that is easily fabricated using the principles of origami
(Japanese paper folding).60 In the present report we adapted this
basic form factor to a TFF3 assay using buffer, artificial urine,
and human urine as the matrices. The device design is shown in
Scheme 1. It consists of hollow channels™ and a hemichannel,’
which enable microbead flow and faster flow than would be
possible in a paper channel,” and a slip-layer switch,’® which
makes it possible to time reagent delivery. Additionally, the
design incorporates three screen-printed carbon electrodes for
quantitative electrochemical detection, a sample inlet, a sink to
drive flow via capillary action, dried blue dye, a window to
indicate when the sink saturates with fluid, and KMnO,, which 1is
dried on the slip layer and used to oxidize the AgNP labels. Two
passive forms of amplification are inherent to the detection
strategy. One involves a magnet placed behind the working
electrode to concentrate MpBs, which are part of the assembled
immunocomplexes, at the working electrode surface. The other
involves the AgNP labels, which provide ~250,000 equiv. of
electrons per immunocomplex.

Antibody selection, preparation of a AgNP/Ab conjugate, and
stepwise detection of TFF3 in a conventional electrochemical
cell. To minimize complexity, we attempted to conjugate the mpAbs
to the AgNPs by direct physisorption. It is known, however, that
not all antibodies retain binding activity towards their target

61,62

after adsorption onto metal nanoparticles, and indeed we

tested eight physisorbed antibodies (Table S1 in the Electronic

12
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Supplementary Information) and found that only one of them
retained activity for TFF3. Accordingly, for the data discussed
hereafter, we used an intermediate 2°Ab for linking the mpAbs to
the AgNPs. Specifically, a goat anti-rabbit 2°Ab was linked to
the AgNPs and, after a washing step, the mpAb was bound to the
AgNP/2°mpAb conjugate.

As discussed in the Experimental Section, the stepwise
electrochemical assay was carried out by first incubating TFF3
with the MpuB/spAb conjugate. After 3 washing steps, the
AgNP/2°mpAb/mpAb conjugate was incubated with the MpB/spAb-TFF3
composite to form the full immunocomplex. The immunocomplex was
then washed 3 times and tested for detectability in a
conventional, three-electrode electrochemical cell.

The results of the foregoing experiments are shown in Figure
la, which is a plot of ASV current density as a function of
electrode potential for different concentrations of TFF3. The
areas under these voltammograms are plotted as a function of the
concentration of TFF3 in Figure 1b. The data reveal a linear
region at low TFF3 concentrations followed by a leveling off at
higher concentrations. The leveling off is due to saturation of
the binding capacity of the spAbs, mpAbs, or both, with TFF3.
The low concentration region is expanded in the inset of Figure
1lb, and it shows that the linear part of the TFF3 dose-response
curve spans one order of magnitude: 0.010 to 0.100 ng/mL TFF3,
which can be compared to the target range of 0.03-7.0 pg/mL.°" """
As discussed later, however, further optimization of the assay in

the o0Slip covers a range spanning 2.5 orders of magnitude.

13
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On the basis of these data, we conclude that the conjugation
method involving the specific 2°Ab is effective for linking the
mpAb to AgNPs without significantly disrupting the activity of
the mpAb toward TFF3. The results also demonstrate the viability
of stepwise immunocomplex formation and the electrochemical
detection method.

Detection of TFF3 in the o0Slip. Having shown that the
metalloimmunoassay works properly in a conventional
electrochemical cell, we now seek to compare those results to the
same assay carried out using the paper o0Slip device. The oSlip
was prepared for these experiments as follows. First, a 4.0 uL
aliquot of 940 pM aqueous KMnO, was dried under N, on the paper
tab of the slip layer (Scheme 1, layer c¢). The slip layer was
then aligned between layers b and d and the device was folded as
shown in Scheme 1. A piece of double-sided tape was attached to
the top of layer a to hold the oSlip in place, and then the
folded device was sandwiched between two acrylic plates. The
plates were clamped together with two binder clips. Finally, the
device was connected to the potentiostat leads and the
cylindrical magnet was inserted into a slot in the top acrylic
plate just above the working electrode (Figure S4).

