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Aptamer selection against alpha-defensin human neutrophil
peptide 1 on an integrated microfluidic system for diagnosis
of periprosthetic joint infections

A novel integrated system for SELEX automation was
developed to screen the aptamers specific to HNP 1in
diagnosing periprosthetic joint infection (PJI). A unique
approach of positivetnegative+tcompetitive selection was
performed for aptamer screening with high selectivity
and specificity. The aptamer-based ELISA-like assay could
significantly distinguish between synovial fluid of PJI
(positive) and non-PJI patients (negative).
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Periprosthetic joint infections (PJls) arising from joint arthroplasty are dreadful, yet difficult to diagnose in
subtle cases. Definite diagnosis requires microbiological culture to confirm the causative pathogens.
However, up to 40% of culture-negative PJl needs other surrogate biomarkers such as human neutrophil
peptide 1 (HNP 1) to improve diagnostic accuracy or gauge therapeutic responses. To devise a diagnostic
method, systematic evolution of ligands by exponential enrichment (SELEX) (five rounds) was used to
screen PJl biomarkers on a compact (20 x 20 x 35 cm), integrated microfluidic system equipped with two
separate Peltier devices and one magnetic control module where an aptamer with high affinity and
specificity for HNP 1, which has been used as one of the synovial fluid (SF) biomarkers for detecting PJI,
was identified for the first time. Two rounds of negative selection (with immunoglobulin G & human serum
album) on-chip followed by one round of unique “competitive selection” with SF extracted from PJI
patients validated the specificity of the HNP 1 aptamer. The dissociation constant was measured to be 19
nM. The applicability of SF HNP 1 levels for diagnosing PJI was then verified by a new aptamer-based
enzyme-linked immunosorbent assay (ELISA)-like assay. It is envisioned that this new aptamer and the
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Introduction

Total joint arthroplasty (TJA) is a surgical procedure in which
a damaged or arthritic hip, knee, shoulder, wrist, or other
joints are replaced with synthetic materials. Hip and knee
TJA are the most common and account for 25% of TJA in
those <65 years of age."” In the United States of America
(USA) alone, one million TJA cases are performed annually
and this is expected to increase to four million by 2030.?
Despite being among the most successful procedures,
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associated assay could be used in future clinical applications.

complications are nevertheless reported; for instance,
periprosthetic joint infections (PJIs) occur in 1-2% of all TJA
instances. PJI induces several symptoms such as fever, acute
pain, joint inflammation, functional incapacitation, and
prolonged post-operative wound discharge; severe cases can
even lead to death. According to previous studies, PJI has a
five-year mortality rate of 22% and 21% for knee* and hip
arthroplasties, respectively.” Prolonged, costly treatments can
financially and emotionally burden PJI patients, due to the
requirement of prompt intervention and costly procedures
utilizing considerable resources; the treatment costs are
expected to reach 1.85 billion USD annually by 2030 within
the USA.°

Due to the non-specific nature of the symptoms, it is
challenging to diagnose PJI though; pre-, intra-, and post-
operative examinations of blood and synovial fluid (SF) must be
undertaken.”® Such tests are not practical in many cases since
they are relatively costly, exhibit relatively low sensitivity/
specificity and require time-consuming processes, meaning that
an early diagnostic method tackling these issues is of great need.
The Musculoskeletal Infection Society (MSIS) has deemed a
standardized definition of PJI° and has further contributed to
the 2013 International Consensus Meeting (ICM)."° The

This journal is © The Royal Society of Chemistry 2022
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provided data and definitions have been readily recognized
worldwide among medical research groups and surgeons
effectuating drastic improvements in diagnosis and course of
treatment of PJI. A patient is identified with PJI if they meet the
major criteria and minor criteria.'® These definitions have been
revised in the second ICM in 2018 and pre-operative diagnosis
was further defined in order to identify PJI with satisfactory
accuracy. One of such biomarkers with the highest score listed
in the ICM list is SF under which positive alpha-defensins (AD)
act as putative PJI biomarkers." AD, including the human
neutrophil protein (HNP), belong to a family of antimicrobial
peptides that are released by neutrophils in response to
pathogens.” Immunoassays for SF AD detection (HNP 1-3) are
highly sensitive and specific, though normally only presence/
absence data are yielded and show similarity with pre-operative
results of the MSIS.'* This makes it a powerful and potent
biomarker in detecting PJI. Usually, the tests for AD are reported
in terms of negative and positive tests. However, the sample-to-
cutoff ratio and its absolute value are still under extensive
investigation.”> The major challenges in detection of human
neutrophil peptide 1 (HNP 1) is the unavailability of simple test
kits that most institutions lack despite their prospective utility.
Furthermore, relying on mailing samples to specialized labs,
which leads to relatively expensive and rigorous tests to obtain
biomarker results, can hinder the prognosis of PJI patients.
Different domains of AD have been integrated into a
certain ratio,” yet most antibodies target all three HNPs.
Currently, the main focuses are on the combined properties
of HNP 1-3, irrespective of the different behaviors of each
among various diseases, due to readily available antibodies
and similar domain structures promoting positive
inflammatory responses.'” The need to find a specific target
protein as a biomarker in conditions like PJI is of utmost
importance for faster detection and clear assessment. The
most abundant species of the three peptides is HNP 1 as it
comprises 50% of the total human AD."* There has been very
limited work on the utility of HNP 1 alone as a biomarker'®"”
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despite its potential in early detection of several diseases.
However, according to the highest score of AD as a biomarker
in PJI detection,” HNP 1 can play an important role in PJI
detection. However, the reason why HNP 1 was restricted
from being explored could be due to the lack of probes.
Aptamers, single-stranded oligonucleotides that bind a
variety of molecules with high affinity and specificity, could
play this role, and their chemical stability and flexibility can
be superior to those of antibodies if screened properly.
Various advantages of aptamers have been reported over
antibodies apart from similar structural alignment and
functions.'® For instance, the production of aptamers is
cheap, fast and highly reproducible (i.e., limited batch
variations). They also offer lower immunogenicity and are
highly selective and reversible with respect to 3D folding. All
these advantages make aptamers a great candidate in order
to replace antibodies with comparable or even superior
performance.

