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ABSTRACT A rapid and highly sensitive point-of-care (PoC)
lateral flow assay for phospholipase A, (PLA,) is demonstrated in
serum through the enzyme-triggered release of a new class of
biotinylated multiarmed polymers from a liposome substrate. Signal
from the enzyme activity is generated by the adhesion of poly-
streptavidin-coated gold nanoparticle networks to the lateral flow

Liposome

S ova’

&0

device, which leads to the appearance of a red test line due to the

test line

o° Streptavidin .

A Multivalent
Nanoparticle

Network

4
H
/

B
O

localized surface plasmon resonance effect of the gold. The use of a liposome as the enzyme substrate and multivalent linkers to link the nanoparticles

leads to amplification of the signal, as the cleavage of a small amount of lipids is able to release a large amount of polymer linker and adhesion of an even

larger amount of gold nanoparticles. By optimizing the molecular weight and multivalency of these biotinylated polymer linkers, the sensitivity of the

device can be tuned to enable naked-eye detection of 1 nM human PLA; in serum within 10 min. This high sensitivity enabled the correct diagnosis of

pancreatitis in diseased clinical samples against a set of healthy controls using PLA, activity in a point-of-care device for the first time.
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ily of phospholipase that catalyze the

hydrolysis of the sn-2 fatty acyl chain
of phospholipids to yield a fatty acid and a
lysophospholipid.’? PLA, could be a poten-
tial marker for diagnosing diseases includ-
ing atherosclerosis,> pancreatitis,* acute
sepsis,” prostate cancer,®” and lung cancer.?
The sensitivity of commercial assay kits for
measurement of PLA,; activity is well below
the levels required for clinical diagnosis (see
Supporting Information). Although many
sensitive assays have been developed,®'?
they typically use the more active venom
forms of the enzyme in simple buffers, and
a point-of-care assay sensitive enough to
detect human phospholipase A2 activity
at clinically relevant levels in serum is not
available.

Lateral flow testing has become the
standard bioassay format for point-of-care
diagnostic assays because these assays are
rapid, easy-to-use, portable, disposable,
and low-cost. The strip platform can detect

P hospholipases A2 (PLA,) are a subfam-
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clinically relevant analytes without highly
qualified personnel, complicated data anal-
ysis, or expensive equipment. The diagnos-
tic result can be obtained visually from the
color intensity of signals on the test line. The
utilization of modern imaging devices (e.g.,
cameras and smart phones) to capture and
analyze the colorimetric signals and trans-
mit the data off-site enables a long-distance
diagnostic of patient health.">'* Recently,
lateral flow assays of nucleic acids,’® RNA,'®
proteins,’” cancer cells,'® metal ions,'® and
small molecules®® have been reported.
Despite this, most examples of these assays
are affinity-based antibody tests or small-
molecule tests. The detection of human
phospholipase A2 activity on a lateral flow
device has not been reported.

To develop a point-of-care sensor of hu-
man PLA; activity, a lateral flow device was
designed by coupling gold nanotechnology
and multivalent interactions. Gold nanopar-
ticles (AuNPs) possess distinct physical and
chemical attributes that make them excellent
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Figure 1. (a) Lateral flow assay schematic. (i) Biotinylated PEG linkers loaded liposomes are incubated with PLA,, which
cleaves liposome and releases PEG linker. (ii) Polystreptavidin-coated gold nanoparticles (pStrept-AuNPs) are then
mixed with the liposome/PLA; solution, introduced to a lateral flow strip, and run up the nitrocellulose membrane by
capillary forces. A test line on the strip is preprinted with streptavidin as indicated by the green line. (iii) If the liposome
is cleaved, the linker will adhere pStrept-AuNPs to the test line by forming multivalent nanoparticle networks. (iv)
A representative lateral flow strip with a signal from bound AuNPs is shown. (b) Structures of biotinylated PEG linkers 1—5

investigated.
candidates for designing biological sensors?'~>*
Nanosized gold provides a high surface-to-volume
ratio with excellent biocompatibility, enabling
surfaces functionalized with biological ligands such
as peptides, DNA, and proteins. AUNPs possess unique
optoelectronic properties (e.g., surface plasmon reso-
nance and surface enhanced Raman scattering) that
are dependent on the size, shape, and the surround-
ing chemical environment?* For example, AuNPs
show a much higher molar extinction coefficient (¢)
(766 x 10° M~ cm ™' at 528 nm for 40 nm AuNPs)
than common organic dyes, such as rhodamine 6G
(e=1.16 x 10° M~ cm™" at 530 nm). The aggregation/
disaggregation of AuNPs induces interparticle surface
plasmon coupling, resulting in a visible color change at
nanomolar concentrations, which provides a practical
platform for colorimetric sensing of target analytes.?' =2’
Based on four-helix heteroassociation of peptide inter-
action induced AuNP aggregation, a sensitive assay for
snake venom phospholipase (vPLA,) was developed in
our previous work. 282

