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ARTICLE INFO ABSTRACT

Handling editor: J.-M. Kauffmann Most electroanalytical detection schemes for DNA markers require considerable time and effort from expert
personnel to thoroughly follow the analysis and obtain reliable outcomes. This work aims to present an elec-
trochemical assay performed inside a small card-based platform powered by microfluidic manipulation,
requiring minimal human intervention and consumables. The assay couples a sample/signal dual amplification
and DNA-modified magnetic particles for the detection of DNA amplification products. Particularly, the sull and
sul4 genes involved in the resistance against sulfonamide antibiotics were analyzed. As recognized by the World
Health Organization, antimicrobial resistance threatens global public health by hampering medication efficacy
against infections. Consequently, analytical methods for the determination of such genes in environmental and
clinical matrices are imperative. Herein, the resistance genes were extracted from E. coli cells and amplified using
an enzyme-assisted isothermal amplification at 37 °C. The amplification products were analyzed in an easily-
produced, low-cost, card-based set-up implementing a microfluidic system, demanding limited manual work
and small sample volumes. The target amplicon was thus captured and isolated using versatile DNA-modified
magnetic beads injected into the microchannel and exposed to the various reagents in a continuously
controlled microfluidic flow. After the optimization of the efficiency of each phase of the assay, the platform
achieved limits of detections of 44.2 pmol L for sull and 48.5 pmol L' for sul4, and was able to detect down to
>500-fold diluted amplification products of sull extracted from E. coli living cells in around 1 h, thus enabling
numerous end-point analyses with a single amplification reaction.
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1. Introduction involve long time-consuming and labor-intensive protocols that expert

personnel have to meticulously follow through manual operations.

Year after year, the field of biosensing schemes experiences contin-
ually growing advancements, particularly in the analysis of DNA bio-
markers for a variety of applications, spanning from clinical diagnostics
to food safety and environmental monitoring. Numerous approaches are
available nowadays to detect target DNA fragments. Many common
strategies are based on sandwich-like structures that immobilize the
target filament on a solid phase using a capture probe and then generate
an electrochemical signal proportionate to its concentration in the
sample [1]. However, such traditional methods operated in vials often

Among the various disadvantages, which include the repetitiveness of
such manual operations and the need for expert users, human error
might concur with inconsistencies in the results.

In recent years, many strides have been taken in the attempt to
automate and miniaturize such analytical procedures with the desire to
obtain solutions easily operable by non-trained personnel, streamlining
the process and reducing the potential for errors, while maintaining high
sensitivities and performances. Thus, lab-on-a-chip and microfluidic
systems have increasingly been developed in recent times [2]. The aim is
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to offer more efficient approaches in DNA analysis by integrating on a
compact platform all the analytical steps required for the detection.
Most microfluidic platforms rely on the capture of the analyte using
probes immobilized in specific areas of the device’s microchannel. This
is the case of the work proposed by H. Ben-Yoav and coworkers [3], in
which they designed a microfluidic arrayed electrochemical
lab-on-a-chip platform on polydimethylsiloxane. They used it for the
label-free detection of the hybridization using oligonucleotides (30-mer)
through electrochemical impedance spectroscopy. The thiolated oligos
were immobilized on a gold surface through the Au-thiol interaction. A
valved manipulation system was used to control the flux. They obtained
a theoretical limit of detection of 1 nmol L™}, Another interesting
example was reported by Dincer’s research group [4]. In particular, they
worked on a disposable microfluidic platform for the electrochemical
detection of microRNA-197 (22-mer). The immobilization of the bio-
tinylated DNA capture probe was accomplished by coating the micro-
channel with streptavidin, later blocked with bovine serum albumin and
biotin. After stopping the flux for a defined period (stop-flow), an
amperometric readout was performed following a glucose oxidase-based
enzymatic reaction. Such biosensor revealed a LOD of 1.27 nmol L™}
using 0.58 pL of sample.

Besides the direct functionalization of the microchannel, magnetic
beads (MBs) provide convenient means of capturing, concentrating, and
isolating target DNA fragments, while simplifying washing steps by
easily separating bound and unbound molecules. This work aims to
present a microfluidic-based genosensing platform to carry out the
detection of DNA amplification products by using superparamagnetic
microbeads [5-7]. The heart of the system is a methacrylate cartridge
(microfluid card) in which a microchannel of optimized dimensions has
been created. Using a suitable magnet, MBs are immobilized inside the
microchannel in order to expose them to the flow of the different assay
solutions [8]. In this application, the proposed MBs functionalized with
a DNA capture probe are incubated with the DNA target and an
enzyme-labeled signaling probe to generate an electroactive moiety
upon adding an enzymatic substrate.