Selection of aptamers is generally achieved by a process
called “systematic evolution of ligands by exponential
enrichment” (SELEX),"”?° in which a random library of
oligonucleotides is incubated with a target molecule. Then,
protein-ligand interactions are exploited by repetitive
rounds of binding, separation, and amplification such that
a potential aptamer candidate is selected with high affinity
and selectivity towards the target molecules.”" Several
methods involving magnetic beads for target immobilization
for aptamer SELEX selection have been demonstrated.?**
Some of such approaches have been miniaturized to reduce
labor and analysis times.*® For instance, integrated
microfluidic systems capable of carrying out on-chip SELEX
have been developed,®** and these (oftentimes) magnetic
bead-based systems are characterized by reduced costs,
shorter reaction times, minimal human intervention, and
low sample/reagent volumes.>>*® On-chip SELEX with
positive aptamer selection was realized by our previously
reported work which has demonstrated a system for semi-
automatic selection of cardiovascular biomarkers.”” The
positive selection comes under the category of natural
selection, where the beneficial alleles are promoted, ie. in
this study, oligonucleotides specific to the target protein
(HNP 1). Other forms of selection are negative selection or
purifying selection that hinders non-specific alleles (or
proteins present in abundance in the sample) to enhance
ssDNA selectivity. We hypothesized that we could improve
upon this design by including negative and “competitive”
selection steps to increase HNP 1 aptamer specificity in PJI
SF on an improved version of a fully-automatic, integrated
system such that a single microfluidic chip can be used for
the complete SELEX process.

In this work, an aptamer specific to HNP 1 was selected
for the very first time in order to identify PJI among the
patients using an integrated microfluidic platform with an
introduction to a newly established automated magnetic
control module. The aptamers were successfully selected
using the automated process of SELEX on a new integrated

This journal is © The Royal Society of Chemistry 2022
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microfluidic chip with two separate temperature regions i.e.,
cooling region and heating region. These advancements
made the new integrated device much better than our
previously developed chip and system.>” The developed
microfluidic platform reduced the iteration rounds of SELEX
from 15-20 rounds in the process®**® to only 5 rounds,
consumed a lower volume of reagents and biological samples
from an average of 100-300 uL (ref. 22 and 29) to only 50 uL
and significantly minimized human intervention. For
improving the specificity of the aptamers, a unique approach
has been advanced by performing two negative selections
(using immunoglobulin G (IgG) and human serum album
(HSA)) after the five positive selections and then additional
competitive selection by using the PJI positive clinical
samples derived from the patients. The selected aptamer has
demonstrated high binding affinity (with a dissociation
constant of 19 nM) towards the target protein. Furthermore,
this selected aptamer was tested in the assessment of clinical
samples in SF which can promote the selected aptamer for
clinical applications and enhance the research in replacing
antibodies for future developments.