Multivalency, as characterized by simultaneous
binding of multiple ligands on multiple receptors, is
prevalent and essential in biological recognition
events.3*733 Modulating the valency of the interac-
tions between gold nanoparticles is expected to sig-
nificantly enhance the interparticle interactions and
hence increase the sensitivity of nanoparticle-based
bioassays.>* In this work we demonstrate the design of
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a class of biotin-conjugated multiarm PEG linkers and
employ them to fabricate a highly sensitive lateral flow
device for the point-of-care detection of phospholi-
pase A2 in serum.

RESULTS AND DISCUSSION

A schematic of the assay design is shown in
Figure 1a. In the first step, enzymatic cleavage of
phospholipids by phospholipase A2 causes the release
of biotinylated multiarm PEG linkers from a liposome.
This solution is then mixed with polystreptavidin-
coated AuNPs (pStrept-AuNPs) and driven by capillary
forces to flow up a nitrocellulose membrane. The
poly(ethylene glycol) (PEG) linkers adhere the
pStrept-AuNPs to a test line of streptavidin via bio-
tin—streptavidin affinity, and the signal can be read
with the naked eye due to the localized surface plas-
mon resonance (LSPR) effect of the AuNPs. If no
enzyme (and thus no linker) is present, the pStrept-
AuNPs should flow past the test line without adhering.
The assay employs two signal amplification mechan-
isms. the first amplification coming from the release
of multiple PEG linkers from a single liposome and
the second coming from the network of gold nano-
particles that can form on the test line through multi-
valent interactions. Because the signal is generated
by biotin—streptavidin interactions, the device should
work very sensitively even in high concentrations of
serum.
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Figure 2. Comparison of linker sensitivity as measured on lateral flow strips in 10 mg/mL BSA in PBS. Signal strength vs PEG
concentration is shown (a) for all five linkers with 2 uL of pStrept-Au and (b) for linker 2 with 0.5, 1, 2, and 4 uL of pStrept-Au.
Sigmoidal fits for each data set are shown. (¢, d) Example photographs of the test strips after being run with linker 2 and (c)

4 uL and (d) 2 uL of pStrept-Au.

Development of PEG Linkers. A variety of multiarm PEG
linkers (Figure 1b and Table S1) were synthesized by
standard amide coupling of biotin to dendrimeric
amine-terminated PEG molecules. Various molecular
weights and dendrimer generations (2—8 arm
molecules) were studied. The effect of charge was
investigated by preparing Asp-Asp-Biotin via solid
phase peptide synthesis (SPPS) on rink amide resin
and then coupling this instead of biotin to the PEG. The
biotin functionalization was confirmed by 'H NMR
(Supporting Information, Figure S1) and by a HABA/
avidin assay. The efficiency of the linkers in forming
multivalent nanoparticle networks was evaluated on
nitrocellulose test strips (CN140) by measuring the
amount of signal generated from the adhesion of
40 nm AuNPs coated with polystreptavidin to the test
line. For each PEG linker the strength of the signal was
plotted against PEG concentration and the data were
fit to a sigmoidal curve (Figure 2a). A set of representa-
tive photographs of these test strips is shown in
Figure 2¢,d. The midpoint of this sigmoidal fit was used
to evaluate the efficiency of biotinylated PEG to cross-
link pStrept-AuNPs, expressed as an ECso. The high
intensity of the signal at optimum linker concentrations
demonstrates the capability of PEG linkers to generate
multivalent nanoparticle networks.