As a proof-of-concept, such system was optimized and tested on the
detection of antimicrobial resistance genes (ARGs) found in the genome
of gram-negative multi-resistant microorganisms (e.g., Escherichia coli)
[9-11]. Important examples are the FolP mutant genes, such as sull and
sul4 [12-14]. Sulfonamides are synthetic antibiotics that act as
competitive inhibitors on the enzyme dihydropteroate synthase (DHPS)
belonging to the folic acid metabolic pathway, essential in synthesizing
DNA and RNA in microorganisms [15,16]. Inhibiting DHPS, bacterial
growth is prevented, leading to death [9,17]. The ARGs mentioned
above encode a DHPS with a low affinity for sulfonamides, which be-
comes less effective. The sull gene is of great interest since it is in the
conserved region of Int1, a class 1 integron considered one of the leading
mobile genetic elements contributing to the dissemination of Antimi-
crobial Resistance (AMR) [18-20]. In addition, the sul4 gene was
recently found in microorganisms in wastewater and river waters near
urban areas in some Asian and European countries and presents a higher
resistance potential [21]. It is thus interesting and essential to monitor
the presence of such genes in environmental and clinical samples
[22-24]. In this work, their detection was performed through the help of
Recombinase Polymerase Amplification (RPA), an isothermal DNA
amplification technique able to work at a low and constant working
temperature (between 22 and 45 °C) in short times (~20 min) [25,26],
without sample pretreatment and the need for specialized instruments
[27-30]. By doing this, it was possible to overcome some of the limi-
tations of common DNA amplification techniques based on polymerase
chain reaction (e.g., sophisticated and costly instruments, several tem-
perature cycles, and extended analysis times) [31].

To the best of our knowledge, no other electrochemical genosensing
approaches that specifically tackle the detection of sull and sul4 genes
have been reported in the recent literature. As further novelties, our
work deals with this detection by coupling an isothermal DNA
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amplification to a semi-automatable microfluidic system in view of
portable methods that require reduced human intervention.

2. Materials and Methods
2.1. Materials and apparatus

D-biotin, diethanolamine, a-naphthyl phosphate, streptavidin-alka-
line phosphatase from S. avidinii (AlkP), the non-ionic surfactant
polyoxyethylene-20-sorbitan monolaurate (Tween 20), disodium
hydrogen phosphate, ethylenediaminetetraacetic acid (EDTA), magne-
sium chloride, potassium chloride, sodium chloride, acetic acid, and
Tris-HCl were purchased from Merck (Milan, Italy). Dynabeads™
MyOne™ Streptavidin C1 (streptavidin-modified magnetic beads, MBs),
GeneRuler 50 and 100 bp DNA Ladders, NoLimits 250 bp DNA Frag-
ment, Superblock™ (PBS) Blocking Buffer (cat. No. 37515), and DNase/
RNase-free distilled water were acquired from ThermoFisher Scientific
(Italy). Agarose RA™ and ethanol 70 % v/v were obtained from VWR
(Italy). Luria broth (Miller’s LB broth) was purchased from Condalab
(Mexico), N-Lauroylsarcosine sodium (sarkosyl), Phenol:Chloroform:
Isoamyl Alcohol 25:24:1 was obtained from Golden Bell (Mexico),
ethanol absolute and chloroform were acquired from J.T. Baker
(Mexico) and sodium acetate was purchased from Karal (Mexico).

All used oligonucleotides were designed from in-house sources based
on the target sequence genes of the GenBank database (https://www.
ncbi.nlm.nih.gov/genbank/) of sull (NG_048081.1), sul4
(NG_056174.1), and two non-specific genes (NM_001983.4 and
NM_000123.4). The oligonucleotides were analyzed to determine the
specificity using the Standard Nucleotide BLAST program (https://blast.
ncbi.nlm.nih.gov/Blast.cgi). The RPA primers (forward and reverse)
were obtained from Integrated DNA Technologies (www.idtdna.com)
(USA), and synthetic oligonucleotides (CP, T, and SP) were purchased
from Eurofins Genomics (https://eurofinsgenomics.eu/) (Italy).

sull gene.

Forward primer: 5-GCCGATGAGATCAGACGTATTG-3'

Reverse primer: 5-CTCGAAGAACCGCACAATCT-3'

Capture probe (CP): 5-Biotin-TEG-GCCGATGAGATCAGACGTAT
TG-3'

Synthetic Target (T): 5-CAGGGCGTCTAAGAGCGGCGCAATACGTC
TGATCTCATCGGC-3'

Signaling probe (SP): 5-CGCCGCTCTTAGACGCCCTG-TEG-Biotin-3'

sul4 gene.

Forward primer: 5-CCACACTAACCAGCTTCAAATG-3'

Reverse primer: 5-AGTTCTTCCTCTGCGCTTATAG-3'

Capture probe (CP): 5-Biotin-TEG-CCACACTAACCAGCTTCAAA
TG-3'

Synthetic Target (T): 5-TGATGTAGGTGCGTTCACCCCATTTGAA
GCTGGTTAGTGTGG-3'

Signaling probe (SP): 5-GGGTGAACGCACCTACATCA-TEG-Biotin-3'

Non-specific gene 1.

Synthetic Target:
AGCTCCTTGAG-3'

Non-specific gene 2.

Synthetic Target:
GCTGTGTCTG-3'

Such oligonucleotide sequences were purchased as pellets, subse-
quently reconstituted, and stored at —25 °C in Tris-EDTA buffer. All
dilutions were instead prepared daily using phosphate-buffered saline
(PBS). All aqueous solutions were prepared using water from a Milli-Q
Water Purification System (Millipore, UK) with a resistivity of <18.2
MQ cm and filtered through a sterile polyethersulfone membrane with a
pore size of 0.2 pm (Sarstedt AG & Co., Italy).