The immunocomplex was prepared just as it was for the
conventional electrochemical cell (stepwise formation), and then
it was resuspended in 50.0 pL of 0.10 M PBS buffer (pH 7.4
phosphate buffer containing 0.10 M NaCl). The sample was then
injected into the inlet of the oSlip. After ~15 s, the paper

window turned blue, signaling that the 3D channel and sink

14
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(Scheme 1) were saturated with solution (approximately the entire
50.0 pL sample) and that flow had therefore stopped. At this cue,
the slip layer was pulled until the slip line (Scheme 1) became
visible. This positions the paper tab containing the predispensed
KMnO, directly under the working electrode, resulting in
diffusion of MnO, across the 180 pm thickness of the hollow
channel and oxidation of the AgNPs immobilized on the MuBs and
held directly under the working electrode by the magnetic force.
Just 12 s was required for complete oxidation of the AgNPs, and
then the electrode potential was stepped to a value that resulted
in reduction of Ag for 200 s. Finally, an ASV was obtained and
the area under the peak integrated.

The areas under the ASVs are plotted as a function of the
concentration of TFF3 in Figure lc. The shape of this plot is
similar to that obtained using the conventional cell: a linear
region at low TFF3 concentrations followed by a leveling off at
higher concentrations. The inset in Figure 1lc expands the linear
range for this assay: 0.005-0.10 pg/mL (recall the target range

6,12,13

is 0.03-7.0 pg/mL pg/mL) . Notice that the absolute magnitude
of the charge for a particular TFF3 concentration is higher by a
factor of two to four in the oSlip compared to the conventional
electrochemical cell. We reported this same observation in an
earlier preliminary publication that focused on detection of a
model complex,® and hence it may be a general finding. The higher
signal probably arises from the following factors: magnetic

concentration of the AgNPs at the working electrode, a larger

working electrode in the oSlip compared to the conventional cell,

15
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and confinement of Ag due to the thinness of the paper
electrochemical cell.

One important final point: when the TFF3 assay is carried
out in the o0Slip there is zero background. This is because only
AgNPs linked to the MpBs via TFF3 reside near the working
electrode: all other AgNPs pass by the electrode and end up in
the sink.

One-step formation and detection of the TFF3 immunocomplex.
Our long-term goal is to place all necessary reagents for oSlip
immunoassays directly on the sensor. This would simplify its
operation, because the user would only have to dispense the
sample at the inlet and then pull the slip layer at the
designated time. An important first step toward this goal is
determining if the TFF3 immunocomplex (MuB/spAb-TFF3-
mpAb/2°mpAb/AgNP) can be formed in a single step.

As described in the Experimental Section, the one-step
immunocomplex was formed by incubating TFF3, the AgNP/2°mpAb/mpAb
conjugate, and the MuB/spAb conjugate simultaneously. After this
single step, the immunocomplex was washed 3 times and was then
ready for electrochemical detection in the conventional
electrochemical cell. The resulting dose-response curve (Figure
2) reveals a region of increasing charge as the concentration of
TFF3 increases until a maximum is reached at ~0.10 pg/mL, and
then the signal decreases. The linear range (Figure 2, inset) 1is
from 0.025 - 0.10 pg/mL.

There are some important similarities and differences

between the results of the one-step assay, shown in Figure 2, and

16
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the stepwise version of this same experiment (Figure 1lb). The
similarities include the linear ranges (compare insets in the two
figures) and the magnitudes of the electrochemical signals in the
linear range. These observations suggest that there are no
fundamental barriers to carrying out formation of the
immunocomplex in a single step. The major difference between the
two data sets is the shape of the dose-response curves at high
TFF3 concentrations. The decrease in signal with increasing TFF3
concentration for the one-step assay is a consequence of the
well-known hook effect, which often adversely affects one-step
immunoassays when the target is present at high concentration.®”™
The results of the one-step assay are encouraging, but the
linear range of the assay (Figure 2, 0.025-0.10 pg/mL) is not
sufficiently coincident with the target range (0.03-7.0 ug/mL)

6,12,13

for urinary TFF3. In addition, it is important to optimize it
for a more realistic matrix than buffer. Accordingly, we focus
next on finding conditions that expand the working range of the
one-step approach to higher concentrations of TFF3 in artificial
urine.