As shown in Figure 2a, linker 1 was the worst
performing of the PEG linkers we investigated, requir-
ing a concentration of more than 1 uM of PEG to
generate a strong signal from the adhesion of
pStrept-AuNPs to the test strip. This was unsurprising,
as the linker had only two biotin functionalities per
chain. In this case the chance of intraparticle binding
of linker 1 would be expected to be relatively high.
Even for interparticle binding, the monovalent affinity
between two nanoparticles would not be expected to
be as strong as in the case of the multiarm PEG systems.
Increasing the number of biotin functionalities per PEG
molecule was found to improve the sensitivity of the
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system markedly. Linkers 4 and 5, prepared from the
four- and eight-arm PEG molecules, respectively, both
showed ECsq's of approximately 20 nM, representing
more than an order of magnitude improvement in
sensitivity over the bifunctional linker 1. The maximum
signal intensity was also enhanced significantly by
using these multiarm linkers, indicating the formation
of stronger AuNPs networks. It is interesting that the
four-arm (linker 4) and eight-arm (linker 5) dendrimers
demonstrated similar sensitivity despite the presence of
almost twice as much biotin per molecule in the case of
the eight-arm dendrimer. This is likely because both PEG
molecules, which we estimate to have a Flory radius of
<5 nm,* are small relative to the 50 nm pStrept-AuNPs
(Figure 3a). Because of this, once a PEG linker has
cross-linked two or three pStrept-AuNPs even if free
biotin groups remain, there should be no space for
further nanoparticles to access them, explaining why
increasing the number of arms above four had little
effect on sensitivity. Similarly, the molecular weight of
the PEG was also found to have little effect on sensitivity.
As can be seen in Figure 2a, the four-arm PEG linkers
with different molecular weights (linkers 3 and 4) dis-
played very similar response curves. However, the in-
clusion of a negative charge onto the end of each PEG
arm was found to dramatically improve sensitivity, as
can be seen by comparing linkers 2 and 3. Both of these
linkers were prepared from the same PEG starting
material, but linker 2, which contained one carboxylic
acid group per biotin, demonstrated almost three times
higher sensitivity and stronger signal. We hypothesize
that without this negative charge the hydrophobic
nature of biotin causes some aggregation of the biotin
groups in water, preventing the display of the groups on
the surface of the PEG linker and reducing the efficiency
with which it can cross-link the pStrept-AuNPs. The
introduction of the negative charge would be expected
to cause the molecule to swell to a larger hydrodynamic
radius and more effectively cross-link two different
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Figure 3. Aggregation of 40 nm pStrept-AuNPs with PEG linker 2 in PBS. TEM images of pStrept-AuNPs (a and b); with 40 nM
(c); and with 5000 nM (d) of linker 2. Scale bar (a—d) = 20, 500, 200, and 200 nm, respectively. (€) UV/vis and (f) DLS spectra of

AuNPs after 20 h incubation with linker 2.

nanoparticles as we observe experimentally. At very
high concentrations of linker, approximately 30 uM
PEG in the case of linker 2, the signal from the binding
of pStrept-AuNPs to the test strip is greatly reduced.
Presumably, at this concentration the PEG linker is in
such excess that it coats the gold entirely, using up all
the available streptavidin sites and preventing the
aggregation of the particles. The effect of gold concen-
tration on the signal was also investigated (Figure 2b).
Higher concentrations of pStrept-AuNPs resulted in
stronger signal, but slightly decreased sensitivity. The
ECs, of linker 2 was found to increase from 2.7 nM to 3.6,
4.7, and 6.8 nM as the volume of pStrept-AuNPs was
increased from 0.5 uL to 1, 2, and 4 uL, respectively. At
4 uL of Strept-Au the background due to nonspecific
adsorption of the particles on the strip below the test
line is quite significant (Figure 2c), and so in order to
retain a sensitive assay with a high signal intensity but
low background, we chose to use 2 uL for all subsequent
experiments.