Composition of the buffer solutions: Lysis buffer, pH 8.0: 100 mmol
L~! EDTA, 100 mmol L™! NaCl, 50 mmol L™! Tris-HC]; Acetate buffer,
pH 7: 30 mmol L™! sodium acetate; Tris-EDTA, pH 7.4: 10 mmol L~}
Tris-HCl, 1 mmol L! EDTA; TAE-1x, pH 8.5: 40 mmol Lt Tris, 20

5-TGTGCAGTCGGCCAGGATACACATCTTAGCC

5-GTGCTAATCTAAAGAAGGAATCAATTCGGA
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mmol L~! CH3COOH, and 1 mmol L~ EDTA-2H,0; PBS, pH 7.4: 136
mmol L~} NaCl, 2.68 mmol L! KCl, 3.97 mmol Lt NayHPO4-12 H50,
1.46 mmol L~! KH,PO,; PBS-T, pH 7.4: 0.136 mol L ™! NaCl, 2.68 mmol
L1 KCl, 3.97 mmol L™! NayHPO4-12 H20, 1.46 mmol L™} KH,POy, 0.01
% v/v Tween 20; DEA, pH 9.6: 100 mmol L~ ! diethanolamine, 0.1 mol
Lt KCl, 1 mmol L! MgCly; DEA-T, pH 9.6: 0.1 mol Lt diethanolamine,
0.1 mol L! KC1, 1 mmol L~} MgCly, 0.01 % v/v Tween 20; 2X W&B
(washing and binding buffer), pH 7.2: 10 mmol L ! Tris HC], 1 mmol L}
EDTA, 2 mol L™} NaCl; 2xW&B-T, pH 7.2: 10 mmol L™! Tris HCl, 1
mmol L™ EDTA, 2 mol L™! NaCl, 0.01 % v/v Tween 20; 1 X W&B, pH
7.2: 5 mmol L' Tris HCI, 0.5 mmol L! EDTA, 1 mol L! NaCl;
1 XW&B-T: 5 mmol L™ Tris HC], 0.5 mmol L™} EDTA, 1 mol L™ NaCl,
0.01 % v/v Tween 20.

The electrophoresis cell was purchased from C.B.S. Scientific (MGU-
202T, Italy). The screen-printed electrodes (SPEs) were obtained from
Ecobioservices and Researches SrL (Sesto Fiorentino, Italy). Each SPE
consisted of a carbon working electrode (# 3 mm), a carbon counter
electrode, and a silver pseudo-reference electrode. The electrodes were
used as disposable and without any previous cleaning treatment or
modification. Differential pulse voltammetry (DPV) measurements were
performed using a Palmsens4 portable potentiostat or the smartphone-

;g a
Microfluidic card ~~.,‘_}
connected to the pump . “

MBs-CP are
loaded inside the
microfluidic card

@ MBs are magnetically
immobilized inside
the microchannel
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assisted Sensit Smart, both controlled by PSTrace 5.9 (Palmsens,
Netherlands), choosing the following parameters after optimizations:
potential window from —0.1 to +0.3 V, pulse amplitude of 94 mV, pulse
width of 62 ms, step of 6.8 mV. All potentials herein indicated are
referred to the screen-printed silver pseudo-reference electrode.

The neodymium-based magnets (NdFeB alloy) N52 used to immo-
bilize the magnetic beads onto the surface of the working electrode and
inside the microfluidic platform were purchased from Webcraft GmbH
(Gottmadingen, Germany). The magnets employed are cylindrical in
shape, with a diameter of 8 mm and a height of 6 mm. The microfluidic
flow was established by using a compact low-pulse Minipuls® 3 peri-
staltic pump (Gilson, Italy), enabling liquid circulation inside the card
and the PVC tubes connected (Elkay, 116-0549-030, volume: 50 pL m,
length: 455 mm, inner diameter: 0.25 mm) through positive displace-
ment (head speed: from 0.01 to 48 rpm). Heating and temperature-
controlled continuous mixings were performed using the Biosan TS-
100 ThermoShaker (Bioclass, Pistoia, Italy).

2.2. Magnetic beads functionalization with the DNA capture probe

Magnetic beads (MBs) were functionalized using a biotinylated

9 <5
\':\ \y\ Hybridization:
< ' MBs-CP-T-SP
) ;
2 are obtained
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Target DNA and
signalling probe