Optimization of one-step incubation in artificial urine. In
this section we describe experiments intended to optimize the
TFF3 assay so that it covers a broader portion of the target TFF3
concentration range. Artificial urine was selected as the matrix
for the optimization process, because it is more similar to human
urine than buffer but not as complex and variable. Furthermore,

artificial urine is easier to prepare, handle, and store than

human urine.

17
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As a starting point for this study, we used nearly the same
experimental conditions described for the one-step assay carried
out in buffer. To find optimal conditions for the assay quickly,
however, we opted to use a standard ELISA assay (see Experimental
Section), rather than electrochemistry, to screen through key
parameters. Figure 3a (black data points) shows unoptimized data
for the ELISA assay using artificial urine as the matrix and one-
step formation of the immunocomplex. The shape of this dose-
response curve is similar to that shown in Figure 2, in that the
hook effect is apparent, but the useful dynamic range is more

than an order of magnitude broader (0.0005-1.0 pg/mL). This

difference can be attributed to one or more of the following
factors: the difference in incubation media (artificial urine vs.
buffer), the concentration of the MpB/spAb conjugate (twice as
much was used to generate the data in Figure 3a), and the
detection method (ELISA in Figure 3a and electrochemistry in
Figure 2). The relative contributions of each of these will
become apparent later.

To expand the dynamic range of the assay to higher TFF3
concentrations, the binding capacity of the MupB/spAb conjugate
was increased by increasing the amount of spAb used for reaction
with the MpBs to 50 pg/mL spAb (five times higher than was used
for the unoptimized data in Figure 3a). The effect of different
concentrations of this more antibody-dense MpB/spAb conjugate on
the assay was then examined. Figure Sla is a plot of the ELISA
signal as a function of the volume of the MuB/spAb conjugate

(concentration = 5.0 mg/mL) for a fixed TFF3 concentration of

18
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10.0 pg/mL. This TFF3 concentration was chosen because it is near
the upper limit of the target urinary TFF3 concentration
range.””"” The data in Figure Sla reveal a very slight increase
in signal as the amount of MpB/spAb increases, and therefore 80
pL of the MuB/spAb conjugate was selected as a compromise between
cost and performance.

After optimizing the MuB/spAb conjugate concentration, an
ELISA was performed by varying the concentration of TFF3. In this

case, the useful dynamic range was shifted from 0.0005-1.0 pg/mL

(Figure 3a) to 0.05-3.0 pg/mL TFF3 (Figure Slb), which is much
more closely matched to the desired range of 0.03-7.0 pg/mL.” ™"

At this point, we transitioned back to the electrochemical
oSlip to test these semi-optimized conditions. The results of
these experiments (Figure 3b) are nearly identical to those found
by ELISA, including the useful dynamic range of 0.05-3.0 pg/mL
TFF3.

The next step was to try to find assay conditions that
further expand the upper end of the dynamic range and reduce the
hook effect. Accordingly, we started with the optimized
concentration of the MpB/spAb conjugate and a TFF3 concentration
of 5.0 pg/mL (near the center of the clinical range), and then
the concentration of the other half of the antibody sandwich (the
AgNP/2°mpAb/mpAb conjugate) was varied. To speed up the screening
process, we again resorted to ELISA for making these
measurements. The results (Figure S2a) show that as the
AgNP/2°mpAb/mpAb conjugate concentration increases, the ELISA

signal also increases. This implies that the binding capacity of

19
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the AgNP/2°mpAb/mpAb conjugate, rather than that of the MpB/splAb
conjugate, limits the dynamic range of the assay.’ Accordingly,
we selected a AgNP/2°mpAb/mpAb concentration of 3.4 nM as
optimal. This value, which is six-fold higher than that used in
the earlier experiments, is a compromise between antibody cost
and assay performance. Using these optimized conjugate
concentrations, we carried out an ELISA as a function of the TFF3
concentration (Figure S2b). The dynamic range under these
conditions was unchanged at 0.05-3.0 pg/mL, but the hook effect
was nearly eliminated. This is apparent in Figure 3a where the
unoptimized and optimized ELISA dose-response curves are compared
over a TFF3 concentration range of 0 to 5 pg/mL.

