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1. Introduction

Quantitative polymerase chain reaction (QPCR) is considered the gold

standard for pathogen detection. However, improvement is still required,
especially regarding the possibilities of decentralization. Apart from other

In recent years, there has been an enor-
mous interest in developing analytical de-

reasons, infectious diseases demand on-site analysis to avoid pathogen
spreading and increase treatment efficacy. In this paper, the detection of
SARS-CoV-2 is carried out by reverse transcription loop-mediated isothermal
amplification, which has the advantage of requiring simple equipment, easily
adaptable to decentralized analysis. It is proposed, for the first time, the use of
palladium nanoclusters (PANCs) as indicators of the amplification reaction at
end point. The pH of the medium decreases during the reaction and, in turn,
a variation in the catalytic activity of PANCs on the oxygen reduction reaction
(ORR) can be electrochemically observed. For the detection, flexible and
small-size screen-printed electrodes can be premodified with PANCs, which
together with the use of a simple and small electrochemical equipment would
greatly facilitates their integration in field-deployable devices. This would
allow a faster detection of SARS-CoV-2 as well as of other future microbial

vices that enable rapid and decentralized
medical diagnostics, especially at the point-
of-care (POC).l!I This supposes a turning
point for patients and consumers, as well
as for healthcare professionals, leading to
a real transformation of current healthcare
systems.

The pandemic caused by SARS-CoV-
2 has accentuated the need to develop
quick and robust analytical methodolo-
gies, producing highly precise and accurate
results.[?l Although research has been in-
tense, it must continue to be ready to fight
against future microbiological threats. Easy-
to-use lateral flow immunoassays, with low
price and small size are appropriate for

threats after an easy adaptation.
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on-site diagnostics,’! but still offer low
sensitivity,[** reporting a significant per-
centage of false positives cases.[]

In contrast, assays based on quantitative PCR (qPCR), consid-
ered the most effective by the World Health Organization,!! has
the advantage of high reliability. Although some adaptation to
POC devices is found in the bibliography,’] the integration of op-
tical detection, that requires relatively complex equipment,®! and
the use of ramps of temperature, make it difficult. Thus, the use
of isothermal strategies such as loop-mediated isothermal ampli-
fication (LAMP, or RT-LAMP if reverse transcription is required)
is introduced as an alternative to temperature cycling. This fa-
cilitates decentralized testing allowing faster (< 1 h), cheaper,®!
and easier to perform procedures,!'% while maintaining similar
detection limits as well as sensitivity and selectivity.'!]

Apart from gel electrophoresis, turbidimetric and colorimetric
detection!'?) are the most used methods for LAMP detection.
Colorimetric approaches take advantage of the fact that during
the amplification procedure pyrophosphate ions and protons
are released. Thus, the indicator hydroxynaphthol blue allows
monitoring the change in concentration of Mg?*, ions that
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precipitate with phosphate.l3] Similarly, the use of pH-sensitive
dyes produces a color change.'*) Also noteworthy is the rise
of platforms based on microfluidics as lateral flow analysis on
paper. An application is the early diagnosis of hepatitis C using
the RT-LAMP technique with detection based on lateral flow nu-
cleic acid strips.['! Combining RT-LAMP and lateral flow assays
with vertical flow sample processing has allowed decentralized
malaria diagnosis in rural communities."®) Similarly, the use
of paper-origami DNA microfluidics has been applied to the
diagnosis of bovine infectious reproductive diseases.['’] In all
the cases, detection by the naked eye either from visible spots or
their fluorescence emission using a hand-held torch or digitally
with a mobile-phone camera, have been employed.

Electrochemical detection (ED) has also been employed!
being very appropriate to the development of POC devices, due
to its low cost, ease to use, portability and high sensitivity.[2%!
For example, the use of methylene blue, which can act as a re-
dox intercalating probe, is the basis of an electrochemical sen-
sor that allows the detection of SARS-CoV-2 in wastewater.[*!]
Regarding the change in pH, electrochemistry has tradition-
ally been the preferred technique for measuring this parame-
ter. Therefore, direct measurement has been demonstrated us-
ing a solid-state hydrogen ion selective electrode sensor fabri-
cated on graphene-modified screen-printed electrodes.? Simi-
lar electrodes (screen-printed electrodes previously coated with
reduced graphene) have been modified with pH-sensitive con-
ducting polyaniline to measure the change in the open circuit
potential for end-point detection of LAMP reactions.[?}]

Metal nanoclusters (MNCs) consist of a spherical cluster of
atoms, ranging from a few tens to several hundreds, whose size
is close to the Fermi wavelength.[?*] This causes the energy bands
typical of metal nanoparticles (NPs) to be split into discrete en-
ergy levels, so that the MNCs exhibit optoelectronic and chemical
properties different from NPs and metal complexes. They can be
synthesized using protective ligands that interact with the metal,
creating a layer that improves their stability, while allowing the
MNCs to solubilize in aqueous media when using ligands with a
hydrophilic terminal end.[?>2¢] Small thiolated organic molecules
are appropriate ligands because the thiol groups interact strongly
with the metal, producing very stable bonds.?® Regarding the
metal, gold,[?”] and silver!?®! NCs are the most common, although
other metals such as platinum(?°! or palladium*% are also of high
interest. MNCs have been successfully employed in a wide range
of fields, such as bioimaging,3!] cell labeling,*?) theranostics,**!
and catalysis.[234]

PdNCs have been found to possess catalytic activity on sev-
eral electrochemical reactions,***! such as the hydrogen evo-
lution reaction (HER)®3] or the oxygen reduction reaction
(ORR),334] that happens at lower negative potential. The gen-
eral ORR mechanism depends directly on the pH of the elec-
trolyte (acidic or alkaline). In any case, multiple electron transfer
occurs, with final conversion to H,0 or OH~, respectively.[*!] In
either electrolyte, two possible pathways can be adopted, a direct 4
e~ reduction or an indirect route with two consecutive 2 e~ reduc-
tions. In the last case, the first step generates H,0, or HO,™ as
intermediate species, in acidic or basic electrolytes, respectively,
that are further reduced to H,0 or OH". Dissociative (for the di-
rect way) and associative (for direct/indirect ways) mechanisms
are possible. In basic medium, after adsorption of O, in the cat-