MBs-CP-T-SP

are loaded
Washes with
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DEA-Tween
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working electrode for the electrochemical
readout in presence of o-naphthyl phosphate
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Fig. 1. Scheme of the genomagneto assay. Magnetic beads functionalized with capture probes (MBs-CP) are magnetically immobilized inside the microfluidic card.
Next, target (T) and signaling probe (SP) are loaded using a peristaltic pump. After washing with DEA and DEA-T buffers, streptavidin-conjugated alkaline phos-
phatase (AIkP) is introduced. Once washed again with DEA and DEA-T buffers, the magnet is removed and the beads are placed on the screen-printed electrode for

the electrochemical readout in the presence of a-naphthyl phosphate.
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capture probe on 50-pL-aliquots of a 10 mg mL~! suspension homoge-
neously vortexed for >30 s. The MBs were washed twice with 200 pL
2xW&B buffer and then incubated with 200 pL 1xW&B buffer con-
taining 1 pmol L™} capture probe for 30 min in an orbital rotation mixer.
After washing twice with 1xW&B and once with 1xW&B-T, the ob-
tained functionalized magnetic beads (MBs-CP) were incubated with
200 pL 1 mmol L™} biotin solution in 1xW&B for 30 min under mixing
to block the remaining streptavidin sites. MBs-CP were washed twice
with 1xW&B-T, resuspended in 250 pL 1 xW&B-T, and stored at +4 °C
[32]. A magnetic particle concentrator (DynaMag™-2 magnetic rack,
ThermoFisher Scientific, Italy) was used to isolate the MBs from the
supernatant during the washing steps.

2.3. Scheme of the genomagneto-assay

The scheme of the proposed genomagneto-assay is described in
Fig. 1. Briefly, after the functionalization of the beads, the assay is car-
ried out using an aliquot of 10 pL of MBs-CP. These are introduced in the
flow line using the peristaltic pump. At the same time, the magnets are
placed in position to capture the beads by fixing them in the linear part
of the card. After a first washing step, performed by flushing PBS buffer
inside the microchannel, a solution containing target DNA (T, either
synthetic sequences or amplified products) and signaling probe (SP) is
introduced and kept in contact with the immobilized beads. After
washing with DEA buffer, the hybrid MB-CP-T-SP is labeled by injecting
the enzyme conjugate (AlkP) followed by another washing step with
DEA(-T) buffer [33]. Finally, after the completion of the affinity reac-
tion, the magnet is removed, and the functionalized beads
(MB-CP-T-SP-AIkP) are directed through the outlet and collected in a
fixed volume of DEA(-T) buffer to be incubated with the enzyme sub-
strate (a-naphthyl phosphate) for the electrochemical measurement.
Below, the complete procedure is reported, including the flow rates
applied for the various steps:

1) First, the magnets are placed in position on the card.

2) 10 pL of the CP-functionalized beads resuspended in 100 pL PBS are
introduced into the card’s microchannel at a flow rate of 33 pL
min~!. The MBs-CP are thus blocked in the channel by the magnets.

3) 100 pL of a 50/50 (v/v) solution containing 190 nmol L~! SP and
either the target DNA (synthetic T or amplicons), the negative sam-
ple, or PBS (blank sample) were fluxed in the channel (33 pL min~1).
Before hybridization, in the case of amplification products, the T-SP
solution is heated at 99 °C for 5 min to denature the double-stranded
structure. The flow rate is slowed down to 8 (synthetic T) or 4
(amplicons) pL min~?, respectively.

4) After the affinity reaction, a washing step with DEA-T buffer for 6
min at 17 pL min~?, followed by the same procedure with DEA
buffer.

5) A 1.5 U mL ! streptavidin-AIkP solution in DEA is introduced at 33
pL min~! until reaching the beads, and then incubated by deceler-
ating the flow to 8 (synthetic T) or 4 (amplicons) pL min~! for 12 or
24 min, respectively.

6) DEA-T and DEA, in sequence, are quickly injected (33 pL min™?)
through the system to remove unbound material.

7) The magnets are disconnected: the magnetic field ceases and the
beads are released.

8) A high-speed DEA bulffer flow is initiated (1 min at 360 pL min~ 1) to
direct the beads through the outlet, where they are collected in a vial
and resuspended in 50 pL DEA for the electrochemical readout.

2.4. Electrochemical readout

The electrochemical readout was conducted as previously reported
[8]. Briefly, 10 pL of the CP-SP-T-AlkP-modified beads, previously
re-suspended in 50 pL DEA, were first deposited onto the working
electrode’s surface. A magnet placed underneath the electrode ensured
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the beads’ position. Next, 60 pL of a 0.5 mg mL ™! solution of a-naphthyl
phosphate were added to ensure coverage of all three electrodes.
Following a 3-min incubation period, the electroactive a-naphthol
generated by the enzymatic reaction was monitored by registering the
anodic peak current intensity through differential pulse voltammetry.

2.5. Microfluidic card

Microfluidic cards were produced in-house by laser cutting from poly
(methyl methacrylate) sheets with a thickness of 3 mm. The inlet-
connected channel featured a serpentine segment that directs fluids
along curved trajectories, followed by a straight channel leading to the
outlet. The purpose of the serpentine-shaped section is to increase the
channel length and passively enhance sample mixing by inducing
transversal flows and chaotic advection from the interaction between
channel geometry and fluids [34]. The overall channel length is 142.5
mm. The dimensions of the microfluidic card are indicated in Fig. 2a,
whereas a picture of the card is displayed in Fig. 2b. At the mid-length of
the linear section (approximately 23 mm far from the serpentine
segment), two magnets are strategically positioned above and below the
microfluidic card. The strong magnetic attraction between them ensures
their stable position in the designated section, without the need for
special sockets, notches, or grooves on the plastic support of the
microfluidic card. This facilitates insertion and subsequent removal of
the magnets during the bead release phase, since no interlocking fea-
tures or constraints must be overcome.