The results from the test strip experiments were
confirmed using UV/vis spectroscopy, dynamic light
scattering (DLS), and transmission electron microscopy
(TEM). As shown in Figure 3a and b, pStrept-AuNPs are
well dispersed in solution, with the diameter of 40 nm
and a uniform shell of ~5 nm. The shell thickness is
close to the diameter of streptavidin (4 nm),*® indicat-
ing a single-layer coating on AuNPs. At a linker 2
concentration of 8—40 nM, strong aggregation of the
pStrept-AuNPs into a multivalent nanoparticle network
was observed by TEM (Figure 3c), and the hydrody-
namic diameter of the particles as measured by DLS
(Figure 3e) increased from approximately 40 nm to
almost 1000 nm in both cases. The UV/vis spectrum of
the pStrept-AuNP solution (Figure 3f) shows a shift of
only 10—15 nm, much less than other AuNP systems.**
This is presumably due to the large distance between
each AuNP inside the multivalent nanoparticle net-
works. In the case of networks from the four-arm PEG
(2 kDa), for example, the extended length of each PEG
chain would be ~6 nm, and the total distance between
two AuNPs would be expected to be greater than
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20 nm. This limits the extent of the LSPR peak shift
after aggregation of the particles. As the concentration
of linker was increased to 5 uM, the amount of aggre-
gation was significantly reduced (TEM in Figure 3d)
with a small SPR shift of <5 nm. The average hydro-
dynamic diameter from DLS was measured to be
100 nm, suggesting weak aggregation of AuNPs. These
results support the results from the test strips at high
linker concentrations.

Measurement of Human PLA, Activity in Serum. In order to
test the sensitivity of the full assay, the activity of phos-
pholipase A2 (vPLA,, Naja mossambica mossambica)
was measured against 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) liposomes. As linker 2 was
determined to be the most sensitive, unilamellar lipo-
somes (~200 nm) loaded with this linker were pre-
pared by an extrusion method and purified by gel
filtration through a Sephadex G-100 column. TEM
and DLS were used to confirm the narrow size distribu-
tion of the liposomes (see Supporting Information,
Figures S3—S5). The liposomes, enzyme, and assay
buffer containing 10 mg/mL BSA in PBS were mixed
together in a droplet on Parafilm wax and incubated
together at room temperature. After this incubation,
pStrept-AuNPs were added and the mixture was in-
troduced to the test strips. After 5 min, the strips were
washed with a solution of BSA in PBS (10 mg/mL) to
remove any unadhered AuNPs. The resulting signal
was read using a commercial lateral flow device reader
against a reference line from an assay run with 2 ul
of Tween 20 (10 wt %). Increasing the concentration
of linker loaded inside the liposome was found to
improve the sensitivity of the assay toward vPLA,
(Figure 4a), and optimum sensitivity was observed at
0.2 mM linker. Increasing the concentration of lipo-
somes in the assay was found to have a limited effect
on the sensitivity, presumably because at the lowest
concentration tested (2 ul) the concentration of lipo-
somes is far higher than the concentration of enzyme.
Under these conditions the limit of detection was
determined to be below 0.5 nM vPLA,. Not only is this
assay format significantly faster than the traditional
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Figure 4. Sensitivity of the lateral flow assay to PLA, using liposomes loaded with linker 2. (a) POPC liposomes (2 or 5 ulL)
loaded with 0.05, 0.1, and 0.2 mM of linker against vPLA,; in PBS assay buffer. Photographs of the 2 uL liposome loaded with
0.2 mM linker 2 are shown. (b) Comparison of the lateral flow device (LFD assay) on CN95 and CN140 membranes with the
commercial life sciences fluorescence assay for detection of PLA2GIB activity. LFD assay was performed using POPG
liposomes with a HEPES assay buffer.n =3, SD shown in the error bar. Representative photographs of the test strips are shown
for both the CN140 (left) and CN95 (right) series. (c) POPG/POPC (50/50, 80/20, and 100/0 w/w) liposomes against PLA2GIB in
1:1 serum/HEPES assay buffer. Photographs from the 80/20 POPG/POPC series are shown. (d) POPG liposomes against
PLA2GIB in 1:3 (pictures shown) and 1:1 serum/HEPES assay buffer. All liposomes were incubated for 10 min with the enzyme
before addition of pStrept-AuNPs unless otherwise indicated.

fluorescence-based assays, it is also approximately an with a commercial Invitrogen assay for PLA,. As with all
order of magnitude more sensitive compared to the existing commercial assays for PLA,, this assay is based
widely used carboxyfluorescein quenching method, on the increase in Forster resonance energy transfer
which gives a detection limit of ~1.0 nM.2° The lipo- (FRET) signal from lipid cleavage and thus is not
somes were found to be very stable, and no increase in amenable to application at point of care. As can be
background signal due to the leakage of PEG linker was seen, the point-of-care lateral flow device assay de-
observed over 3 weeks (see Supporting Information, scribed here demonstrates a limit of detection at
Figure S6). It is likely that long-term storage of lipo- almost 2 orders of magnitude less hPLA2GIB than the

somes for applications in commercial devices could be commercial assay. Two different nitrocellulose mem-
achieved by drying them in sugar glasses, and this is a branes with different running speeds were compared
subject of ongoing investigation.>’ (see Supporting Information, Table S3, for technical