Materials and methods
On-chip SELEX

Fig. 1(a) depicts the schematic of on-chip SELEX for selection
of HNP 1-specific aptamers using five positive, two negative
and one competitive selection round. First, 100 uL of
Dynabeads™ (M-450 Epoxy; 2 x 10° beads per mL, diameter
= 4.5 um; Invitrogen, USA) were suspended in 0.01 M sodium
borate (binding buffer, pH 9; Merck, Germany) to 1 mL and
coated with 20 pL of human HNP 1 (D2043; >80% purity by
high-performance liquid chromatography (HPLC); 500 mg
L™'; Sigma-Aldrich, USA) and then blocked with
ethanolamine (E9508; 0.5 % w/v; Sigma-Aldrich, USA) for 24
h at room temperature. Then, the beads were washed with
100 pL of 0.01 M phosphate buffered saline (PBS) (Merck,
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Germany) with 0.3% sodium azide (0.3 pL). The different
micro-chambers of the chip (Fig. 2a; described below) were
loaded with 1) 10 pL of 72-base pair (bp) single-stranded
deoxyribonucleic acid (ssDNA) library (1 nM; made from a 1
uM stock from Medclub Scientific, Taiwan), 2) 10 puL of HNP
1-conjugated beads (~8.5 x 10’ beads per mL), 3) 30 uL of
0.01 M PBS, 4) 200 pL of 0.01 M PBS + 0.01% Tween-20 (50
pL for each wash), and 5) 28 pL of polymerase chain reaction
(PCR) reagents. The latter comprised PCR reagents (30 puL; 28
pL of original PCR reagents + 2 uL of ssDNA selected from
the previous round) including 2 pL of target-specific
oligonucleotide sequence products which were realized
during thermo-release in the process of SELEX, 1.5 uL of
forward primers (10 uM; 5-ACAGCACCACAGACCA-40 random
bp-TGTTTGTCTTCCTGCC-3'), 1.5 uL of reverse primers (10
uM; 5-GGCAGGAAGACAAACA-40 random bp-TGGTCTGTGGT
GCTGT-3’; both from Uni-Onward, Taiwan), 0.6 pL of
deoxynucleotides (2.5 mM of each; Invitrogen), 0.2 uL of
SuperTherm-Gold™ Taq polymerase (Bertec Enterprise,
Taiwan), 3 uL of ST gold buffer (Bertec Enterprise), and 21.2
pL deionized water.

Next, SELEX for 5 rounds of positive selection was
undertaken. First, the ssDNA library (10 uL) was denatured at
88 °C for 10 min in the ssDNA library chamber (heating
region) of the chip. Then, the denatured ssDNA was
transported to the transport chamber (cooling region), cooled
to 10 °C for 1-2 min for single-strand regeneration, and
transported back to the micromixer (Fig. 2a), where they were
incubated with HNP 1-coated beads (10 pL) and binding
buffer (30 pL) for 10 min. Note that two Peltier devices were
used for heating and cooling, respectively (Fig. 2d). Next, the
magnetic control module composed of a mechanical arm and
an external magnet was employed to aggregate the magnetic
beads at one corner of the micromixer, and the supernatant
featuring unbound materials was discarded via the waste
chamber. The beads were washed twice with washing buffer
(50 uL), transported to the micromixer, and washed for 1 min
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Fig. 1 (a) Schematic of SELEX featuring five positive, two negative (IgG & HSA), and one competitive (SF from PJI patients) selection round,
respectively. (b) Schematic of an aptamer-based ELISA-like assay for measurement of HNP 1.
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Fig. 2 (a) A schematic and (b) a photograph of the microfluidic chip for on-chip SELEX. (c) Exposed view of the three chip layers. (d) The
automated microfluidic control system for automated SELEX. EMV = electromagnetic valve.

to remove unbound ssDNA. The beads were further
resuspended in 20 pL of binding buffer, mixed for 1 min, and
transported to the annealing chamber in the heating region
for thermo-release (88 °C) of the target specific sequences
from the beads. These products were then transported to the
smaller transport unit and a storage chamber, where 2 pL
were collected for PCR; the remainder was collected manually
and analyzed off-chip by gel electrophoresis to confirm the
selection process. Next, the 2 uL of ssDNA selected was mixed
with PCR reagents (28 uL) from the PCR reagent chamber in
the micromixer for 1 min before transporting to the PCR
chamber. To ensure that no product evaporated during PCR,
20 pL of mineral oil was overlaid, and PCR was carried out as
follows: 88 °C for 10 min followed by 20 cycles of 88 °C for 30
s, 60 °C for 15 s, and 72 °C for 30 s; a 7 min final elongation
step was then carried out at 72 °C followed by a 10 °C ssDNA
regeneration step (cooling region). Afterwards, 10 uL of PCR
products were collected for further screening of the products,
and 10 pL of sample were loaded into the ssDNA library
chamber for the next round of SELEX after first washing the
chip with washing buffer, 95% ethanol and double-distilled
water (ddH,0) and refilling the respective chambers with the

254 | Lab Chip, 2022, 22, 250-261

reagents mentioned above and represented in Fig. 2b. It
should be noted that collection and loading of samples before
and after each round were performed manually; however, all
the processes of SELEX on-chip including positive, negative
and competitive selections with washing for each round were
fully automated. Five rounds of positive selection were
undertaken. Benchtop PCR was performed in the same
manner for validation.

Negative selection, competitive selection, TA cloning and
sequencing

Two rounds of negative selection with IgG and HSA were
conducted after the aforementioned five positive selection
rounds to deplete ssDNA that may exhibit high affinity towards
these two abundant SF proteins (Fig. 1a), as advocated.? First,
epoxy beads (100 pL) were coated with 8 puL of human IgG
(14506; 1 mg mL™", Sigma-Aldrich, USA) and 8 uL of human
serum albumin (HSA; A3782; Fluka Analytical, Switzerland, 1
mg mL™), with 1 pL of bovine serum albumin (BSA, A7030l; 20
uM; Sigma-Aldrich) as the blocking reagent (see the ESIi for
details). Then, the IgG-coated beads (3 pL), HSA-coated beads

This journal is © The Royal Society of Chemistry 2022
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(3 pL), and bare epoxy beads (3 pL; negative control) were
loaded into their respective chambers, as were 21 uL of 0.1 M
PBS and 20 pL of 5th round SELEX products (Fig. 2a).