After laser cutting, each card was cleaned with 70 % ethanol and
Milli-Q Hy0, dried, and sealed with a transparent biaxially-oriented
polypropylene (BOPP) film (Avery Dennison Corporation, Cadorago
(CO), Italy). The BOPP film was replaced after each assay.

Inlet and outlet sides were connected to the fluidics by using
commercially available needles (Terumo Neolus® Lueger 25 g x 5/8" -
0.5 x 16) attached with ethyl 2-cyanoacrylate adhesive (Loctite®,
Henkel Ltd, Italy).

By using a multichannel peristaltic pump, it is possible to achieve
parallelization and utilization of multiple microfluidic cards simulta-
neously. Each card can be connected to one of the inlets of the pump,
thus processing simultaneously more samples of the same target DNA
sequence (e.g., distinct collected samples or/at varying concentrations),
or — upon changing the capture probe immobilized on the MBs — of
different sequences.

2.6. Non-specific-binding effect

In an attempt to reduce non-specific binding due to the various re-
agents flowing into the channels, the card’s channel was coated with
non-relevant proteins. Such physical surface modification exploits
blocker proteins that adsorb to surfaces, such as bovine serum albumin
(BSA), casein, or others. The inherent assumption of this approach is
that, by coating the system with these surface-active proteins, partial
inhibition of the immobilization of other molecules is provided [35]. For
this purpose, two different blocking agents were tested:

- BSA. The microfluidic channel was filled with a 1 mg mL™! BSA
aqueous solution and incubated in the dark for 16 h at +4 °C. When
unused, the albumin-coated card was stored at +4 °C filled with PBS.
Commercially available blocking buffer. 300 uL of Superblock™
(PBS) blocking buffer (ThermoFisher Scientific, Italy) were intro-
duced in the channel at 33 pL min~? for a total time of 9 min ca.
Then, Milli-Q water was rapidly flushed into the system for 1 min
(360 pL min~1). This process was repeated for a total of three times,
alternating the injection of 300 pL blocking buffer to a washing step
with water.

After each treatment, the card was used to perform a fluidic test.
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Fig. 2. (a) Dimensioned drawing and (b) picture of the microfluidic card.

2.7. Data representation and fitting

The anodic peak current (i,) of the enzymatically-produced
a-naphthol was plotted as a function of DNA concentration present in
the analyzed sample. The data were fitted by nonlinear regression to the
four-parameter logistic (4-PL) regression curve. The value of 0 on the
logarithmic x-axis was deliberately inserted using the built-in parame-
ters of OriginPro 2023 (OriginLab Corporation) to better highlight the
presence of the blank sample. The limit of detection (LOD) was evalu-
ated considering the average signal of the blank plus three times the
standard deviation, whereas the limit of quantification (LOQ) was esti-
mated taking into account the average response of the blank plus ten
times the standard deviation. The obtained values were converted into
picomoles per liter by fitting the data to the 4-PL function.

2.8. Analysis of sull in E. coli cells

2.8.1. Bacterial culture and DNA extraction

E. coli cells derived from NCTC 13846 obtained from Microbiologics
(https://www.microbiologics.com) containing the sull resistance gene
were used. The bacterial lyophilized was resuspended in 5 mL of LB
medium and incubated for 24 h at 37 °C. After the incubation, the
bacterial cells were centrifuged at 11,000 rpm for 5 min, the liquid was
separated and 150 pL of lysis buffer solution and 100 pg of lysosome
were added to the pellet, the resulting solution was incubated for 30 min
at 37 °C. To this solution, 22 pL of 20 % sarkosyl and 175 pL of Phenol:
Chloroform:Isoamyl Alcohol were added, mixed, and centrifuged for 5
min at 11,000 rpm. Subsequently, the aqueous phase was separated, and
175 pL of Phenol:Chloroform:Isoamyl Alcohol were added again and
centrifuged for 5 min at 11,000 rpm. The aqueous phase was transferred
to another tube and 175 pL of chloroform was added and centrifuged at
11,000 rpm for 5 min. Subsequently, to the aqueous phase, 150 pL of
ethanol absolute plus 15 pL of 3 mol L™! sodium acetate pH 7 were
added and incubated at —20 °C for 10 min. After the incubation, the
tubes were centrifuged at 11,000 rpm for 5 min and the supernatant was
removed. To the pellet, 200 pL of 70 % ethanol were added. The su-
pernatant was discarded, and the pellet was resuspended with 25 pL of
nuclease-free water and stored at —20 °C for further analyses.

2.8.2. Primer selection, isothermal amplification, and DNA purification
The sull-primers were initially designed for the end-point PCR con-
ditions, considering melting temperature (Tm), elongation, and GC
content. Unlike PCR, the recommended length of RPA primers is rela-
tively extended, with a minimum of 30 nucleotides (but typically be-
tween 32 and 35 nucleotides). However, shorter PCR primers,
commonly in the range of 18-25 nucleotides as those reported in the

present work, might also work, although with the probability of reduced
reaction speed and sensitivity [36]. Nevertheless, such PCR-optimized
primers were successfully used to perform the enzyme-assisted
isothermal amplification.

