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DNA biosensors are promising candidates for the development of point-of-care diagnosis methods. They can
be inserted in microfluidic platforms, are often non-expensive, and can be produced for a variety of targeted
analytes. However, their development faces several challenges, some of which arise from their surface design.
Among the characteristics which affect the binding efficiency of DNA probes to their targeted genes, the packing
density and lateral spacing of the probe sequences must be controlled to provide enough binding sites and
avoid crowding effect. It has also been demonstrated that increasing the space between the probe and the
substrate can enhance the sensitivity of the sensing surface. Herein, we describe a methodology to control the
vertical distance between DNA probes and a glass support, and lateral spacing between the probes. Such
functionalization strategy could help the development of sensing surface with high hybridization density, and
therefore high sensitivity.

Keywords: Biosensors, DNA biosensor, chemical spacer, surface chemistry, surface functionalization, DNA
immobilization, glass surface.

Introduction

DNA-based biosensors have recently raised interest for
the generation of biomedical detection device. Their
low production cost, along with their ability to be
miniaturized and customized to any target molecules,
make them interesting candidates for point-of-care
detection.[1]

To ensure high sensitivity, the immobilization
strategy must be carefully designed.[2,3] The effect of
the support should also be mitigated, which can be
achieved by introducing chemical spacers.[4,5] The
insertion of a flexible spacer can also enhance the
hybridization capacity of an immobilized oligonucleo-
tide probe.[6] In a previous study, Shchepinov et al.
investigated the effect of a variety of spacer molecules

on the hybridization efficiency of immobilized oligonu-
cleotides on a propylene support. While the presence
of charged groups on the spacer molecules had a
detrimental effect on the hybridization efficiency,
increasing the spacer length resulted in enhanced
hybridization performance. In particular, they estab-
lished that a minimal length of 40 atoms led up to a
150-fold increase in the hybridization efficiency.[4]

Another report suggested that increasing the length
of the spacer between a DNA probe and a gold surface
enhanced the sensitivity of the targeted DNA detec-
tion performed through surface-plasmon resonance.[7]

A similar conclusion was reported by Lee et al., who
studied electrochemical biosensors made of carbon
electrodes.[8] Beside controlling the vertical space
between the probe and the surface, adjusting the
lateral distance between the DNA strands also plays a
role in the sensitivity of the sensing surface. Indeed, a
maximum of DNA probes should be immobilized on
the surface, while keeping enough space in between
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to avoid crowding effect and accommodate their
targeted genes for hybridization.[2,3,9] In the case of
low probe density, the hybridization efficiency (num-
ber of probes that can hybridize with their comple-
mentary genes) can reach 100% with a fast kinetic.
However, for high probe density, the efficiency can
drop to 10% and the kinetics are also decreased.[10]

For most sensing surfaces, a probe density of 1 to 3
pmol.cm-2 is often considered as an optimum.[11] The
main strategy to tailor the density of surface-immobi-
lized oligonucleotides includes the variation on the
density of binding sites[12–14] or the use of diluent
molecules to space the probes from each other.[11,15]

While the latter is simple and can be implemented on
many type of surfaces, it has been mostly reported on
gold electrodes so far.[11,15]

In this work, we present three coating methods
involving spacer molecules of various lengths to
immobilize DNA probes on glass surfaces. To our
knowledge, no study has addressed the incrementa-
tion of the spacer length between an immobilized
DNA probe and a glass substrate so far. The resulting
surfaces were characterized by X-ray Photoelectron

Spectroscopy (XPS) and fluorescence assay. A dilution
method is also described to tailor the DNA probe
density on the substrate while maintaining the spacer
length constant. In this work, a SARS-CoV-2 gene was
selected as target analyte; however, the functionaliza-
tion strategies herein presented are independent from
the probe sequence and could be implemented for
any other oligonucleotide sequence.