18,19]
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alytic active site (O,"), the dissociative route involves cleavage of
the bond O—O to form 2 adsorbed O* species that are reduced
gaining two protons and two electrons to form 2 OH". Finally,
they form 2 OH~ by gaining two electrons. However, in the as-
sociative 4 e~ way, O,” is reduced in a one proton/one electron
transfer process to form OOH¥, that is further reduced produc-
ing O" and OH~ (1 e~ transfer process). The reduction of O* to
OH" involves again one proton/one electron transfer. Finally, in
the fourth 1 e~ transfer step, OH" forms OH™, that is desorbed
regenerating the catalytical active site (*). In the associative indi-
rect (two 2 e~ transfer steps) route, the OOH" produced by O,"
reduction, is reduced again and desorbed to form OOH™. The
reduction is completed with the generation of OH™, with a final
balance of 4 OH™ produced with participation of 1 O, and 2 H,0O
molecules. In the case of acidic electrolytes, the 4 H* required are
transferred directly from the medium. Following dissociative or
associative mechanisms depends on the O, dissociating energy
barrier on a surface. A parallel mechanism, combination of both
dissociative and associative routes is also possible.[*?]

Regarding the material, Pd has demonstrated to be an excellent
catalyst, being better substrate to support Pt catalyst monolayers
when compared with Au, Pt, and Ir, showing P, o1ayer/Pd (111)
the highest activity among the surfaces studied, even higher than
pure Pt(111)(*] and with the smaller difference between activa-
tion energy barriers of bond-breaking and bond-making steps.[*?!
In this context, plots of oxygen reduction activity against O and
OH binding energies shows that Pt and Pd are the best catalysts
for oxygen reduction.[**] The suitability of Pd as electrocatalyst is
also demonstrated by the increase in the ORR rate of Pd-modified
Au clusters, compared with bare Au clusters,[**] opening the door
to engineering ultrasmall noble metal clusters with high area-
volume ratios and robust stabilities for ORR.I*!) Although in most
of the cases acidic or basic electrolytes have been employed, im-
portant catalytical activity over ORR has been demonstrated also
in neutral media, by modification of glassy carbon electrodes
(GCEs) with colloidal dispersions of Pd nanostructures.[*! In
this context, Au-Pd nanoparticles performed even better than Pt
nanoparticles in the neutral media, required for microbial fuel
cells.[7]

Several authors have exploited the different catalytic proper-
ties of PANCs for multiple applications. Generation of PANCs
by electrodeposition from a PdCl, solution was employed for
developing, e.g., a sensor for catecholamine neurotransmit-
ters and paracetamol,*®! or a nonenzymatic sensor for hy-
drogen peroxide.*”] PtPdNPs were also synthesized and used
as modifiers, together with acetylcholinesterase, of a GCE for
organophosphate pesticide detection.[*%! In all these cases, elec-
troactive species were measured on the modified electrodic sur-
face. However, analytical applications based on the catalytic ac-
tivity of PANCs on ORR are very scarce. Hybrid Pd-AuNCs have
been used as tags for the detection of hyaluronidase wound in-
fection biomarker in a magnetic bead-based immunoassay.>!]

However, to the best of our knowledge, the catalytic activity
of PANCs has never been used as the basis of the detection of a
LAMP amplification of genetic material. MNPs have been used in
the detection of genetic material after RT-LAMP amplification,?!
but their catalytic effect has not been the basis of the detection.
Thus, human papillomavirus 16 E6/E7 mRNA has been detected
using AuNPs as support of thiolated DNA strands that hybridize

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

85U8017 SUOWILWIOD 8AIIID) 3|cedldde ays Aq peuenob are ssjoie YO ‘sn JO Sa|ni Joy Ariqi8UIIUO /8|1 UO (SUOTPUOD-pUe-SLLRI/LI0O A8 |1 ARl 1B |UO//SANY) SUOTIPUOD pue Swie | 8L 88S *[£202/90/0€] Uo AreiqiTauliu A1 ‘AIseAIUN PIOJXO AQ 226202202 WUpe/Z00T 0T/I0p/L0o" A3 1m Afeiq1jeuljuoj/sdny wouy pepeolumoa ‘ZT ‘€202 ‘65922612



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

www.advhealthmat.de

0.0125 g DHLA 0.0025 g K,PdCl, 1;;1'5 L\laBH,,
(m 500 pL) added dropwise

9.880 mL Ultrapure
water
120 pL NaOH 2M 5 min stirring 1‘6'h

Sliming 25°C stirring

25°C epe

5 5 o
7/\/\ )\ ) : L 7
T G G
‘o SH

Reference electrode —»

Working
(WE)

Auxiliary electrode

Figure 1. A) Schematics of the PANCs synthesis procedure. B) HR-TEM image obtained for the PANCs with the SAED image in the inset. C) Schematics

of the electrochemical measurement setup.

with biotinylated amplicons. After incubation and centrifugation,
AuNPs were deposited on a GCE for further enzymatic detec-
tion with streptavidin conjugated HRP and TMB. This is the first
time, to the best of our knowledge, that PANCs (or other NCs) are
used for the detection of amplification of genetic material.

The kinetics of oxygen reduction at Pd electrodes varies with
the pH of the medium.>3] Thus, we hypothesize that, as the cat-
alytic effect of PANCs on ORR could also vary with the pH, which
changes during a LAMP reaction, the variation of an electrical
magnitude (e.g., potential or intensity of current) related to the
PdANCs catalytical activity, could be the analytical signal that cor-
relates with the number of initial copies of genetic material.

Thus, in this work, PANCs with catalytic activity on ORR will be
synthesized in neutral medium and characterized by microscopy
and electrochemical techniques. In an innovative strategy, these
PdNCs will be used for the first time as indicators of LAMP re-
actions. In this way, SARS-CoV-2 detection can be based on the
change in the catalytic effect of the PANCs due to the variation of
pH produced during the amplification, allowing them to differ-
entiate between positive and negative samples.