SELEX products, PBS, and beads were mixed for 10 min in
the micromixer with the beads collected as above. The
supernatant was then collected and PCR amplified as the
procedure defined above. This process was repeated twice,
and from the final product, 20 pL was loaded into the ssDNA
library chamber and the rest of the product was utilized for
further screening. Note that the volumes of target specific
sequences utilized for negative and competitive selections
were kept higher than positive selections due to the presence
of multiple double-stranded DNA that may not denature and
regenerate to ssDNA after generating the final product of
positive selections such that it can cause the aptamer
candidate to amplify much lower than expected in the
subsequent PCR process of selection.

The chip was washed before and after each round as
mentioned above. After loading a fresh 21 pL of 0.1 M PBS in
the binding buffer chamber, competitive selection was
undertaken to enhance aptamer specificity via competition of
HNP 1 beads (3 puL) as prepared above in the presence of SF-
coated epoxy beads (3 pL). SF fluids used in coating were in
their initial concentrations as extracted from patients and no
dilutions were performed for bead coating, which was
prepared using a similar process to that of other beads
described above (see the ESIf for details). The aim of this
competitive selection was to allow the competition between
the magnetic bead and protein complex with the pre-
screened HNP 1 specific oligonucleotides. This process
allowed the selection of the high affinity aptamer sequences
to be amplified further by PCR. The assay was performed in a
low-volume condition (50 uL) such that the binding process
could be much more efficient and saturation could be
achieved; all beads were stored in the HNP 1 bead chamber
(Fig. 2a) and mixed with the aforementioned PCR product.
SELEX was then undertaken on-chip as described above, and
the final PCR products were cloned (TOPO™ TA; Invitrogen)
per the manufacturer's recommendations, with plasmids
transfected into One Shot® Competent Cells (Life
Technologies) and grown on lysogeny broth (LB)-ampicillin
(0.1%) plates for 16 h. Select clones were sequenced by
Genomics (Taiwan) as described in the ESLI and their 2-D
structure was assessed (Fig. S31). The purified aptamers used
in the following experiments were then synthesized
(Genomics) and labelled with 5’ biotin.

Design and microfabrication of the microfluidic chip

The microfluidic chip (6.0 cm [Z] x 3.4 cm [W]; Fig. 2a and b)
was connected to an integrated microfluidic control system
(Fig. 2d) that featured a microfluidic control module, a
temperature control module (with two Peltier devices), a
magnetic control module, and an Arduino Uno controller
(Fig. 2d). It was designed where the heating (for on-chip PCR
& thermo-release & denaturing of ssDNA) and cooling regions

This journal is © The Royal Society of Chemistry 2022
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(for ssDNA regeneration) were physically separated. The
radius of the micromixer was 0.4 cm with a mixing
microvalve concentric to the mixer designed with a width of
0.06 cm. The microfluidic chip consisted of one micromixer
of radius 0.4 cm, four micropumps that acted as the “large
transportation unit” with a radius of 0.3 cm and an extrusion
depth of 0.15 cm, one micropump that served as the “small
transportation unit” with a radius of 0.18 cm and an
extrusion depth of 0.15 cm, 14 normally-closed microvalves, a
waste chamber, four reagent chambers (HNP 1 bead
chamber, washing buffer chamber, binding buffer chamber
and PCR reagent chamber) in the cooling region of the chip,
one ssDNA library chamber, one annealing chamber and one
PCR chamber in the heating region (Fig. 2a and b). Note that
ssDNA denaturation, annealing and PCR were carried out in
the heating region, while buffers and reagents were stored in
the cooling region to avoid degradation of the reagents.
Furthermore, the separate Peltier device (127120-50; He-Ying
Electronic Materials, Taiwan) for the ssDNA regeneration
process may aid the manipulation of ssDNA introduced for
the next round of selection which was a mild issue
mentioned earlier.>’ It is worth noting that the new chip was
equipped with 2 temperature control regions, namely a
heating region and a cooling region (Fig. 2a) based on 2
different temperature modules (Peltier devices in the system).
This helps us for better storage of reagents and minimal
interference of the temperature control module. Apart from
that, 3 separate heating chambers (ssDNA library chamber
for denaturation, annealing chamber for thermo-release and
PCR chamber) have been designed to be separated from each
other to avoid chances of contamination via beads for each
round. Overall, the newly developed chip resulted in efficient
mixing, stable temperatures and low dead-volume of the
reagents and products. This work has been differentiated
from a previous work® significantly and made significant
improvements as compared to the previous device.”” One
single chip can easily perform 5 rounds of positive selection,
2 rounds of negative selection and one round of competitive
selection without human intervention.