In order to establish clinical relevance, we wanted specifications). The faster running CN140 membrane
to translate the assay from the measurement of the was found to result in a slightly lower top signal than
activity of snake enzyme (vPLA;) to the less active the slower CN95 membrane, but also gave a slightly
human form (hPLA,). Here a recombinant form of lower ECsq value. As the top signal was strong in both
human pancreatic phospholipase A, (PLA2GIB) was cases and because the CN140 membrane enables a
used, since it is a potential biomarker in serum for faster assay speed, this membrane was used in all
acute pancreatitis. It is reported that PLA2GIB binds subsequent experiments.
to liposome membrane in the trimeric form through The POPC/POPG and pure POPG liposomes were
the back, positively charged surface.**® Hence we  found to be stable in 1:1 mixtures of HEPES buffer
hypothesized that PLA2GIB should be more active and serum, and this enabled the translation of the
toward lipids with negatively charged head groups assay into clinically relevant media. In POPC/POPG
than toward neutral lipids such as POPC. To this end, (50/50 w/w) liposomes, no signal at up to 10 nM of
negatively charged liposomes were prepared from hPLA2GIB in serum was observed, but as expected, as
either mixed POPC/POPG or pure POPG with the the ratio of POPG was increased, the sensitivity of the
encapsulated linker 2. The increased negative charge assay toward the enzyme improved (Figure 4c). The
of these liposomes relative to the POPC liposomes was 100% POPG liposomes were found to be the most
confirmed by zeta potential, which was observed to sensitive, and the limit of detection of hPLA2GIB in
drop from —2.4 mV in the case of the POPC liposomes serum was determined to be 1 nM, in either 1:1 or 1:3
to —33.2 mV in the case of the POPG liposomes (see dilutions of serum:HEPES assay buffer (Figure 4cd).
Supporting Information, Table S2). The hPLA2GIB was No nonspecific binding of pStrept-AuNPs to the test

indeed found to be highly active toward pure POPG line was observed even at this high concentration
liposomes, and ECsy's below final enzyme concentra- of serum. Such a limit of detection gives the assay
tions of 0.1 nM could be achieved in HEPES buffer. excellent applicability for the clinically relevant range

In Figure 4b, the POPG lateral flow assay is compared of 1-10 nM.** Slightly improved sensitivity was
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Figure 5. (a) LFD standard curves showing equal sensitivity
toward hPLA2GIB at different concentrations of PLA2GIIA
inhibitor. (b) LFD results from a 10 nM PLA2GIB control
sample (CTL), 8 pancreatic sera samples (#018, #022, #027,
#016, #023, #004, #007, and #017), and 10 healthy sera
controls (SL A—J). Dotted line indicates a clearly visible
signal. Inset: Box plots showing the 25th, median, and
75th percentile for the pancreatic (P, n = 8) and healthy
(H, n = 10) samples. Whiskers are drawn showing the 10th
and 90th percentile, and the open squares indicate the
mean LFD signal in each set.

observed when the liposomes and enzyme were
incubated for 20 min instead of 10 min before intro-
duction of the AuNPs and the test strip, although the
effect was marginal (Figure 4d).

Diagnosis of Acute Pancreatitis. Before moving on to
the measurement of hPLA, in clinical samples to
determine the suitability of the assay to diagnose acute
pancreatitis, it was important to ensure that only the
pancreatic form of PLA, would interact with the lipo-
somes. Endogenous hPLA,; can be found in two major
forms in serum: group IB (PLA2GIB), which is known to
be the pancreatic form of the enzyme and a good
marker for acute pancreatitis, and group IIA (PLA2GIIA),
which is an inflammatory enzyme that can be present
for a variety of other reasons including sepsis,* rheu-
matoid arthritis,* and various cardiac conditions.****
Because POPG liposomes were found to be equally
sensitive to cleavage by both (Supporting Information,
Figure S7), it was important to inhibit the PLA2GIIA
form of the enzyme using the commercial inhibitor
LY311727 before measuring the PLA2GIB activity in
any clinical serum samples.** Incubation of enzyme
with 10 uM of this inhibitor for 1—10 min in diluted
serum was found to completely remove activity of up
to 200 nM recombinant PLA2GIIA in control sera and
endogenous PLA2GIIA from a range of healthy sera
(Supporting Information, Figure S8). The specificity of
the inhibitor toward the GIIA form of the enzyme was
found to be extremely high, and despite completely
removing all PLA2GIIA activity, the inhibitor was found
to impart no loss in activity of 1—10 nM of the GIB form,
even when no GIIA was present (Figure 5a).