Using these ELISA-optimized conditions, we next obtained a
dose-response curve for TFF3 using the oSlip (Figure 3c). The
results show that the dynamic range is extended at the low end
but not at the high end (0.0125-3.0 pg/mL) compared to the
equivalent experiment carried out using the pre-optimized oSlip
conditions (Figure 3b). Of course it would be best to expand the
range of the sensor to cover the entire relevant clinical range
(up to 11 pg/mL), but at least this process eliminated the hook
effect and that is a significant accomplishment.

Comparison of the optimized oSlip assay to other TFF3
assays. In this section, we discuss figures of merit for the
optimized TFF3 assay using the oSlip platform and artificial
urine as the matrix. The lowest detectable concentration of TFF3,
which we define as the lowest concentration of TFF3 for which the

standard deviation of the electrochemical signal does not overlap

20
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1

2

2 with the standard deviation of the blank, is 0.0125 pg/mL (0.75 +
g 0.08 uC or 947 £ 75 pM). On the basis of 10 replicate experiments
; performed in the absence of TFF3, the limit of blank, defined as
20 the average signal for these 10 replicates, is 0.49 £ 0.10 pC.
11

ig Accordingly, the dynamic range of the optimized assay extends

13 from 0.0125-3.0 pg/mL, spanning almost 2.5 orders of magnitude.
i? The average CV for the data is 17.8%.

ig A number of TFF3 assays have been reported in the

20 . D111 65 66 . . .

21 literature, "7 77" and in Table 1 we compare their figures of

gé merit to those of the oSlip assay. While the CVs and limits of
gg detection are more favorable for the previously reported assays,
3? the o0Slip assay has a comparable or broader dynamic range,

gg requires less than 10 min to perform, requires less steps, 1is

32 amenable to point-of-care settings, and is much less expensive.
g% Two additional points bear mention. First, the low end of the

gg dynamic range of the other TFF3 assays listed in Table 1 is ~1-3
g; orders of magnitude lower than the target range of 0.03-7.0

zg pg/mL, " and hence it is not very relevant from a biomedical

j; perspective. Second, more careful fabrication and assembly of the
ji oSlip would undoubtedly improve the CVs shown in Table 1.

jg To further benchmark the oSlip assay, we performed a side-
j; by-side comparison of its performance against results from a

gg commercial TFF3 ELISA kit obtained from R & D Systems.” To

g; directly compare the assays, we spiked known TFF3 concentrations
gi into artificial and human urine (tested beforehand to ensure

gg negligible intrinsic TFF3 concentrations; see Table S2 in the

g; Electronic Supplementary Information). The results of each assay
59
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were then compared to one another and to the known TFF3
concentrations.

To select appropriate conditions for the comparison, we had
to consider the capabilities of each assay. For instance, the
dynamic range for the R & D Systems assay 1is reported to be 39.0
- 2500 pg/mL and for the oSlip assay it is 0.0125 - 3.0 pg/mL.
Additionally, the R & D Systems assay reports a near-zero-signal

for concentrated artificial or human urine samples containing

2500 pg/mL of TFF3, which is the upper end of the linear range of

the assay (data not shown). As a result, for the R & D Systems

assay, we spiked known TFF3 concentrations into artificial or

human urine and then diluted the mixture by a factor of 500 using

the buffer provided with the kit (i.e., the concentration of
artificial urine is very low).” To match the assays as closely
as possible, we also diluted artificial and human urine by a
factor of 500 using 100 mM borate (pH 7.5) for the o0Slip assay.
The TFF3 samples used with the R & D Systems assay were
compared to a calibration curve (Figure S3) generated by
following the kit protocol.” The TFF3 samples used for the oSlip
assay were compared to a calibration curve generated in 100 mM
borate (pH 7.5) using the optimized conditions in Figure 3c.
Figure 4a shows the calibration curve for the o0Slip, and Figure
4b provides an expanded view of Figure 4a at the low end of the
TFF3 concentration range. An equation was fitted to the
calibration curve (over the range 0.00313-0.50 pg/mL) based on
the SGompertz dose-response function, and this function was then

used to determine the TFF3 concentrations in the spiked samples.