On consideration of the pumping rate and the applied
gauge pressure, it is worth noting that a pneumatically
controlled microvalve with positive (compressed air) and
negative (vacuum) gauge pressures established in our group
previously was adopted.>’*"**3° The PDMS membrane for
the air channel layer was deformed under the applied
positive gauge pressure downwards and lifted (or deflected
upwards) when a negative gauge pressure was applied; this
mechanism leads to a precise amount of liquid to be
transported in the respective chambers or mixers.

The microvalves were designed to prevent backflow of the
unidirectional liquid, which would otherwise be an issue with
reagents and viscous clinical samples like patient SF.
Poiseuille's law for defining the dimensions of the transport
chamber and the micromixer was followed to reduce hydraulic
and flow resistance.?® Short transport distances and curved,
tapered edges helped in reducing “dead” volumes by
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maintaining unidirectional flow. The microfluidic control
module was composed of 20 electromagnetic valves (EMV, SMC
2070B-SBG-05; Wei-Chia Electro Materials, Taiwan) that
enabled compressed air (TC-10; Centenary Material, Taiwan) or
vacuum (DC-18V-12; Uni-Crown, Taiwan) to activate the large
and small transport units (micropumps), which propelled
reagents throughout the chip. A “servo” motor (MG995,
Towerpro) with a gear-reciprocating mechanism was used to
regulate the back-and-forth motion of the magnetic control
module. The magnetic control module needed to align beads
at one corner did not hinder any process due to the chip design
and placement of the micromixer.

The three-layer microfluidic chip (Fig. 2c) was
microfabricated from polymethyl methacrylate (PMMA) master
molds under a computer-numerical-control (EGX-600, Roland
Inc., Japan) machining process by using a drill bit of 0.5 mm.**
The PMMA master molds were then used to generate the
replicas for chip microfabrication. Chips were composed of
three layers (Fig. 2c), including two polydimethylsiloxane
(PDMS, Sylgard 184 A/B, Dow Corning, USA) layers and a glass
substrate (G-Tech Optoelectronics Corp., Taiwan) (Fig. 2c).>’
The two PDMS layers were divided into the first layer known as
the air control layer to control compressed air (or vacuum)
through the air channel, while the second layer (liquid channel
layer) was used to control the movement of liquid and its
transportation in various chambers. Furthermore, the bottom
glass substrate was used to seal the liquid channel. Both the
PDMS layers were bonded together and then again bonded
with the glass substrate using an oxygen plasma process at 90
W for 1 min (FC-12064, FEMTO, Science, USA).*> More
information on chip design and fabrication can be found in
the ESIf (Fig. S1 and S2).

Determination of the dissociation constant (K4)

Once the aptamer candidates were synthesized, their affinity
and the equilibrium dissociation constant (Ky) of the selected
aptamers against the target protein (HNP 1) were explored. A
well-known and developed method using enzyme-linked
immunosorbent assay (ELISA) was utilized in order to identify
the Ky value of the aptamer,®® which was originally used to
explore the affinity of antigen-antibody equilibrium. The
method was further modified and adapted for antibody affinity
in the sub-nanomolar range and was considered a gold
standard immunoassay for conventional ELISA.** It has been
further modified to identify the K4 values of selected aptamers
using ELISA-like assays.’”?° The bead-based ELISA-like assay
reported previously’*>*”*® was modified here in order to
establish an assay for determining the Ky value. It should be
noted that in order to study Ky, the concentration of the
antigen-antibody (or aptamer-protein in our case) should be in
the expected range of binding affinity and the dynamic range
should be as low as possible as per the recommendations
provided.***® As shown in Fig. 1(b), 100 uL of magnetic beads
(Dynabeads™ MyOne™ Streptavidin C1, ~8.5 x 10° beads per
mL, Invitrogen, USA) were incubated with 5 pL of biotinylated
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aptamers (100 uM in PBS) for 30 min and blocked with 20 uM
BSA (0.1 % w/v) in 95 pL of 0.01 M PBS buffer. The beads were
washed twice and incubated overnight at 30 RPM on an RM-2
shaker (ELMI, Russia; C1 mode). The aptamer-coated magnetic
beads were then washed, re-suspended in 100 uL of PBS, and
incubated with HNP 1 at concentrations ranging from 3 to 300
nM (0.01-1 mg L) as the affinity range for the aptamer to
achieve saturation in 200 pL as the reaction volume. This
means that buffers and diluted antibodies were maintained in
the same volume throughout the assay. Then, they were
incubated with 500-fold diluted primary HNP 1 antibody
(GTX75048; Genetex, Taiwan) for 60 min. Afterwards, they were
incubated with a 1:2500 dilution of goat anti-mouse IgG-
horseradish peroxidase (HRP) secondary antibody (GTX213111-
01; Genetex). The dilution factors of both antibodies were
based on attempting to minimize 1) false-positive results and
2) early binding and saturation. The dilution factors were also
adjusted such that HRP signals could be detected when
resuspended in 1:1 PBS:luminol. Sample luminescence was
detected under an ELISA reader (FLUOstar Omega; BMG
LabTech, Germany) while running LumiGlow software. To
determine the Ky, the luminescence intensities were plotted
against the concentrations of HNP 1 using a non-linear
regression analysis.*! Detailed procedures for K; measurement
can be found in the ESL}