2. Results and Discussion

2.1. Synthesis and Characterization of PANCs

A procedure to allow the synthesis of stable PANCs with catalytic
activity was carried out. Thus, K,PdCl, was used as a precursor
salt, NaBH, as a reducing agent and DL-6,8-thioctic acid (DHLA)
as a thiolated protective agent. DHLA is a bidentate ligand that
provides great stability to the PANCs due to the chelate effect.?¢]

Adv. Healthcare Mater. 2023, 12, 2202972 2202972 (3 0f12)

The procedure for the synthesis of PANCs is detailed in the Ex-
perimental Section, and schematically represented in Figure 1A.
After addition of all the reagents, growing of PANCs took place for
16 h under stirring. According to image of the PANCs obtained
by HR-TEM (Figure 1B), the metallic core of the PANCs was 1.69
+ 0.06 nm on average (99% confidence interval with n = 148, us-
ing the standard normal distribution). Since NCs diameter can be
close to SEM resolution limit and higher resolution images can
be obtained by HR-TEM, this technique was preferred over SEM.
The selected area electron diffraction (SAED) technique was also
used to obtain the structure of the crystal of PANCs, which was
found to be FCC (face centered cubic). By knowing both the av-
erage diameter of the PANCs and the crystal lattice structure, the
number of Pd atoms per NC can be obtained. It was found to be
172 atoms of Pd per NC on average.

The synthesized PANCs have been characterized by ab-
sorbance spectroscopy (Figure S1, Supporting Information) as
well as by inductively coupled plasma-mass spectrometry (ICP-
MS), whereby the concentration of Pd in the purified solution
of PANCs was found to be 40.2 + 1.1 pg mL~!. PANCs were also
characterized using energy-dispersive X-ray spectroscopy (Figure
S2, Supporting Information) to ensure that the images obtained
by HR-TEM correspond to PANCs.

2.2. Evaluation of PANCs Electrocatalytic Properties
Cyclic voltammetry (CV) was employed to examine the electro-

chemical processes in which PANCs are involved. For such pur-
pose, the electrochemical behavior of PANCs in three different
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Figure 2. CVs recorded in different solutions, without (gray line) and with 1.6 ug mL~" of PANCs (black line): A) 0.1 m H,SO,, B) 0.1 M NaOH, and C)
0.1 ™M PB pH 7.0, scanned toward negative (solid line) and positive (dashed line) potentials. In C), a zoom of the area marked is presented at the right.
D) Effect of the rate of NaBH, addition: LSVs recorded in 0.1 M PB pH 7.0, with 1.6 ug mL~" of PANCs synthesized by quick (all at once; continuous
black line) or slow addition (1 drop every 5 s; dashed black line). E) Effect of deoxygenation: LSVs recorded in 0.1 m PB pH 7.0 solutions, with 1.6 pg
mL~1 of PANCs before (continuous black line) and after bubbling N, for 5 min (dashed black line). In gray, LSVs of solutions without PdNCs.

media (0.1 m H,SO,, 0.1 M NaOH, and 0.1 M phosphate buffer
(PB) pH 7.0) was studied. In all the cases, a concentration of
1.6 pg mL~! of PANCs was used, obtained by dilution of the
stock solution (40.2 ug mL™") in the corresponding media. Fig-
ure 2A,B,C shows the voltammograms obtained in each of the
tested media with (black line) and without (gray line) PANCs. In
each case, two scans were recorded: one toward negative poten-
tials (solid line) and the other in the positive direction (dashed
line). Scans were started at 0.0 V in both cases, where no electrol-
ysis was observed.

In Figure 2A, which shows the CVs recorded in acid medium,
it can be observed how the reduction process, namely HER (hy-
drogen evolution reaction), is catalyzed by the PANCs. A move-
ment toward less negative potentials, which corresponds to an
increase of 111 pA (in absolute value) at a potential of —=1.2'V, is
noticed. No other remarkable reduction or oxidation processes re-
lated to the catalytic activity of the PANCs were observed. On the
other hand, in voltammograms recorded in basic medium (0.1 m
NaOH), HER and ORR, as well as oxygen evolution reaction
(OER) processes, can be clearly observed. However, it seems that
PdNCs do not exhibit any remarkable catalytic effect on these re-
actions. A small anodic process at about +0.8 V, close to the back-
ground electrolyte oxidation, is also observed, which has been
attributed to the oxidation of the DHLA coating the PANCs.[*3!
In Figure 2C, the voltammograms recorded in neutral medium
(0.1 M phosphate buffer, pH 7.0) are shown. Here, it can be seen
some catalytic activity on HER, although much less remarkable
than the obtained in acidic medium. Likewise, PANCs also seem
to have catalytic activity on ORR. For better visualization of the
difference between the voltammograms recorded in the buffer
solution with and without PANCs, a zoomed graph is shown in
Figure 2C.

Therefore, PANCs possess catalytic activity both on ORR (and
slightly on HER) when working in neutral medium and on HER
when working in acid medium. Here we focused on the PANCs
catalytic activity on ORR (in neutral medium), since the applica-

Adv. Healthcare Mater. 2023, 12, 2202972 2202972 (4 O‘F'|2)

tion to pathogen detection by LAMP is performed at pH values
comprised between =6 and 8. Considering that only a cathodic
process is involved, in further studies only linear sweep voltam-
mograms (LSVs) toward negative potential values were recorded
instead of the whole cyclic voltammogram.

In the zoom of Figure 2C, the two possibilities for quantifying
the catalytic effect are shown, either measuring the variation of
the potential at a given intensity of current or, the variation of the
current intensity at a given potential. Both will be assessed in the
optimization of the PANCs synthesis to obtain stable PANCs with
the highest catalytic activity on ORR, to ascertain which is one is
the best analytical signal.

The catalytic activity of metal nanoclusters has been found to
depend on multiple factors, such as size,®* shape,>°! and the
amount of ligand with which they are coated.*®! To obtain MNCs
with the desired catalytic properties, it is necessary to optimize
the synthesis conditions. It has been usually found that increas-
ing the temperature at which the synthesis is performed leads
to an increase in the size of the PANCs.l®) Also, the addition of
the reducing agent is the key step to control the formation of
MNCs.*7l Thus, it was decided to optimize both the rate of ad-
dition of NaBH, and the temperature at which the synthesis is
carried out to obtain PANCs with the highest catalytic activity on
ORR. Figure S3A, S3B shows the absorbance spectra obtained by
adding NaBH, quickly and slowly, and for the different tempera-
tures tested, respectively.