Results and Discussion

Three immobilization strategies were investigated on
borosilicate sensing slides (Sen-OH), as illustrated in
Scheme 1. The first one, referred as ‘Short system’, is
based on the attachment of DNA through a succinic
linker. For the ‘Medium system’ and ‘Long system’,
tetraethylene glycol (TEG) and polyethylene glycol
(PEG) spacers were selected. All coating strategies rely
on a silanization step to introduce reactive carboxylic
or dibenzocyclooctyne (DIBO) moieties for the ‘short’
or ‘medium’/‘long’ systems, respectively. For the ‘short’
system, direct conjugation of amino-modified DNA

Scheme 1. Overview of the conjugation strategies with three different spacer lengths. Surface silanization was used to introduce
reactive carboxylic and DIBO moieties. Medium (TEG) and long (PEG) spacing units were conjugated through SPAAC reactions.
Amino-modified DNA probe immobilization was achieved through amide bond formation.
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probes was achieved by amide bond formation on the
carboxylic acid. For the ‘medium’ and ‘long’ systems,
the spacing linkers were introduced through strain
promoted azide to alkyne [3+2] cycloaddition (SPAAC,
copper-free click chemistry), using surface DIBO moi-
eties as anchoring sites. The terminal carboxylic acids
were later used for covalent conjugation to amino-
modified DNA probes.

Synthesis of Spacing Molecules

The silanization reagents APTES-COOH and APTES-
DIBO were prepared from (3-aminopropyl)trieth-
oxysilane (APTES), as detailed in Supporting Informa-
tion, Section 2.1. In the case of the ‘short’ system, the
succinic spacer was directly conjugated to (3-
aminopropyl)triethoxysilane (APTES) to afford the
silanization reagent APTES-COOH, as detailed in
Supporting Information, Section 2.1.

The N3-TEG-S-COOH spacer was synthetized from
tetraethylene glycol (Supporting Information, Sec-
tion 2.2) and was equipped with a sulfur atom among
the structure to facilitate the characterization of the
modified surface through XPS. The long N3-PEG-
COOH spacer, with a molecular weight of 2 kDa, was
commercially available.

Overall, the distance from the DNA probes to the
surface was respectively of around 1, 3.5 and 22 nm
for the ‘short’ (9 atoms), ‘medium’ (25 atoms) and
‘long’ (142 atoms) systems.

Surface Functionalization

Sen-OH slides were activated by plasma treatment
(17 min), followed by immersion in a solution of
silanization reagents (1 mg/mL) in dry toluene, under
inert atmosphere for 48 h. The silanization step was
confirmed by XPS, monitoring the apparition of the
characteristic peaks (C 1s and N 1s) of the silane
derivatives introduced on the resulting Sen-COOH
and Sen-DIBO surfaces (Figure 1).

In the case of the Sen-COOH surface, the appari-
tion of a shoulder at 288 eV is consistent with the C=O
moiety from the carboxylic acids.

The relative intensity of C, N and Si are shown in
Table 1. The efficiency of the silanization was assessed
by the increase in relative C and N content (C/Si and
N/Si ratios) from the Sen-OH to the modified surfaces.
In addition, the N/C ratio matched the theoretical
values (1 :7=0.14 for Sen-COOH and 1 :20=0.05 for
Sen-DIBO surfaces). The concordance with theoretical
ratios shows that there was no contamination from

the atmosphere and that the samples were carefully
prepared.

For the ‘medium’ and ‘long’ systems, azido-modi-
fied linkers were conjugated to Sen-DIBO surfaces by
SPAAC reaction, in methanol overnight. XPS analysis of
the resulting glass slides showed an increase of C 1s
and N 1s signals, as well as the apparition of a S 2p
peak in the case of N3-TEG-S-COOH, (see Supporting
information, Figure S8, Section 3). XPS spectra of the S
2p signal are shown in Figure 2. The signal/noise ratio
measured by XPS was low, but coherent with a
monolayer coating. A Monte-Carlo simulation was

Figure 1. High resolution XPS spectra of C 1s and N 1s scans of
Sen-DIBO and Sen-COOH surfaces.