22
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Table 2 compares the spiked TFF3 concentrations determined
by the R & D Systems and oSlip assays. The percent relative

errors for samples compared between the two assays (Column 5) are

<15%, demonstrating good agreement. However, the percent relative

errors that compare the known (spiked) TFF3 concentrations to
those determined by the two assays spanned a much broader range
of values for both assays (Table 2, Columns 6 and 7). At least in
human urine samples, the level of accuracy of the two assays is
indistinguishable. The underlying reason for the surprisingly
large errors in both assays requires additional investigation.
Clearly, however, as a lab scale prototype there is still much
room for improving the oSlip assay, but it is reasonable to
expect better assay performance from the R & D Systems assay

which has been available commercially for many years.

Summary and Conclusions

In summary, we have developed a quantitative metalloimmunoassay
that can determine TFF3 concentrations in human urine with an
accuracy equivalent to a commercial kit. The oSlip assay 1is fast
relative to the R & D systems assay (<10 min compared to 270
min), and it is very simple to carry out. The oSlip assay is
sufficiently sensitive to detect TFF3 concentrations at the low
end of the target TFF3 concentration range (0.03-7.0 pg/mL) .7 """
The oSlip assay has a dynamic range of ~2.5 orders of magnitude,
but in its current form is not able to determine TFF3

concentrations at the high end of the clinical range. Additional

significant advantages of the approach used in the o0Slip are that

23



©CoO~NOUTA,WNPE

Analyst Page 24 of 40

it requires only a single incubation step, employs
environmentally stable metal NP labels instead of more sensitive
enzyme labels, and is compatible with an inexpensive,
manufacturable paper detection platform.

Despite the many positive aspects of the TFF3 o0Slip assay,
problems remain. First, its current configuration does not
support measurement at the high end of the target range of TFF3
concentrations. The high end of the urinary TFF3 range is
important, because they correlate with the presence of CKD." "
While the oSlip assay can indicate that the level of urinary TFF3
is abnormally high, without quantitation up to the highest level
of the target range, likelihood of CKD cannot be precisely
determined. Second, the accuracy of oSlip-based detection of TFF3
in spiked samples needs improvement. We believe that our recently
developed NoSlip device, which eliminates the slip layer, is
easier to fabricate reproducibly, and provides a better means for
oxidation of the AgNP labels will, at least in part, be able to

address these problems.’ The results of those experiments will be

reported in due course.
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Electronic Supplementary Information. Artificial urine
preparation, collection of urine samples, MuB/spAb conjugate and
AgNP/2°mpAb/mpAB conjugate preparation, AgNP/anti-TFF3 antibody
screening for TFF3 activity, a list of anti-TFF3 antibodies
screened for use as mpAb, plots of absorbance vs. MuB/spAb volume

and AgNP/2°mpAb/mpAb concentration for assay optimization, plots
of absorbance vs. TFF3 concentration for partially optimized and
optimized conditions, a table showing the unspiked TFF3
concentrations in human urine samples, the TFF3 dose-response
curve generated using the R & D Systems ELISA kit, a photograph
of the assembled o0Slip device, and a plot of absorbance vs.

incubation time for the one-step incubation are provided.
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Tables

Comparison of the TFF3 oSlip assay to literature and
commercial TFF3 ELISAs.

TFF3 Assay Lowest Detec@able Dynamic Range Intra- Total Assay Time
Type Concentration (107 pg/mL)° assay CV (min)
(10~ ug/mL)
oSlip 12.5 12.5-3000 17.8% 10
hbiteratyre 0.040 0.040-1.32 1.8-3.2% 100
Validation of
Commercial 0.25 0.25-2 3.6-6.4% -
ELISA’
Ll%iﬁiégre 0.78 0.78-100 6.0% -
Lliiizzﬁre 5 5-1250 1.6-4.2% 310
Commercial o
FLISA® 0.039 0.039-2.5 1.1-2.2% 270

[

based on two polyclonal antibodies.’
3. A literature ELISA using a mouse monoclonal antibody and a
rabbit polyclonal antibody."

1>

(Biovendor)

monoclonal antibody and a polyclonal antibody.”

6. The target range is 0.03-7.0 pg/mL.

29

6,12,13

A literature ELISA using two rabbit polyclonal antibodies.'