Figure 2D shows the difference in the voltammograms
recorded in solutions of PANCs synthesized adding the reducing
agent quickly (directly with the micropipette) or slowly, at a rate
of 1 drop every 5 s. As can be seen in Figure 2D, the PANCs syn-
thesized adding quickly the reducing agent show remarkable cat-
alytic activity at about —0.60 V, while those synthesized by adding
the reducing agent slowly show a signal much less distinguish-
able from the background. Additionally, the effect of the temper-
ature at which the synthesis was performed has also been evalu-
ated and is shown in Figure S4 (Supporting Information). It can
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Figure 3. Schematic of the measurement protocol with: A) PdNCs in solution and, B) deposited on the WE. LSVs obtained for different concentrations
of PANCs: C) in solution and, D) deposited on the electrode, showing the calibration plots obtained in both cases as an inset (error bars represent the
standard deviation of the mean for 3 replicates (n = 8). Ten CVs recorded successively for: E) 1.6 ug mL™! of PANCs in solution and, F) 64 pg of PANCs

deposited on the WE.

be here observed that PANCs synthesized at constant tempera-
ture of 15 °C have lower catalytic activity on ORR than those ob-
tained at higher temperature of 25 °C (current intensity of —5.9
+ 0.2 pA vs —=7.1 + 0.3 pA at a potential of —0.60 V). Likewise,
no significant differences were found between those synthesized
at 25 and 40 °C. Then, the lower temperature was chosen accord-
ing also to energy saving. Only the synthesis with the highest cat-
alytic activity (25 °C, quick addition of NaBH,) was characterized
by HR-TEM, EDX, and SAED.

To demonstrate that the electrochemical process observed at
~—0.60 V in 0.1 m PB solutions corresponds to ORR, LSVs were
recorded in a PANCs solution (1:25 dilution of the stock in buffer)
with and without removing the oxygen. Then, voltammograms
were recorded in drops of a PANCs solution before and after bub-
bling N, for 5 min. The results obtained (Figure 2E) show that
the electrochemical process is significantly reduced after N, bub-
bling, which clearly indicates that it corresponds to ORR. The
slight difference with the signal recorded in the buffer, suggests
that either O, has not been completely removed from the solu-
tion, or that new molecules are rapidly dissolved in the short time
preceding the measurement.

2.3. Analytical Characteristics of PANCs-Based Voltametric
Methodology

The catalytic activity of PANCs on ORR at neutral medium have
been used to determine the PANCs concentration and the analyti-
cal characteristics of the methodology were assessed. Reusability
of electrodes was first evaluated. For this purpose, 10 consecu-
tive measurements were recorded using a single electrode, wash-
ing it thoroughly in between, first with ultrapure water and then
with the buffer solution (Figure S5A, Supporting Information).
Measurements were recorded in 1.6 ug mL~! PANCs solutions
in 0.1 M PB pH 7.0. The results show that the first measurement
is the one with the highest signal, gradually decreasing in the fol-

Adv. Healthcare Mater. 2023, 12, 2202972 2202972 (5 Of'|2)

lowing ones. Consequently, a new SPCE was used for each mea-
surement.

So far, experiments have been recorded in solutions containing
PdNCs, but they could be also previously deposited on the work-
ing electrode (WE) surface. In this case, CVs were recorded after
adding the selected buffer. Both methodologies are explained in
the diagrams shown in Figure 3A,B, for the PANCs in solution
and the deposited PANCs, respectively. Procedures are detailed
in the Experimental Section.

Thus, the reusability of the electrodes with immobilized
PANCs was evaluated by depositing 6.4 pg on the working elec-
trode and recording 5 CVs, washing the electrode in between. Fig-
ure S5B (Supporting Information) shows the results obtained,
being similar to those obtained in the case of PANCs added in
solution, with a less pronounced decrease.

Then, the variation of the electrochemical signal with PANCs
concentration (either in solution or deposited on the electrode)
was studied. LSVs recorded for concentrations ranging from 0.1
to 4.0 pg mL~! are shown in Figure 3C. A linear relationship be-
tween the intensity of the current recorded at —0.60 V and the
concentration of PANCs was obtained (R* = 0.994, n = 8), with a
sensitivity of —3.5 pA mL pg~'. The limit of detection (LOD), cal-
culated as the concentration corresponding to 3 times the stan-
dard deviation of the intercept, was found to be 0.04 ug mL™!.

The same experiment was performed depositing the PANCs
directly on the electrode. Figure 3D shows the voltammograms
obtained for different ug of PANCs deposited on the electrode (be-
tween 0.21 and 6.4 g, following the procedure described in the
Experimental Section). An amount of 6.4 pg of PANCs deposited
on the electrode dissolved in 40 uL of buffer are equivalent to
0.16 ug mL™" of PANCs in solution. The intensity of the current
measured at —0.60 V varied linearly (R? = 0.998, n = 8) with the
concentration of PANCs deposited, with a sensitivity of —7.8 pA
mL pg~'. The LOD was 0.12 ug of deposited PANCs, which is
equivalent to 3.1 ng mL~! of PANCs if they would have been dis-
solved in the buffer solution. In this way, comparing both LODs,
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Figure 4. LSVs recorded with PdNCs-modified electrodes (320 pg of Pd
deposited) on 40 uL 10 mm Tris-HCl pH 6.50 (yellow), 7.25 (orange), and
8.00 (red). Three voltammograms are recorded for each pH. In the inset,
the potential at which a current of —3 uA is reached is represented versus
pH. The error bars correspond to the standard deviation of the mean for
three replicates (n = 7).

lower concentrations of PANCs could be detected if they were de-
posited directly on the electrode.

The reproducibility of the measurements (using one electrode
for each measurement) was evaluated from 10 voltammograms
recorded in drops of a solution with a concentration of 1.6 ug
mL™" of PANCs (Figure 3E) and in buffer solution on electrodes
with 64 pg of deposited PANCs (Figure 3F). The intensity of the
current measured at a potential of —0.60 V was found to be —7.8
+ 0.4 and —7.8 + 0.3 pA for PANCs in solution or deposited, re-
spectively. The value obtained for the relative standard deviation
(RSD) was 5.0% and 4.7%, respectively, indicating an adequate
precision of the methodology.

2.4. Effect of pH in Catalytic Activity of PANCs

It has been previously reported that the catalytic activity of Pd over
ORR (using Pd electrodes) is affected by the pH of the solution.*8!
To evaluate this effect using PANCs deposited on carbon elec-
trodes (320 pg of Pd, i.e., 8 pL of the undiluted PANCs solution)
LSVs were recorded on 40 uL of 10 mm Tris-HCI buffer of the
corresponding pH. It has been observed the variation of the po-
tential varied for a current of —3 pA.