To test the clinical relevance of the device, we used
this assay format to measure the PLA2GIB activity
in a series of sera samples from emergency room
patients diagnosed with acute pancreatitis. Because
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the commercial activity kit could measure serum
activity of only 50 nM PLA, (Figure 4b), it was not
able to detect any activity in these sera. Therefore, a
comparison of our assay to existing tests was not
possible on these samples. All of the pancreatitis
samples were collected within 24 h of admittance
to the hospital and showed elevated levels of both
amylase and lipase (Supporting Information, Figure
S9), confirming the diagnosis. All samples were diluted
(1:3) with assay buffer containing 10 uM of inhibitor
and left for 10 min before addition of the liposomes.
The signals generated by the samples from patients
with pancreatitis were compared with the signals from
a set of healthy control sera that were purchased
through Seralabs. As can be seen from Figure 5b,
all except one of the pancreatitis samples showed
significantly stronger signals than any of the healthy
control samples.

These results demonstrate the design of a point-of-
care test with sufficient sensitivity and selectivity to
detect the GIB form of human PLA, in the presence of
the GIIA form in serum for the diagnosis of acute
pancreatitis. The format of the assay makes it immedi-
ately applicable to the design of a commercial assay.
We were able to show that the gold nanoparticles can
be incorporated directly into the laminar flow strip
rather than premixed with the serum and liposomes
without loss of sensitivity toward hPLA2GIB (see
Supporting Information, Figure S10). In addition we
were able to show the incorporation of an internal
control line by printing rabbit IgG above the test line
and mixing AuNPs conjugated to a goat anti-rabbit
antibody with the pStrept-AuNPs before running the
assay (see Supporting Information, Figure S11). Both of
these results demonstrate the assay to be highly robust
and in a format that could be immediately applied to
a commercial product and used at point of care.

CONCLUSIONS

A class of biotinylated multiarm PEG linkers was
designed and exploited to trigger the aggregation of
polystreptavidin-coated gold nanoparticles at high
sensitivity. The formation of multivalent nanoparticle
networks via multivalent interactions was demon-
strated by TEM, DLS, UV/vis, and lateral flow strip test.
The performance of PEG linkers could be significantly
enhanced by increasing the number of PEG arms or
introducing a charge group to biotin, owing to the
enhanced multivalent interactions. A very sensitive
lateral flow device for hPLA, (as distinct from the more
active snake venom PLA,) was designed by using four-
arm PEG linkers, which was able to give a detection
limit of T nM in serum and 0.1 nM in buffer. Such high
sensitivity enabled the accurate diagnosis of acute
pancreatitis in clinical samples using a point-of-care
device. The assay can be completed within 20 min
without complex analysis, expensive machine, or
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highly trained personnel. The result of the lateral flow
assay was captured and transduced by smart phone

EXPERIMENTAL SECTION

Reagents. Phospholipase A2 from Naja mossambica mos-
sambica, avidin, hydroxyazobenzene-2-carboxylic acid (HABA),
bovine serum albumin (BSA), and human serum from human
male AB plasma (control serum) were purchased from
Sigma-Aldrich (UK) and used without further purifica-
tion. Human sera (female only individual) were pur-
chased from Sera Laboratories International Ltd. (UK).
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho(1’-rac-glycerol)
(POPG) were purchased from Avanti Polar Lipids (Alabaster, AL,
USA). Phospholipase A2 inhibitor LY 311727 was purchased
from Tocris Bioscience (UK). Recombinant human phospholi-
pase A2 group IB/PLA2GIB and group IIA/PLA2GIIA were bought
from R&D Systems. AuNP solution (40 nm) was from BBI
Solutions. Multiarm PEG amines were bought from JenKem
Technology (USA). Polystreptavidin and nitrocellulose mem-
branes with a polystreptavidin test line were obtained from
Alere (UK). The lateral flow strips, produced from CN140 and
CN95 nitrocellulose membranes, were provided by Mologic Ltd.
(UK). The strips were 25 mm long and 5 mm wide. The distance
between the test line and the bottom of the strip was 7 mm.