Following the manufacturer’s recommended protocol, the RPA re-
action was performed using the TwistAmp Basic kit (TwistDx, Cam-
bridge, UK). Briefly, a reaction mixture containing 2.4 pL of 10 pmol L™}
solutions of both forward and reverse primers (final concentration: 480
nmol 1! each), 13.2 pL of either sterile water (negative sample) or a 50-
fold diluted total DNA solution (“target” sample), and 29.5 pL of the
primer-free rehydration buffer contained in the kit, was prepared. After
transferring this mixture to the enzyme pellet supplied, 2.5 pL magne-
sium acetate 280 mmol L1 (final concentration: 14 mmol Lfl) were
added to the lids of the vials and centrifuged to make the amplification
reaction start simultaneously in all samples. The tubes were then incu-
bated at 37 °C for 20 min under continuous mixing (900 rpm). DNA
purification with the Cytiva GFX™ PCR DNA and Gel Band Purification
Kit (Merck, Italy) followed. Following this protocol, the 13.2 pL of DNA
utilized for the RPA reaction were obtained by diluting the genomic
DNA extracted by a factor of 50 in sterile water; therefore, only 0.26 pL
approximately of genomic DNA are required for the amplification. On
the other hand, 50 pL of the amplified sample are yielded after the pu-
rification, enough to run multiple end-point analyses through the
microfluidic system. Next, the amplification products were visualized on
2 % agarose gel, using the SYBR® Safe DNA gel stain (Invitrogen) and
the 6x DNA Gel Loading Dye (ThermoFisher), applying 80 V for 2 h.

3. Results and discussion

A genomagneto-assay was developed. Briefly, this was based on CP-
modified magnetic beads to capture target DNA fragments inside a
microfluidic card. Inside the microchannel, the magnetically-
immobilized beads are exposed to the reagents described by the
analytical protocol, in a continuous flow provided by a peristaltic pump
(Fig. 3). In-flow hybridization and labeling reactions can thus occur. In
the following sections, the optimization procedures of the assay steps as
well as the analytical performance of the assay are discussed.

3.1. Parameter assay optimization

Assay parameters such as reagent volumes, flow rates, and incuba-
tion times needed to be optimized [32]. Such optimization measure-
ments were mostly run with a synthetic target DNA sequence; the final
optimized procedure was then applied to the analysis of
isothermally-amplified E. coli DNA samples.
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Fig. 3. Schematization of the assay design developed.

3.1.1. Optimization of flow rates, incubation times, and reagent volumes

The parameters described in previously reported magneto-assays [8,
32] were studied and optimized to work in our microfluidic setup. Ex-
periments were thus performed to evaluate combinations of flow rates,
incubation times, and reagent volumes with the aim of achieving a
straightforward and efficient protocol in which every phase of the assay
was optimized to improve its efficacy and efficiency, reduce reagent
consumption, and decrease the overall analysis runtime. Multiple steps
were conducted, as described below and, more in detail, in Section S1 of
the Supporting Information.

Step 1. Firstly, incubation times (Tj,c) were optimized. As predictable,
the most time-sensitive steps were found to be the incubation periods,
especially those that characterize the exposure of the CP-functionalized
beads with the T-SP complex. Initially, incubations were conducted in
stop-flow, namely by pausing the microfluidic flux and waiting for the
incubation times decided by protocol. However, since the results ob-
tained in those conditions were less predictable and reproducible, with
the disadvantage of drastically increasing analysis runtime, a continu-
ously flowing approach was performed. To this end, various incubation
times were tested. Unfortunately, as visible from Fig. 4a, periods below
8 min resulted in approximately halved signal-to-noise ratio (SNR)

Constant flow rate

Constant incubation time

values.

Step 2. On the other hand, Fig. 4b shows that, at a constant incubation
time of 8 min, improvements were instead registered by modulating the
volume of T-SP flowing per unit time between 4 and 33 pL min~'. With a
SNR maximum at 13 pL min~! in 8 min of incubation, it was possible to
find the best volume of T-SP solution to be injected, which was set to
100 pL.

Step 3. Keeping a constant T-SP volume of 100 pL, additional experi-
ments were introduced to check if the performances could further
benefit by increasing the duration of the hybridization while decreasing
the flow rate. To this end, we investigated four experimental conditions
by which the incubation was carried out: (i) 6 min at 17 pL min’l, (i) 8
min at 13 pL min_l, (iii) 12 min at 8 pL min_l, or (iv) 24 min at 4 pL
min~!. Notably, these specific time-flow rate pairs were chosen to
ensure a constant volume of T-SP injected of approximately 100 pL. With
respect to the previous step, as displayed in Fig. 4c-a significant
enhancement of the SNR was registered upon increasing the incubation
time by 50 % in combination with a decrease of the flux speed by ~38 %.