Figure 4 shows the voltammograms recorded for pH 6.50,
7.25, and 8.00 (three in each case). It was found a linear vari-
ation between potential and pH in a range comprised between
6.50 and 8.00, as shown in the inset of Figure 4. The relation-
ship fitted to a straight line (R?> = 0.995, n = 7), being the slope
—0.0574 V per pH unit. This relationship could be the basis of
analytical methodologies where a pH change is implied. This is
the case of LAMP reactions, that use slightly buffered media.

2.5. Electrochemical Detection of SARS-CoV-2
The variation of the catalytic activity of PANCs on ORR with their

concentration allows them to be used as labels of bioreagents to
determine species bioanalytically. In addition, those species that
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produce a pH change in the medium can be monitored by fol-
lowing the pH change. This is the case of LAMP amplifications
of nucleic acids.

The concentration of PANCs should be kept constant and a
variation either in the potential or intensity of current of ORR can
Dbe directly attributed to the extension of the reaction and thus to
the initial number of copies of genetic material. Since this is an
isothermal amplification and electrochemical techniques are in-
trinsically simple, this methodology is of enormous interest for
the decentralized detection of pathogens causing infectious dis-
eases, such as the case of SARS-CoV-2. As a proof of applicability,
PdNCs are used as indicators for detection of SARS-CoV-2 using
LAMP reaction, the rationale for which is shown in Figure S6
(Supporting Information). Since this coronavirus is RNA-based,
a previous step of reverse transcription (RT) must be added (RT-
LAMP). The N1 fragment of SARS-CoV-2,>°! has been selected
for amplification using the primers described in the Experimen-
tal Section, selected based on a published work.[?]

The medium used to carry out the isothermal amplification
contains phenol red, a pH indicator that allows visual differenti-
ation between negative (red) and positive (orange/yellow) LAMP
reactions. Phenol red is also electroactive, so it is also possible
to differentiate them by electrochemical techniques.[®*%2 Apart
from the detection by the naked eye, the measurement of the vari-
ation with pH of the catalytic activity of PANCs over ORR is more
precise and sensitive alternative, never used before for detecting
amplifications of genetic material. Exploring this approach is jus-
tified by the urgency of being ready to face appropriately future
biothreats.

To check that the pH of the medium did indeed decrease as am-
plification proceeded, it was decided to perform amplifications
by quadruplicate at different levels of concentration, i.e., 107,
330, and 1070 initial copies/uL. The pH, measured with a mi-
croelectrode capable of measuring in very small sample volumes
(<24 uL), was 7.5 £ 0.12, 6.9 + 0.16, and 6.63 + 0.06, respectively.
The value for the negative control, also measured, was 7.8 + 0.25
(discarding one tube). It presented a notable difference with the
lowest concentration level considered. The variation found in pH
makes possible to use PANCs as electrochemical indicators, as
will be discussed later.

A calibration curve for different number of initial copies of the
N1 sequence of SARS-CoV-2, comprised between 107 and 2148
copies puL~! of standard solution is presented in Figure 5A, with
pictures of the end-point amplifications performed in septupli-
cate, except for 1432 and 2148 number of copies uL~!, which were
performed in quadruplicate due to RNA availability, in microcen-
trifuge tubes. As the RT-LAMP kit employed contains phenol red
as visual pH indicator, a difference in color between negative (red)
and positive (orange or yellow) reactions can be observed. This is
more clearly evidenced at 4 °C. Six out of seven negative controls
show an intense red color. A variation to different tones of orange
and yellow is observed for amplifications with increasing number
of copies uL™'. A table summarizing semiquantitative results af-
ter naked-eye color observation is shown in the “visual detection”
section of Figure 5B.

Apart from this detection, other optical methods that measure
color differences, such as those based on smartphone-assisted
image processing software (e.g., using Image]) and absorbance
measurements were evaluated for further comparison with the
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Figure 5. Amplifications performed using SARS-CoV-2 RNA copies comprised between 107 and 2148 initial copies of the N1fragment/uL. A) Photograph
showing the color of the solutions after amplification. B) Optical detection: (left) visual detection, with “~" for samples classified as negative (red), “+”
for doubtful samples and “+” (orange) or “++” (yellow) for the positive ones, (center) results of image processing software and (right) visible absorption
spectra. Error bars show the standard deviation of the mean of 7 measurements. C) Electrochemical detection: (left) schematics of the procedure based
on the catalytical activity of PANCs, and calibration curves based on the measurement of the intensity of the current (n = 8) (center), and the potential (n
=38) (right). Error bars show the standard deviation of the mean of 9 (from 107 to 1074 copies uL™") or 6 (for 1432 and 2148 copies uL~") measurements.

electrochemical methodology based on the use of PANCs. For im-
age processing (Figure 5B), the image captured by the camera of
a smartphone was divided into the three RGB channels, with no
significant variation in the red channel. The differences found
when processing both blue and green channel images were much
more noticeable. The results obtained when comparing the color
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intensity in the blue channel showed a clear trend toward a de-
crease in color for amplifications with higher RNA concentra-
tion. On the contrary, when using the color intensity in the green
channel, it seemed to increase as the initial RNA concentration
increased. On the other hand, Figure 5B shows the visible-UV
spectra recorded with equipment that allows measurements in

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

5UB017 SUOLLLLOD) AR 3|0t jdde 3l Ag peusenob 812 SSPILE YO '8SN JO 3N J0J AZIdI 8UIIUO AB|IA UO (SUO T IPLOD-pUR-SLLLIBHLLIOY" A3 1A ATIG[BU|UO//'SA1L) SUORIPUOD PUE SWLB 1 84 205 *[£202/90/08] U0 AReiq178U1IUO 4811 *AISIBAIN PIOIXO Aq 226202202 WUPR/Z00T OT/I0p/W00"A3 1M AZeiq1jou! U0/ Sy WOJ) papeolumod ‘ZT ‘€202 ‘65922612



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

volumes less than 24 pL. Two peaks can be seen for all the tubes.
The peak at 430 nm (associated with deep blue color) increased
with the number of initial copies meanwhile the peak at 560 nm
(associated with green/yellow) showed the opposite effect, being
more intense for the negative control.