To prepare polystreptavidin-coated AuNPs, polystreptavi-
din (1 mg/mL, 50 uL) was added to a suspension of citrate-
stabilized 40 nm gold nanoparticles in 20 mM borate buffer
(pH 9.3). After 30 min, 100 uL of BSA (20 mg/mL) was added, and
the suspension was left overnight at 4 °C. The nanoparticles
were purified by centrifugation at 4000g and subsequent
replacement of the supernatant four times with borate buffer.

Synthesis of Biotin-Functionalized PEG Linkers. Biotinylated
PEGs were synthesized by direct coupling of biotin or Asp-
Asp-biotin to PEG using the 1-ethyl-3-[3-(dimethylamino)
propyllcarbodiimide hydrochloride (EDC)/N-hydroxysuccini-
mide (NHS) method. Typically, four-arm PEG (0.1 mmol,
200 mg), EDC (1.0 mmol, 192 mg), NHS (0.5 mmol, 58 mg),
and biotin (1.0 mmol, 224 mg) were added in DMSO and stirred
for 48 h. The product was applied to dialysis against water using
dialysis tubing (MWCO 1000).

HABA/Avidin Assay. Quantification of biotin was conducted
using HABA/avidin reagent. Briefly, the HABA/avidin reagent
was prepared according to the manufacturer's instructions by
adding 10 mg of avidin and 600 L of HABA solution (24.2 mg in
9.9 mL of water and 0.1 mL of T M NaOH) to 19.4 mL of PBS. The
absorbance before and after addition of 20 uL of PEG linker in
water to 180 ulL of the HABA/avidin solution was measured at
500 nm using a UV/vis spectrometer. The concentration of
biotin was determined from the quenching of the HABA
absorbance by biotin, using the Beer—Lambert law (where ¢ =
34500M~'em ™', and /=1 cm).

[Biotin] = (Absipitiai(180,/200) — Absgnal)/

Liposome Preparation and Characterization. PEG linkers-loaded
unilamellar liposomes were prepared by extrusion through a
200 nm membrane. In detail, the lipid solution in chloroform
was first dried under a stream of nitrogen, then placed under
vacuum for at least 2 h to remove any residual solvent. The dried
lipid film containing 5 mg of lipid was then rehydrated in 1 mL of
0.2 mM PEG linkers in buffer solution and vortexed. The result-
ing solution was extruded 19 times through a polycarbonate
membrane with 200 nm pores (Nucleopore). Untrapped PEG
linkers were removed from the liposome suspension by gel
filtration through a Sephadex G-100 column (20 cm x 0.5 cm).
The liposome solution was diluted to 1.0 mg/mL of lipid
concentration, stored at 4 °C, and used within 2 weeks.

Transmission electron microscopy was performed on a JEOL
2000FX (working voltage of 200 kV) by a negative-staining
method with 1.0 wt % uranyl acetate solution as the staining
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and could meet the criteria of a long-distance point-
of-care diagnostic.

agent. Dynamic light scattering and zeta potential were mea-
sured on a Malvern Zetasizer Nano ZS (Malvern, UK).

Analytical Procedure. To evaluate the performance of different
PEG linkers, 2 ulL of polystreptavidin-coated Au nanoparticles
were mixed with PEG linkers in PBS buffer containing 5 mg/mL
BSA on a piece of Parafilm wax. The mixture was applied to
CN140 lateral flow strips, and the strips were washed with a
solution of BSA in PBS (10 mg/mL) to remove nonspecific
binding Au nanoparticles.