For the aptamer-based enzyme-linked immunosorbent assay
(ELISA)-like assay (Fig. 1b), the reagents used were primary
antibody (GTX75048, HNP 1 antibody, Genetex, Taiwan) with a
dilution factor of 1:100-1:1000 based on the datasheet
provided and reaction volume, and secondary antibody
(GTX213111-01, goat anti-mouse IgG conjugated with HRP,
Genetex, Taiwan) with a dilution factor of 1:1000-1:10000
based on the datasheet for ELISA. The dilution factor was
based on independent experiments, according to experimental
conditions to avoid false-positive data and antibody saturation.
Synthesis and preparation of 5-biotin-labeled aptamers were
adapted from Genomics (Taiwan) at a stock concentration of
100 puM (with an optical density of 5 absorbance units),
suspended in 72 pL of 0.01 M PBS as mentioned in the
datasheet and stored at —20 °C till further use.

An affinity measurement analysis was also carried out in
order to confirm the aptamer specificity towards HNP 1 and
non-target proteins (HSA & IgG) and its amplification was
further investigated. The process followed the above-
mentioned SELEX protocol with the same steps of
denaturation, binding, thermo-release and PCR process for
one single round where the synthesized aptamer sequence S9
was replaced by the ssDNA library. The beads used for the
process were HNP 1-coated epoxy beads as mentioned above.
The PCR of the thermo-released product from the beads after
binding was performed for 3 different cycles (20, 15 & 10) to
check the binding and amplification of the aptamer against
the specific protein. A similar experiment was conducted with
the epoxy beads coated with IgG and epoxy beads coated with
HSA as prepared above for the process of negative selection.
The process of SELEX was performed for different cycles (20,
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15 and 10 cycles) to check the binding and amplification of
the aptamer against the non-specific proteins.

An experiment was also introduced as another step for
checking the binding efficiency of the aptamer candidate (S9)
in comparison with scrambled aptamers (72 bp randomized
sequence). The purpose of this experiment is to identify the
selected aptamer affinity towards HNP 1. The details can be
found in ESI} Fig. S5.

After determining the Ky, a similar protocol was used to
develop a calibration curve for measurement of HNP 1. The
assays were reproduced and replicated to assess the stability
and sensitivity of the developed method. The detailed
information for both the assays for evaluating the equilibrium
dissociation constants and the calibration curve for
measurement of HNP 1, reaction volume, dilution factor and
other operating conditions could be found in detail in the ESI}
(Table S1).

Aptamer-based ELISA-like assay of clinical samples

The aptamer-based ELISA-liked assay was used to analyze SF
from four PJI-positive and four PJI-negative patients after TJA
(from Chang Gung Memorial Hospital (CGMH), Kaohsiung,
Taiwan; IRB no. 201802127B0). The identification of samples
was verified using an established gold-standard protocol for
HNP 1 detection for the assessment of clinical samples
(Human alpha-Defensin 1 DuoSet ELISA, R&D Systems, Inc.,
USA). All experiments were performed in accordance with
CGMH guidelines and approved by the CGMH ethics
committee. Specificity tests in which patient SF was spiked
with other proteins were performed to ensure that HNP 1
could still be quantified in the presence of other proteins
present in SF (e.g., IgG & HSA).

Briefly, at first, 100 pL of the streptavidin magnetic
beads (with a concentration as described above, washed and
resuspended in 92.5 pL of 0.01 M PBS buffer, pH 7.4) were
incubated with biotinylated aptamers (7.5 pL of stock
concentration (100 pM) with a similar process described to
that above). A total reaction volume of 50 pL was used
throughout the calibration process and all the buffers and
antibodies were maintained at the same volume throughout
the assay. For developing the calibration curve, samples
were incubated with aptamer-coated magnetic beads at
concentrations ranging from 0.1 mg L™ to 100 mg L™ (the
dynamic range in PJI patients). Then, the above-mentioned
primary antibody was used to bind the HNP 1 aptamers on
magnetic beads at a 1:1000 dilution. Finally, 1:5000
dilution of the secondary antibody (as above) was incubated
with the complexes, and the HRP signals were detected
upon resuspension of 1:1 PBS:luminol on an ELISA plate
reader as described above and the resultant values of HNP
1 were derived nearest to a threshold concentration of HNP
1 in PJI patients that helped assess the value of HNP 1 in
clinical assays. The detailed protocol, which was essentially
the same as that for K4 assessment, is described in the ESI]
(notably Table S1).
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Results and discussion