2. Testing performed on a commercial TFF3 ELISA

A literature ELISA using two mouse monoclonal antibodies.®
A commercial ELISA kit from R & D Systems based on a
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1

2

2 Figure Captions

g Figure 1. Electrochemical data for the TFF3 assays carried out in
; 100 mM borate (pH 7.5) using an immunocomplex prepared by

20 stepwise formation. (a) ASV scans obtained using the conventional
1; electrochemical cell. The linear scan voltammograms started and
ii ended at -0.10 V and 0.40 V (vs Ag/AgCl), respectively, and the
ig scan rate was 0.050 V/s. The supporting electrolyte was 67 mM

ig phosphate buffer containing 67 mM NaCl (pH 7.4). The TFF3

;g concentrations are indicated in the legend. (b) Plot of the

g% charge under the ASVs in (a) as a function of the TFF3

gi concentration. (c) Plot of the charge under ASVs (not shown) as a
gg function of the TFF3 concentration for assays carried out on the
gg 0oSlip. The supporting electrolyte was 100 mM phosphate buffer

§§ containing 100 mM NaCl (pH 7.4). The following information

gg applies to all results in this figure. The assay reagents were:
gg 20 pL of 10 pg/mL mpAb bound to 0.565 nM AgNPs via 10 pg/mL

g? 2°mpAb, 20 puL of aspirated 10 pg/mL spAb bound to 5 mg/mL MuBs,

%g and 20 uL of TFF3 at the indicated concentrations. The insets

j; indicate the useful dynamic ranges. Each data point represents

ji the mean of 3 replicates and the error bars represent one

jg standard deviation from the mean. Outliers were treated using

j; Dixon’s Q test.

49

50

g; Figure 2. Plot of the charge under ASVs (not shown) as a function
gi of TFF3 concentration for assays carried out using an

gg immunocomplex prepared by one-step formation. The data were

g; obtained using the conventional electrochemical cell. The

59
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immunocomplex was prepared in 100 mM borate (pH 7.5) and with the
assay reagents listed in Figure 1. The supporting electrolyte was
66.7 mM phosphate buffer containing 66.7 mM NaCl (pH 7.4). The
inset indicates the useful dynamic range for the dose-response
curve. Each data point represents the mean of 3 replicates and
the error bars represent the standard deviation of the mean.

OQutliers were treated using Dixon’s Q test.

Figure 3. Optimization of one-step incubation in artificial urine.
(a) Unoptimized and optimized TFF3 dose-response curves obtained
using spectroscopic detection. Unoptimized assay reagents are the
same as the assay reagents listed in Figure 1 except for the use

of 40 pL of 5 mg/mL MuB/spAb. Optimized assay reagents are

described in (c). (b) Partially optimized TFF3 dose-response
curve obtained using electrochemical detection on the oSlip.
Partially optimized assay reagents are the same as for the
unoptimized assay reagents in (a) except for use of 80 uL of
MuB/spAb, 50 pg/mL spAb, and 5 pg/mL mpAb. The supporting
electrolyte was 100 mM phosphate buffer containing 100 mM NaCl
(pH 7.4). (c) Optimized TFF3 dose-response curve obtained using
the o0Slip. Optimized assay reagents are the same as for the
partially optimized assay reagents in (b) except for use of 20 uL
of 3.390 nM AgNPs. The supporting electrolyte was the same as for
(b). The inset indicates the region of the useful dynamic range.
The following information applies to all results in this figure:

each data point represents the mean of 3-10 replicates and the

32



Page 33 of 40

©CoO~NOUTA,WNPE

Analyst

error bars represent the standard deviation of the mean. Outliers

were treated using Dixon’s Q test.

Figure 4. (a) TFF3 dose-response curve obtained by carrying out
sandwich formation in one step using 100 mM borate (pH 7.5) and
using the optimized assay reagent conditions described for Figure
3c. Electrochemical detection was performed on the oSlip. The
supporting electrolyte was 100 mM phosphate buffer containing 100
mM NaCl (pH 7.4). Each data point represents the mean of 6
replicates and the error bars represent the standard deviation of
the mean. Outliers were treated using Dixon’s Q test. (b) An
expanded view of the low-concentration range of the curve in (a).
The data were fitted to the SGompertz dose-response function in

OriginPro 8.
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Analyst

An inexpensive electrochemical paper biosensor that can
quantify TFF3, a kidney disease marker, in human urine in <10

min.

For TOC Only/ DeGregory et al.

40

Page 40 of 40