For lateral flow assays against vPLA,, 0.2 mM linker 2 was
incorporated in POPC liposomes with the final lipid concentra-
tion of 1 mg/mL. On a piece of Parafilm wax, 2 or 5 uL of
liposome solution was incubated with vPLA, in 20 uL of PBS
assay buffer containing CaCl, (2 mM) and BSA (10 mg/mL) for
10 min at room temperature. A 2 uL amount of pStrept-AuNPs
was then added, and the mixture was introduced to the CN140
test strips. Capillary forces drive the solution to run up the strips
within 2 min. The strips were then washed with a solution of BSA
in PBS (20 mg/mL) to remove any unadhered gold. For assays
against hPLA,, 0.2 mM linker 2 in HEPES (50 mM)/NaCl (150 mM)
was incorporated in POPG or POPC/POPG (20/80 or 50/50 w/w)
liposomes and diluted to a final lipid concentration of 1 mg/mL
after purification. A 5 ulL portion of liposomes was mixed with
20 ulL of serum diluted in assay buffer containing HEPES
(50 mM), CaCl, (20 mM), NaCl (150 mM), and BSA (10 mg/mL)
and incubated with the enzyme before addition of 2 uL of
pStrept-AuNPs as above. After this the solution was introduced
to the test strips and washed with 20 uL of HEPES assay buffer. In
all cases the signal on the test line was recorded using a
commercial lateral flow device reader from Forsite Diagnostics
(LFDR101). The test line was measured relative to a reference
line, which was created by running a strip with 5 uL of POPG,
20 uL of HEPES assay buffer, 2 uL of pStrept-AuNPs, and 2 ulL of
Tween 20 (10 wt %). Lateral flow devices with AuNPs predried
on the strip were prepared by drying 4 uL of pStrept-AuNPs on a
glass fiber pad, which was adhered to the bottom of the test
strip. These devices were run as above, but were washed with
55 ul instead of 20 uL of assay buffer.

Internal Control Line Experiments. Test strips were prepared on
CN140 nitrocellulose membranes with a polystreptavidin test
line as above and with a control line of rabbit IgG. Both were
printed from a T mg/mL solution in PBS. A goat anti-rabbit gold
conjugate using the same method as for the pStrept-AuNPs and
both populations of nanoparticles were mixed prior to running
the devices as above.

Clinical Sample Collection. Clinical pancreatitis samples were
collected at Hammersmith Hospital, London, UK, between
March and May 2013. Informed written consent was obtained
in each case, under approval by the local ethics committee (REC
reference 09/H0712/82, Imperial College London REC, London,
UK). Diagnosis of acute pancreatitis was confirmed by biochem-
istry +/— imaging. Blood was collected in BD SST Vacutainers,
and serum prepared according to manufacturers' instructions,
in line with routine clinical practice. The supernatant was stored
in aliquots at —80 °C.

Assays on Clinical Serum Samples Using the PLA2GIIA Inhibitor. Phos-
pholipase A2 inhibitor LY 311727 was dissolved in DMSO to
prepare the stock solution and then diluted in HEPES (50 mM,
pH7). A 5 uL amount of serum was then mixed with 15 uL of
HEPES assay buffer containing the appropriate concentration of
LY 311727. The solution was left to stand for 10 min before
addition of 5 uL of POPG liposome. After a further 10 min, 2 uL of
polystreptavidin-coated Au nanoparticles was added and the
mixture was introduced to the CN140 test strips. The strips were
washed with HEPES assay buffer containing 10 mg/mL BSA.

Amylase Activity. Amylase activity on the clinical samples was
determined using the Randox amylase activity assay calibrated
against porcine pancreatic amylase. A 4 uL sample of serum was
added to 62.5 uL of solution 1 and 12.5 uL of solution 2, and the

VOL.9 = NO.3 = 2565-2573 = 2015 K@N&NJK)\

WWwWW.acsnano.org

WL

2571



rate of absorbance change at 405 nm between 10 and 20 min
after substrate addition was measured.

Lipase Activity. Lipase activity was measured using 1,2-di-O-
lauryl-rac-glycero-3-(glutaric acid 6-methylresorufin ester)
(DGGR). An assay buffer at pH 8.4 was prepared containing Tris
(41 mM), colipase (1 mg/L), sodium deoxycholate (1.8 mM),
sodium taurodeoxycholate (7.2 mM), and CaCl, (0.2 mM), and a
substrate buffer was prepared at pH 4.0 containing tartrate
(1.6 mM), DGGR (0.2 mM), and CaCl, (0.2 mM). The assay was
performed by mixing 5 uL of serum with 150 uL of assay buffer
and 15 ul of substrate buffer. Fluorescence (Aex =529 nm, Aer, =
600 nm) was measured, and the rate of change between
10 and 20 min after substrate addition was used to generate
the reading.
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