Efficacy of the micromixer, micropump and temperature
control module

The micromixer was first characterized. The relationship
between the mixing index** and mixing time (Fig. 3a) was
assessed at different applied gauge pressures at a driving
frequency of 1 or 2 Hz (n = 3), and the optimal conditions for
efficient mixing were determined to be 2 Hz at positive and
negative gauge pressures of 20 and —-50 kPa, respectively (4 s).
However, since the aptamer-based ELISA-like assay involves
biological samples that could be sheared off, the driving
frequency was reduced to 1 Hz for subsequent experiments (3.6
s). For the process from 1 Hz to 2 Hz, the key objective was to
determine the mixing efficiency such that an efficient mixing
could be achieved at the given parameters. However, due to the
sensitive nature of the bead-based assay involving biological
components, the shear force and stringency were kept to a
minimum and the lowest range of the driving frequency to
achieve a similar mixing efficiency was utilized as the optimum
criterion of the micromixer. This ensured that ssDNA and
protein molecules did not detach from the beads.*”

The efficacy of the micropump was then explored.
Herein, based on the membrane deflection mechanics,*’ it
can be concluded that membrane deflection is directly
proportional to the applied gauge pressure. This indicates
that the capacity of the micropump to transport or inject
liquid increases on increasing the applied gauge pressure.
Fig. 4a and b show the relationship between the PBS
pumping rate and driving frequency at variable gauge
pressures for the large and small transport units. A
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Fig. 3 (a) Mixing index of the micromixer (n = 3). (b) Temperature
profile of on-chip PCR thermo-cycling.
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proportional increment was observed upon increasing the
applied gauge pressure, with saturation reached at 26 uL s
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(+0.5 [std. dev. for this & all other error terms]) at 60 kPa
for the large transport unit and 4 pL s~ (+0.1) at 60 kPa for
the smaller one; this actually resulted in the membrane
making contact with the substrate.

The temperature control module was next characterized
(Fig. 3b) and the variation was found to be <2 °C. Thermal
cycles for on-chip PCR could be successfully provided
accordingly. We also advocate this stratified
temperature design (i.e., both heating and cooling regions)
for those seeking to limit sample and reagent degradation
on-chip.

novel

On-chip SELEX and aptamer characterization

For the process of on-chip SELEX, 5 rounds of positive
selection with the target protein HNP 1, 2 rounds of negative
selection with two other abundant proteins in SF (IgG and
HSA) and one round of competitive selection using SF from
PJI patients were performed. After each round of SELEX, a 5
pL aliquot was collected from the storage chamber and
analyzed by agarose gel electrophoresis (Fig. 5a). Note that 72-
bp ssDNA was used as the positive control, while ddH,0 was
used for the negative control. Initial SELEX rounds presented
lower band intensities, though the intensities eventually rose
to sufficient levels in only five rounds (Fig. 5a); this is far
lower than the 15+ used in conventional SELEX,***
indicating that on-chip SELEX is extremely efficient in
selection of aptamers.

QO@E

72 bp
(d

(a) Agarose gel electrophoresis with EtBr staining of PCR products after five rounds (1-5) of positive selection via on-chip SELEX. (b) Two

rounds of negative selection (N1 & N2). (c) One round of competitive selection for aptamer candidates (C1). In (a)-(c), L = 50-bp DNA ladder, N =
negative control (ddH,0), and P = positive control (1 nM ssDNA). (d) Predicted 2-D structure of the S9 aptamer.
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Fig. 6 Affinity tests for assessment of the S9 aptamer against HNP 1, L =
50-bp DNA ladder, N = negative control (ddH,0), P = positive control, (1
nM ssDNA), 1 = 20 PCR cycles, 2 = 15 PCR and 3 = 10 PCR cycles.

When compared with our previous work on SELEX,?” the
current study increased the specificity of the selected
aptamer by using two rounds of negative selection and one
round of competitive selection using clinical samples (i.e. SF)
for target proteins after five runs of positive selection. For
negative selection, IgG and HSA were used since they are the
two most abundant proteins in SF of PJI patients apart from
AD*! and SF as the biological compound for the competitive
selection in the presence of purified HNP 1 where the
abovementioned protocol was followed. Our positive +
negative + competitive SELEX process not only eliminated the
chance of binding of non-target proteins but also other
biological compounds present in clinical samples, which
could otherwise have caused issues with aptamer selectivity
and sensitivity towards HNP 1. This newly developed
approach helped us in making sure that the aptamer may
have higher affinity and high specificity towards HNP 1
under clinical conditions similar to PJI. For this reason, a
clear band was observed at 72 bp (Fig. 5b and c), even when
using only 50 pL of reaction volume; this is far lower than
that in prior work®>*> and could result in cost savings.

The selected aptamer candidate (S9) was further analyzed
by a nucleic acid package (NUPACK)* to assess its secondary
structure and Gibb's free energy; it appears to represent a
thermodynamically stable structure based on hydrogen
bonding and various G-C pairings (Fig. 5d).
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Fig. 7 Determination of the aptamer (S9) dissociation constant in an
aptamer-based ELISA-like assay (n = 3).
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An assay for assessment of aptamer affinity against HNP 1
was performed for different PCR cycles to confirm the binding
with specific proteins (Fig. 6). A clear band was observed at
72-bp for HNP 1 that indicates successful amplification and
binding of the aptamer towards the target protein at 3
different PCR cycles. Furthermore, no binding against non-
specific proteins (IgG and HSA) was observed, indicating the
high specificity of the screened aptamer (Fig. S4%).