Table 1. Surface relative atomic concentration of C, N, P, and Si
detected through XPS before and after silanization. Surface
compositions are expressed as atomic percentage [%].

Surfaces C 1s % N 1s % Si 2p % C/Si N/Si N/C

Sen-OH 22.38 0.81 76.82 0.29 0.01 0.00
Sen-COOH 65.62 9.03 25.35 2.59 0.36 0.14
Sen-DIBO 38.92 1.64 59.26 0.66 0.03 0.04
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performed (Supporting Information, Section 3, Table S2)
to confirm the presence of sulfur on the functionalized
surfaces.

The relative concentration of C, N, S and Si are
given in Table 2. The increase of C/Si and N/Si ratios
gave evidence for the click conjugation of the Sen-
TEG-S-COOH and Sen-PEG-COOH spacers. Interest-
ingly, the shorter linker resulted in higher increase of
the relative C and N content, which may indicate that
the SPAAC reaction was more efficient with the N3-
TEG-S-COOH than N3-PEG-COOH spacer.

Finally, carboxylic-modified slides were reacted
with amino-modified DNA probes using a combination
of N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
and 1-hydroxybenzotriazole hydrate (EDC/HOBt) as
coupling agent. DNA conjugation was assessed by
XPS, monitoring the apparition of a P 2p signal, as
shown in Figure 3. For the ‘long system’, the P 2p
signal could not be detected by XPS (see Supporting
Information, Figure S9, Section 3) as the quantity of
DNA probes was likely to be below the limit of
detection of the technique. A Monte-Carlo simulation
was performed for the P 2p signal (Supporting

Information, Section 3, Table S3) to validate the reliabil-
ity of the detected signal.

The elemental composition of DNA-conjugated
sensing surfaces is presented in Table 3. The detection
of P 2p and the evolution of relative C and N content
for Sen-DNA and Sen-TEG-S-DNA surfaces gave
evidence for the immobilization of DNA probes on the
coated slides. In addition, the intensity of the P 2p
signal was lower on the ‘medium system’ compared to

Figure 2. High resolution XPS spectra of S 2p scans of Sen-
DIBO and Sen-TEG-S-COOH surfaces.

Table 2. Surface relative atomic concentration of C, N, S and Si
detected through XPS before and after click conjugation.
Surface compositions are expressed as atomic percentage [%].

Surface C 1s
%

N 1s
%

S 2p
%

Si 2p
%

C/Si N/Si

Sen-DIBO 38.92 1.64 0.00 59.26 0.66 0.03
Sen-TEG-S-
COOH

45.65 3.39 0.70 50.27 0.91 0.07

Sen-PEG-COOH 40.51 1.81 0.00 57.69 0.70 0.03

Figure 3. High resolution XPS spectra of P 2p scans of the
‘short’ (a) and ‘medium’ (b) systems before and after DNA
immobilization.

Table 3. Surface relative atomic concentration of C, N, P and Si
detected through XPS after DNA conjugation. Surface composi-
tions are expressed as atomic percentage [%].

Surface C 1s
%

N 1s
%

P 2p
%

Si 2p
%

C/Si N/Si

Sen-DNA 73.73 12.54 0.15 13.58 5.43 0.92
Sen-TEG-S-
DNA

53.07 8.94 0.17 37.82 1.40 0.24

Sen-PEG-DNA 47.92 3.37 0.04 48.67 0.98 0.07
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the ‘short system’, indicating a decrease of DNA probe
density with increasing spacer length.

The DNA hybridization density, which corresponds
to the amount of probes that are able to hybridize
with their targeted gene, was then measured through
fluorescence assay following the procedure described
in our previous study.[16] Results are presented in
Figure 4.