Electrochemical approaches using PANCs as indicators are re-
ported in Figure 5C. The first part of the figure shows schemati-
cally the basis of the methodology used to employ PANCs as elec-
trochemical indicators. The results obtained, either when mea-
suring the potential at —3 pA or the intensity of the current pro-
duced at —0.50 V are shown at the right. The measurements were
carried out using membranes on the electrodes (as stated under
the Experimental Section) to reduce the volume required for mea-
surement, so that only 10 uL were employed. In this way, two
voltammograms were recorded per tube. It can be seen in both
cases that the graphical representation of the intensity of current
or potential, respectively, versus the initial RNA copy number per
uL fits properly to a straight line. In the first case, a slight linear
fit (R? = 0.98, n = 8), with a slope of —3 x 10~* pA (copies/uL)™
was found, with values of cathodic current (negative) increasing
for increasing RNA concentration. The representation of the po-
tential measured at an intensity of —3 pA fitted much better (R?
=0.991, n = 8) with a slope of 7 x 1072 mV (copies/uL) ~!, with
values of the potential (negative) decreasing for increasing RNA
concentration. The value for the negative control (whose potential
was —0.681 V) was indicated in gray. Therefore, it was considered
that the measurement of the potential at a certain intensity was
a more appropriate analytical signal.

End-point detection usually limits the dynamic range, being
this very close to the LOD. However, here is where instrumental
measurements could help to avoid false results. To evaluate the
practical LOD of the developed methodology for RT-LAMP de-
tection, 10 negative and 10 positive amplification reactions (i.e.,
containing 0 and 100 copies of the fragment N1 of SARS-CoV-
2 pL") were performed. Figure S7 (Supporting Information)
shows the corresponding box and whiskers plot, using the poten-
tial at which an intensity of current of —3 pA is attained as ana-
lytical signal. It can be seen a significant difference between neg-
ative and positive amplifications, with average values of —0.598
and —0.533 V, respectively. Atypical values were not detected. The
median was slightly closer to the first quartile for negative val-
ues and more centered for positive reactions. The interquartile
range, which represents the 50% of the results, was as low as
0.015 V for negative values, indicating a very low dispersion. In
the case of the 100 copies pL~! the interquartile range resulted
higher: 0.066 V. The maximum value for negative reactions was
—0.571V, meanwhile the minimum for the positive was —0.593 V,
indicating a slight overlap of the whiskers. Then, a concentration
of initial copies of SARS-CoV-2 of 100 copies uL™! is considered
as the practical LOD of the methodology. In any case, a set of
negative reactions must be always carried out because variations
between different lots of the RT-LAMP kit, which include biologi-
cal reagents, or slight differences in the potential measured using
screen-printed carbon electrodes (SPCEs) of different batches can
occur. On the other hand, LAMP can give false positives due to
cross contamination and interactions between (heterodimer) or
within (autodimerization) primers (nonspecific amplification).
For the first case, we have used uracil- DNA-glycosylasel®*! which
eliminates most of the false positives. For the second case, some
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compounds seem to solve the problem,[®* but they should be
tested in the future to see if they influences the sensitivity of the
amplification. The use of higher temperatures (e.g., 65 °C instead
of 60 °C) and appropriate surface decontamination also reduces
this problem.!%%!

In the Table 1, the electrochemical detection approach here
proposed is compared, in a qualitative way, with pH measure-
ment and different optical detection strategies. Lateral flow-
based systems for further detection of amplicons have also been
considered.l®®®”] These constitute an approach that interfaces
amplification with detection, that can be mainly visual, based on
image capture and processing or optical instrumental measure-
ments. Thus, they are included in between both, and the qualifi-
cation will depend on the detection employed.

Regarding to the cost, since visual detection does not re-
quire any equipment, and smartphone-assisted image process-
ing could use a smartphone or camera to take high quality images
are cheaper than instrumental measurements. Lateral flow plat-
forms, usually with visual readout, can be also considered low-
cost devices, although it must be taken into consideration that
they require additional reagents for the detection. Both electro-
chemical methodologies require simple instrumentation (micro
pHmeter or potentiostat, respectively), as well as some consum-
ables, which represents a relatively low cost. In terms of analysis
time, all of them take just a few minutes to perform the procedure
(except for visual detection, which is virtually instantaneous), al-
though absorbance spectroscopy can be considered faster due to
the easily automated data postprocessing. Both absorbance spec-
troscopy and PANCs-based voltammetry are very simple, requir-
ing only the correct use of a micropipette. If the supplied elec-
trodes were premodified with PANCs it would be even simpler
and cheaper. To find out whether this is possible, a study of the
stability of PANCs-modified electrodes has been carried out. It
was observed that the electrocatalytic activity of PANCs deposited
on the electrodes remain stable for one week (stored at room tem-
perature and protected from light), with only a 10% reduction
in the current intensity (at —0.60 V) after 2 weeks (Figure S8,
Supporting Information). Lateral flow-based systems are also ex-
tremely easy to use, but some expertise is required if quantitative
analysis is aimed. Regarding the pH measurement, its complex-
ity lies in the fact that the required microelectrode for measuring
low-volume samples is extremely fragile. In the case of image
processing, valid photographs, under the same illumination and
absence of reflections, as well as a correct processing of images
and subsequent data are required.

Instrumental measurements are appropriate for quantitative
analysis, being these based on visual detection more adequate for
qualitative or semiquantitative analysis. Depending on the detec-
tion system, lateral flow-based methodologies allow to perform
semiquantitative analysis (turbidimetry),!%’] or quantitative.(®!
The use of PANCs allows the quantification of the initial con-
centration of RNA copies. Regarding portability, both absorbance
spectrophotometry and pH measurement seem rather difficult
to adapt to decentralized analysis. However, modified microelec-
trodes that allow pH measurements, which would be easily de-
centralized, were reported.*! Visual detection is intrinsically de-
centralized, as well as lateral flow platforms, although in this case
it depends on the detection principle employed. In the case of
images captured with a smartphone and subsequent processing,
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Table 1. Comparison of the characteristics of different detection methods for RT-LAMP: PdNCs-based voltammetric methodology, pH measurement and

optical methodologies, including lateral flow-based strategies.