With this in mind, the next measures were similarly dedicated to
adjusting the individual flow rates of each step of the analytical protocol
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Fig. 4. Optimization plan of incubation times and flow rates with synthetic genes. (a) Impact of incubation times between CP-functionalized magnetic beads and the
T-SP conjugate at constant flow rates. (b) Effect of the flow rate and consequent T-SP volumes on an 8-min hybridization. (c) Influence of the combination of a longer
incubation with slower flow rates using constant volumes of T-SP (~100 pL). The results are expressed as % of SNR change (considering a T sample of 10 nmol L' T)
from the previous optimization step introduced to better highlight the efficacy of all alterations to the protocol.



P.S. Sfragano et al.

to reduce reagent consumption, decrease analysis time, improve the
efficacy of all washes, and optimize the efficiency of each phase.
Table S1 (SI) reports the parameters before and after optimization. The
general idea was to modulate the duration of the various phases based
on their time sensitivity. Thus, incubation times were prolonged by
slowing the head speed of the peristaltic pump, whereas loading and
washing stages were performed at higher speeds, although considering
that a larger flux rate could displace magnetically less-retained beads.
Practically, the protocol with constant flow rates was found to last 92
min approximately. Remarkably, the final optimized workflow
decreased this latter time by >40 %, requiring less than 1 h (54 min).

3.1.2. Fouling effect

As reported in Fig. 5a-a gradual increase in the signal intensity,
especially in the blank sample, was noticed after performing multiple
analyses with the same card. This was identified as a sort of “memory
effect” due to the previous use of the card. To better understand this
behavior, a series of experiments were conducted. In particular, starting
with a freshly prepared card, three subsequent cycles of analysis were
performed at constant flow rates using a blank sample (0 nmol L™ T),
followed by T samples at concentrations of 0.1, 1, and 10 nmol L!
respectively. As it can be experimentally observed, by increasing the
number of experiments performed on the same card, a dramatic blank
signal increase could be observed, reaching values almost 10-fold higher
than on the first use (Fig. 5a). As a result, the signal-to-noise ratio (SNR),
namely the ratio between the signal for a T sample and the corre-
sponding blank was drastically reduced. This could be explained by
leftover hybridized beads, free AlkP, or unbound SP-AIkP conjugates
from previous measurements. Indeed, upon disassembling the card used
in these experiments, an important accumulation of brown magnetic
particles was noticed inside the card’s cavity and on the cover tape
(Fig. 5b), suggesting possible contaminations. To address this issue, at-
tempts by priming the microchannel with BSA or commercial blocking
buffer were conducted, as discussed in detail in Section S2 of Sup-
porting Information. Unfortunately, these solutions resulted in being
unideal. A more practical solution was found in substituting the
pressure-sensitive heat-activated adhesive tape on the card after every
cycle of experiments. This allowed for discarding the most contaminated
part of the platform and performing deep cleaning procedures of the
card’s cavity and the microfluidic channel with 70 % ethanol and water,
thus eliminating all beads leftovers and sources of contamination. This
characteristic grants the possibility of reusing almost indefinitely the
microfluidic card, while discarding only the least expensive and the
most recyclable module of the whole system. Changing the cover tape
led to sufficiently low blank signals, that could be roughly considered as
the sole product of auto-hydrolysis of the phosphate group from
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a-naphthyl phosphate due to environmental conditions (e.g., light, heat,
etc.) in the final steps.

3.2. Test on synthetic sull and sul4 genes

Following the optimized protocol, the developed microfluidic plat-
form was finally applied in an assay development. Firstly, this was tested
on synthetic sull and sul4 genes. Calibration curves were obtained by
plotting the anodic peak current (i,) of a-naphthol produced enzymat-
ically as a function of DNA concentration in the range 0-10 nmol L~}
(Fig. 6a and b). Particularly, the y-axis displays the Ai,, namely the
difference between the signal registered at a specific T concentration
and the corresponding current measured in the blank sample (0 nmol
L~!'T). With this setup, a LOD of 44.2 pmol L' and a LOQ of 129.7 pmol
L~ were obtained for the sull synthetic gene, whereas the sul4 synthetic
sequence exhibited a LOD of 48.5 pmol L™! and a LOQ of 233.6 pmol
L

Samples containing the sull, sul4, and two non-specific genes,
together with a blank solution (without target DNA), were also analyzed
to evaluate the biosensor’s specificity. In particular, using MBs func-
tionalized with a CP specific only against the sull sequence, all genes
were processed with the microfluidic genomagneto-assay described at a
concentration of 10 nmol L1, except the sull gene, which had a con-
centration of 1 nmol L™1. None of the genes tested exhibited a significant
response, compared to that obtained with the target sull gene (Fig. 6¢).
Hence, the detection protocol meets the specificity characteristics
thanks to the high affinity of nucleic acids that strongly bind only to
their complementary nucleotide sequences.

3.3. Applicability to real sample analysis: amplified sull gene detection

To evaluate the applicability of the developed microfluidic
genomagneto-assay with real samples, it was tested on the detection of
the sull gene in genomic DNA extracted from cells of Escherichia coli. In
particular, 0.26 pL of genomic DNA (31.2 ng) obtained from the culture
were subjected to isothermal amplification and purified according to the
protocol described in the ‘Materials and Methods’ section. Detailed re-
sults of the gel electrophoresis are reported in Section S3 and Fig. S1 of
the Supporting Information, considering the specificity of the reaction
with two negative samples.