Upon regression analysis (Fig. 7), its Ky value was
determined to be 19 nM (n = 3), which is comparable to
commercially produced antibodies.>*** Note that proteins
that possess greater isoelectric points have demonstrated
higher chances of binding affinities in the range covering
several tens to hundreds of nanomolar concentrations.*>*°
This is the first PJI-specific aptamer probe that has been
developed; though other PJI biomarkers do exist,””'" the
corresponding assays require larger reagent volumes, costly
equipment, and are labor-intensive.

Analysis of clinical samples by the aptamer-based ELISA-like
assay

In order to achieve the detection of the clinical samples, i.e.
SF in our case extracted from PJI patients, an attempt to
make sure of the specificity of the aptamer with regard to
two of the major proteins present in SF including IgG and
HSA was made while measuring HNP 1 to ensure the high
affinity of the selected aptamer. An aptamer-based ELISA-like
assay was employed for the assessment to cover the dynamic
range for the estimated concentrations of HNP 1 among the
PJI patients as a spike test. A similar assay has been
demonstrated in our previous work for measurement of
cardiovascular biomarkers***” and has been recognized as a
standard protocol for quantification of biomarkers for
clinical samples. HPN-1, IgG, and HSA levels were therefore
measured in patient SF using our new assay, and the
relationship between protein concentration and optical
intensity values (n = 3; Fig. 8a) depicts the affinity of the
aptamer to HNP 1 and specificity to IgG and HSA. The graph
was assessed using non-linear regression and a curve fitting
equation that aided in estimating the HNP 1 detection
threshold. A threshold value of 2.6 mg L™ was obtained
based 1) on our aptamer-based ELISA-like assay and 2) the
fact that the threshold of HNP 1-3 of 5.2 mg L was
previously surmised to be two times greater than that of HNP
1 alone.” The calibration curve was established after
validating the reproducibility and precision of the quantified
target protein used in three repeats with a dynamic range
0.1-100 mg L™, With this approach, we calculated the HNP 1
levels in the four positive and negative PJI patients in a blind
fashion (Fig. 8b). The concentrations demonstrate that the
aptamer can easily distinguish between PJI and non-PJI
patients and confirm the applicability of the selected aptamer
in real biological samples. Using the diagnostic test
evaluation calculator (Medcalc® - https://www.medcalc.org/
calc/diagnostic_test.php), the sensitivity and specificity of the
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Fig. 8 (a) Specificity and selectivity tests for the aptamer-based ELISA-
like assay for HNP 1, HSA, and IgG (n = 3). (b) HNP 1 measurements
from the aptamer-based ELISA-like assay while using clinical PJI

samples. The dotted line represents the threshold value, and samples
2, 3, 4, and 8 were patients experiencing PJI.

Table 1 Comparison between various established methods for PJI
detection

Samples Sensitivity & specificity Time Cost

Conventional ELISA*”  100% & 95% 12-24h  $$

Culture”’ 69% & 88% 48-96 h $$
PCR*® 86% & 91% 6-8 h $$$
Aptamer-based 100% & 100% <3h $

ELISA-like assay

aptamer-based ELISA-like assay were determined to be 100%
(95% CI 39.76% to 100.00%) with an accuracy of 100%
(63.06% to 100.00%) for 8 tested samples. The presence of
hemoglobulin or other blood interferents does not affect the
reaction response of the ELISA results.” The quantitative
assessment of the HNP 1 samples met the criteria defined by
the MSIS.'>"" The limit of detection (LOD) for HNP 1 was
estimated to be 0.1 mg L™ for the assay based on the
calibration curve with several fold protein dilutions and 3
repeats of the assay. The LOD was verified in the clinical
samples with negative results, as shown in Fig. 8b. A
comparison table with several factors has been provided for
PJI detection (Table 1) comparing several methods
established for PJI detection. A table (ESIf Table S2) with
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detection ranges from commercialized products for alpha
defensins®'**° is provided in the ESI} with the available
alpha defensin detection methods.

Conclusions

We demonstrated automated selection of an aptamer specific
to HNP 1 via on-chip SELEX. It was achieved by using three
modules for temperature control, flow control and magnetic
control with highly efficient micro-devices. The automated
magnetic control module was introduced for the first time on
any reported microfluidic platform for precise control and
alignment of magnetic beads with washing and thermo-
release of oligonucleotides from the beads. All processes were
automated for SELEX and the assay was characterized by
reduced analysis time for the whole complete procedure (<12
h) and costs. The Ky of the selected aptamer was only 19 nM,
comparable to an antibody, and it could distinguish between
PJI-positive and negative SF samples. Consequently, this
aptamer and the corresponding assay can be developed
further for faster assessment, which could be used in point-
of-care PJI diagnostics.
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