Detection method Low cost Fast Easy to use Quantitative analysis Decentralization
Visual detection +++ +++ +++ + +++
Smartphone-assisted image processing +++ ++ ++ + +++
Lateral flow-based systems +++ ++ +++ ++ +++
Absorbance spectroscopy + ++ ++ ++ +

pH measurement ++ ++ ++ ++ ++
PdNCs-based voltammetry o ++ +++ 4+ P

Code: (+++) good, (++) acceptable and (+) poor.

high quality pictures (with homogeneous lighting), and further
processing must be considered. Detection using PANCs as elec-
trochemical indicators with possibility of using miniaturized po-
tentiostats, PANCs-modified electrodes and simple procedures is
very promising, especially when done simultaneously with visual
detection, because this instrumental measure is useful in classi-
fying dubious results.

2.6. Electrochemical Determination of SARS-CoV-2 in
Nasopharyngeal Samples for Human Donors

To prove the applicability of the methodology, four nasopharyn-
geal exudate samples, collected at the Central University Hospital
of Asturias (HUCA), were analyzed for detection of SARS-CoV-
2. Specifically, two of the samples were taken from COVID-19
patients (determined by PCR) and two from healthy control sub-
jects. Figure 6A shows a photograph of the different amplifica-
tions carried out, also including a negative control (aqueous so-
lution). Although the negative control and negative samples can-
not be distinguished visually (both the control and samples are
of red color) a slight difference can be appreciated electrochemi-
cally (Figure 6B). An evident change in color is observed for pos-
itive samples and, also, significant differences between negative
and positive samples are observed when the electrochemical ap-
proach based on PANCs was followed (Figure 6B). To study if
quantification was possible, positive samples were 1:2 diluted up
to ~600 copies pL~!. For these diluted samples, the LAMP re-
actions provided an orange color (Figure 6A). Using the PANCs
as indicators, it is possible to differentiate negative from those
diluted positive samples, as can be seen in Figure 6B. Table S2
(Supporting Information) shows the results obtained by PCR and
by PANCs-based ED of RT-LAMP reactions.

In this way, it has been proven by the first time, that voltam-
metry on PANCs-modified electrodes can be used for detection of
(RT)-LAMP reactions, by measuring the decrease in the potential
of the catalysis of PANCs on ORR. As the measurement is based
on an instrumental readout, this methodology possesses special
interest in those reactions where visual detection becomes diffi-
cult. It also allows the use with other LAMP master mixes, even
without including phenol red. This said, a dual detection (visual
and instrumental) would be very useful to avoid false results. On
the other hand, it must be considered that the LAMP methodol-
ogy is based on the use of a weakly buffered solution to allow for
visual detection. This low buffering capacity required to trigger
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the pink to yellow color change limits sample compatibility, as
highly buffered sample inputs or acid samples may impact the
color change.l®! In this work, we have successfully assessed na-
sopharyngeal exudate with no interferences but, regarding the
impact of the sample on the method, each sample, as it presents
its own inherent characteristics, would have to be considered sep-
arately.

Work is in progress to integrate reaction and detection, taking
advantage of the small size of the electrochemical instrumenta-
tion required and the isothermal character of the amplification.
Decentralization will allow to be ready for fighting against fur-
ther biothreats,!”?! with low-cost equipment that can be easily de-
ployed in field. This integration will approach real-time measure-
ments without requiring tube-to-electrode transfer, allowing to
access the end user with simpler procedures and lower analysis
times.

3. Conclusions

A simple electrochemical methodology that employs stable
and monodisperse PANCs (characterized by absorbance spec-
troscopy, ICP-MS, EDX, and HR-TEM) with catalytic activity on
ORR has been employed, for the first time, to detect SARS-CoV-
2 by RT-LAMP. The reduction of the pH of the medium as the
amplification proceeds also produces a linear variation in the po-
tential at which ORR occurs, which was correlated to the num-
ber of initial copies of RNA. Electrodes can be previously mod-
ified with PANCs, which simplified the procedure. SARS-CoV-
2 was determined in nasopharyngeal exudate samples from hu-
man donors, with significant differences between negative and
positive results. This methodology demonstrates the possibili-
ties of metallic nanoclusters, in this case through the detection of
RT-LAMP reactions of SARS-CoV-2 genetic material. The main
advantages could be summarized as: i) It allows non-subjective
quantitative measurements with simple equipment: premodified
screen-printed electrodes and potentiostat; ii) A linear response
close to the (low) LOD permits decreasing the number of false
results; iii) The instrumental readout does not depend on ex-
ternal optical conditions (illumination), end-user (visual) skills,
or equipment facilities (smartphone camera, optics); iv) Electro-
chemical cells are disposable, not requiring cleaning procedures
(as happens with, e.g., pH-electrodes for small-volume measure-
ments); v) Indirect measurement through the catalytic activity of
PdNCs on the ORR avoids the addition of electrochemical probes
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Figure 6. Analysis of nasopharyngeal swab samples: A) Picture of LAMP
reactions for negative and positive samples (undiluted and 1:2 diluted),
as well as a negative control. B) Bar chart showing the analytical signal
(potential at which an intensity of current of —3 pA is reached) obtained for
each one of the analyzed samples. Error bars show the standard deviation
of the mean of 4 measurements.

to the amplification kit. Thus, the methodology can be combined
with LAMP master mixes that do not include indicators; vi) Since
the ORR is a reduction process, interferences that could come
from the oxidation of interfering species are avoided, and finally;
vii) The low cost and portability of the equipment, together with
the simplicity of the procedure favor decentralization.

This methodology paves the way to the full integration of
LAMP reactions and electrochemical detection (LAMP-ED). This
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would allow continuous operation with on-line amplification-
detection of this disease and other future pathogenic threats, ap-
proaching real-time quantification.

4. Experimental Section

Materials and Reagents: ~ For the synthesis of PANCs, potassium tetra-
chloropalladate (purity > 99.99%, Sigma-Aldrich; USA) was used as the
salt precursor. DL-6,8-Thioctic acid, reduced (purity > 98%, Sigma-Aldrich,
India) was used as ligand. The reduction of the palladium salt was carried
out using sodium borohydride (purity > 98%, Sigma-Aldrich, USA). The
basic solution required for the synthesis was prepared using sodium hy-
droxide (purity > 98%, Sigma-Aldrich, USA).

Amicon Ultra-0.5 (membrane PLBC, 10 kDa, Millipore Amicon, Ireland)
was used for the purification of PANCs.