The obtained sull amplicons were diluted with dilution factors of 10,
25, 50, 100, 250, and 500. Each sample was then analyzed in triplicate
following a slightly modified version of the microfluidic protocol
described in the previous sections. Indeed, when dealing with short
amplification products or small oligonucleotides, as shown before, the
system was found to correctly capture the target DNA and provide good
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Fig. 5. (a) Signal increase with blank samples due to contaminations from previous cycles of experiments on the same platform as untreated, primed with BSA or a
commercial blocking buffer, or after changing the tape before every new cycle. The results are normalized on the first use. In each cycle of experiments, target DNA
samples at 0, 0.1, 1, and 10 nmol L! are analyzed through the microfluidic system. (b) Pictures of the microfluidic card’s cavity (top) and its cover tape (bottom +

inset) that show the brown microparticle leftovers after numerous experiments.
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performances. On the other hand, when testing on longer amplification
products, such as the sull amplicon of 288 bp (which is almost 7 times
larger than the synthetic T oligonucleotide), it was observed that pro-
longed incubation periods at slower flow rates during the crucial steps (i.
e., related to the CP-T-SP hybridization and the AIkP labeling) could
provide better results (Fig. 7a). This is probably explainable by the fact
that longer DNA sequences may require longer times to complete the
hybridization and achieve better molar coverages on the beads, and
slower fluxes might help this process. Thus, in the case of amplification
products, the incubation time was doubled (24 min) while also halving
the flow rate (4 pL. min ") during the two most critical steps, namely the
hybridization and the labeling. Notably, it has to be highlighted that, in
doing so, the total amount of T-SP and AlkP was kept unchanged, hence
the improvement was solely introduced by enhancing the interaction
between the moieties.

Thus, an electrochemical readout was carried out with the various
dilutions of the amplification products, together with the negative
(amplicon without genomic DNA) and the blank (non-amplified sample
in the absence of T) samples (Fig. 7b). To confirm what was previously
observed in the agarose gel electrophoresis, the negative sample showed
a negligible signal, comparable to that of the blank. A signal-to-noise
ratio above 3 was instead observed for the 500-fold diluted amplicon.
Moreover, plotting the difference between the response at the various
amplicon dilutions and the blank as a function of the dilution factor
suggested that even higher dilution factors could be introduced (inset of
Fig. 7b). It can thus be concluded that, to assess the presence of the
target sull gene marker under these conditions, starting from a very low
volume of DNA extract (0.26 pL), only 1/500 of the total volume of
amplification product is required to obtain a valuable response. Indeed,
obtaining amplicons with high specificity using a simple enzymatic-
based amplification like RPA, able to work at low constant tempera-
tures, represents a significant advantage in time, reagent consumption,
instruments, and operability compared to PCR, which is why its use for
incorporation into emerging in situ devices, such as biosensors, stands
out [9].

4. Conclusions

In this work, a cost-effective microfluidic-based bioassay coupled to
superparamagnetic microbeads for the detection of DNA amplification
products was developed and applied to the detection of ARGs.

AMR is a global threat that endangers the efficacy of modern medi-
cine against infections. To this end, the sull gene, a marker for the
resistance against sulfonamide antibiotics, was analyzed inside an easily
produced microfluidic card and captured/isolated exploiting the
versatility of DNA-functionalized magnetic beads. In a controlled
microfluidic flow, the sull-modified particles were exposed to the
various reagents of the assay, so that hybridization and enzymatic la-
beling reactions could occur. The parameters linked to all phases were
optimized (i.e., addressing contamination sites, adjusting flow rates,
monitoring incubation times in a continuously flowing flux, etc.). As a
proof-of-concept, total DNA was extracted from E. coli cells and the sull
gene was selectively amplified at 37 °C through RPA. The microfluidic
approach was able to detect down to >500-fold diluted amplification
products, thus enabling numerous experiments with a single amplifi-
cation reaction.

The advantages provided by the proposed platform in terms of
simplicity and applicability in point-of-care conditions, and cost-
effectiveness might promote its use over more complex and time-
consuming solutions. Indeed, this goes in line with the tendency to
miniaturize and reduce the materials required in analytical protocols (e.
g., disposable plastic and consumables) and with the need for simple,
fast, and easy-to-operate techniques to determine antimicrobial resis-
tance genes with applicability in clinical and environmental samples.
This is considerably true in developing countries, where the shortage of
trained personnel and the low funds add up to increased vulnerability to
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AMR for their unprivileged healthcare infrastructure and widespread
misuse of antibiotics [37,38].

Finally, a full automatization of the herein-proposed approach can be
envisaged by implementing software-assisted mechanisms to control the
injection and release of the reagents into the microchannels. The
introduction of an in-flow isothermal amplification conducted inside the
microfluidic card will also be investigated. To this end, the possibility of
using magnetic beads to provide efficient in-flow capture and isolation of
the amplicons without the need for previous complex DNA purification
methods will be evaluated.
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