Phosphate buffer solution was prepared using disodium hydrogen
phosphate anhydrous and sodium dihydrogen phosphate dihydrate (both
purity 100%, VWR Chemica, Belgium). A 0.1 m H,SO, solution was pre-
pared with sulfuric acid (purity 95-97%, Merck, Germany). A 0.1 m NaOH
solution was prepared out using sodium hydroxide (purity > 98%, Sigma-
Aldrich; USA). Ultrapure water was used, with a resistivity of 18.2 MQ cm
(Pure-lab Flex 3; ELGA-Veolia, UK).

Instruments: The PANCs synthesis has been performed under con-
stant stirring at 25 °C with the help of a stirrer-heating plate (IKA RCT
basic, IKAWerke, Germany). Weighing was carried out using a precision
analytical balance (NewClassic MF, Mettler Toledo, Spain).

A minicentrifuge (Gyrozen and Co; Daejeon, South Korea) was used for
purification procedures. The pH was measured using a pH-meter (Crison
micropH 200, Crison Instruments S.A., Spain) with micro pH electrode
(Orion 9863BN Micro pH Electrode, Thermo Fisher Scientific) capable of
measuring in 0.5 uL.

Absorbance measurements were performed using a spectrophotome-
ter (Cary 60 UV-VIS, Agilent Technologies; USA) with a Suprasil quartz flu-
orescence cuvette (model 114F-QS, Sigma-Aldrich), which has an optical
path of 10 mm and a chamber volume of 3 mL. To measure the absorbance
in the amplifications a PICOPETO1 spectrophotometer (PicoDrop, Cam-
bridge, UK) was used.

The concentration of palladium has been determined using an ICP-MS
(model 7700, Agilent Technologies, USA) and the size of PANCs was ob-
tained by means of an HR-TEM (LIBRA 200 FE, Carl Zeiss).

Electrochemical measurements were carried out using a p-Autolab Type
Il (EcoChemie BV, Utrecht, Netherlands) controlled by the Autolab GPES
software. All measurements were performed at room temperature. Flexi-
ble screen-printed carbon electrodes (SPCEs, MicruX Technologies, Spain)
with working (7.1 mm?) and counter electrodes made of carbon ink and a
pseudoreference made of silver were employed. A box connector for thick-
film electrodes (MicruX Technologies, Spain) was also employed.

Synthesis of PANCs:  The procedure for PANCs synthesis is as follows
(Figure 1A). In a vial protected from light, 0.0125 g of DHLA were added
to 10 mL of ultrapure water to which 120 pL of 2 v NaOH had been pre-
viously added. It was left stirring at 25 °C for 2 min. Subsequently, 500 pL
of a 15 mm K,PdCl, solution were added dropwise under stirring, which
was maintained for 5 min. Then, 1 mL of 0.5 m NaBH, were added all
at once and with vigorous stirring. The molar ratio used was ~1/8/60
(K,PdCl,/DHLA/NaBH,).

PANCs were purified by ultracentrifugation using 10 KDa membrane
filters, performing a total of 4 cycles, 15 min each at 5300 rpm, washing
with ultrapure water between each cycle. Finally, the PANCs were stored at
room temperature protected from light until further use.

LAMP Procedure: The six specific LAMP primers shown in Table S1
(Supporting Information), chosen based in a published work(¢3] were used
to amplify the N1 fragment of SARS-CoV-2.162]

The reaction mixture employed was made using WarmStart Colorimet-
ric LAMP 2X Master Mix (DNA & RNA) (New England Biolabs), which
contains Bst 2.0 DNA Polymerase, 0.7 mm dUTP, primer mix (1.6 um each
FIP and BIP primer, 0.2 um each of primers F3 and B3 and 0.4 um each
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of primers Loop F and Loop B), 0.3 U of Uracyl-DNA-Glycosylase (New
England Biolabs) and PCR grade dH, O (Invitrogen UltraPureTM Distilled
Water (DNase/RNAse free), Life Technologies. The final volume was 24 uL.

Negative controls were prepared by adding 1 uL of PCR-grade dH,O.
For positive controls, 1 uL of genomic SARS-CoV-2 RNA (ATCC VR1986D,
deposited by the Centers for Disease Control and Prevention, and obtained
through BEI Resources, NIAID, NIH: Genomic RNA from SARS-Related
Coronavirus 2, Isolate USAWA1/2020, NR52285) solution was added. To
bringitto the required concentration, dilutions with PCR-grade dH, O were
previously made. The amplification reaction was carried out using a ther-
mocycler (Veriti 96 Well Thermal Cycler, Applied Biosystems), starting at
37 °C for 10 min and then increasing the temperature to 65 °C for 30 min.
When using UDG, the workflow was modified, adding an initial step of 10
min at 37 °C. Reactions were then kept at 4 °C to improve color contrast.

To avoid possible contamination of the amplifications, all reactions
were carried out under sterile conditions using a laminar flow hood. It
should be noted that the electrochemical measurements were carried out
in a different laboratory and all the instruments used were previously
washed with 5% sodium-hypochlorite solution.

For measuring nasopharyngeal exudate samples from human donors,
nasopharyngeal swab samples taken at the HUCA were collected on 500 uL
TE buffer (10 mm Tris-HCl pH 8.0 and 0.1 mm EDTA). Samples were in-
activated at 95 °C for 15 minl”"l and then kept at —80 °C. This treatment,
along with the use of TE buffer, has been proven to be efficient enough
for extraction free RNA amplification.l”?] If needed, samples were diluted
with PCR-grade dH,O. This study was carried out in accordance with the
recommendations of the Ethical Committee on Regional Clinical Research
of the Principality of Asturias (Study 2021.526).

Electrochemical Measurements: For performing cyclic or linear
sweep voltammetry (CV or LSV, respectively), screen-printed electrodes
(SPEs) with a SP carbon working electrode were used. A volume of 40 uL
of the corresponding solution was deposited on the electrochemical cell
covering all the three electrodes (working, auxiliary, and reference). All
measurements were carried out at room temperature using a scan rate of
50 mVsT'

Statistical Analysis: Results in this study are presented as the mean
+ standard deviation except for the value of the size of the nanoclusters,
which considers the confidence interval, as stated in Section 2.1. To ob-
serve the differences obtained with the RT-LAMP-ED methodology for neg-
ative (0 copies uL=") and positive (100 copies uL~') samples, a box and
whiskers plot has been performed. The sample size (n) is shown individ-
ually for each of the experiments performed. All statistical analyses were
performed using Excel 2021 (18.0) software.
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