As anticipated, the hybridization density obtained
at the sensing surfaces varied with the length of the
spacer. While the Sen-DNA and Sen-TEG-S-DNA slides
displayed a small variation in hybridization density,
respectively 2.18�0.77 and 1.94�0.60 pmol·cm� 2, the
Sen-PEG-DNA surfaces showed a value of only 0.69�

0.12 pmol·cm� 2. As mentioned above, the efficiency of
the SPAAC reaction might be impacted by the
elongation of the PEG spacer, thus resulting in a lower
density of surface reactive carboxylic groups on Sen-
PEG-COOH surfaces for conjugation to DNA probes.
The length and conformation of the elongated spacer
could also decrease the accessibility of carboxylic acid
moieties for coupling to the DNA sequence.

Dilution Strategy

To actively tailor the DNA density conjugated at the
surface of the glass slides, a dilution method was
investigated on the ‘medium system’, as illustrated in
Scheme 2. For this purpose, a diluent molecule N3-
TrEG-OMe was synthetized from triethyleneglycol
(TrEG), that is shorter of one ethylene glycol unit
compared to the spacer molecule N3-TEG-S-COOH,
and is therefore expected to generate distance around
the reactive carboxylic acids. The synthesis of N3-
TrEG-OMe is detailed in Supporting Information,
Section 2.3.

Sen-DIBO slides were immersed in mixtures of N3-
TEG-S-COOH and N3-TrEG-OMe, in various propor-
tions. The SPAAC reaction was performed overnight at
room temperature, in methanol, and the resulting
surfaces (dil-Sen-TEG-S-COOH) were analyzed by XPS.
Monitoring the intensity of the S 2p signal at 163.6 eV
(corresponding to C� S� C bonds) showed a clear
decrease in S content when increasing the proportion
of N3-TrEG-OMe (Figure 5). The elemental composition
of dil-Sen-TEG-S-COOH surfaces and corresponding
S/C ratios demonstrated the dilution effect of the
TrEG-based diluent, resulting in tunable density of

Figure 4. Hybridization density measured at the surface of the
‘short’, ‘medium’ and ‘long’ systems through fluorescence assay.
The results are presented as mean values � SD (3 independent
experiments).

Scheme 2. Dilution method used to tailor the density of DNA probes immobilized at the surface of the ‘medium system’.
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carboxylic acid moieties for further conjugation to
DNA probes (Table 4).

The final functionalization step involved the con-
jugation of amino-modified DNA probes to dil-Sen-
TEG-S-COOH slides. The resulting sensing surfaces
were analyzed by XPS, recording the spectra of P 2p
scans (Figure 6) as characteristic signal for the immobi-
lized oligonucleotide sequence (for surface relative
atomic concentrations, see Supporting Information,
Table S1). In agreement with the tunable density of
surface carboxylic acid moieties, the intensity of the P
2p signal was reduced when increasing the proportion
of diluent molecules at the surface. However, the
impact of the dilution was moderate for a 50 :50
COOH/OMe ratio and became significant for higher
proportion of surface TrEG component.

The hybridization density of dil-Sen-TEG-S-DNA
substrates was quantified using a fluorescence assay,
allowing evaluation of the % decrease in hybridization
density relative to non-diluted Sen-TEG-S-DNA slides
(Figure 7). In accordance with the XPS data, the hybrid-
ization density also decreased when the proportion of
the TrEG based diluent increased. At a 50 :50 COOH/
OMe ratio, we believe that the number of carboxylic
acids is already sufficient to obtain a closely packed
density of DNA probes, which cannot be further
improved due to crowding effect, thus accounting for
the close values obtained for 100:0 and 50 :50 COOH/
OMe ratios.

In this study, the hybridization density was reduced
by decreasing the amount of immobilized DNA probes
and thus lowering the number of available binding
sites. It is to be noted that the reverse effect might be

Figure 5. High resolution XPS spectra of S 2p scans of dil-Sen-
TEG-S-COOH surfaces for different ratios of N3-TEG-S-COOH:
N3-TrEG-OMe. A ratio of 100:0 corresponds to Sen-TEG-S-
COOH surface.

Table 4. Surface relative atomic concentration of C, N, S and Si
detected through XPS on dil-Sen-TEG-S-COOH surfaces. Sur-
face compositions are expressed as atomic percentage [%].

Ratio COOH/
OMe

C 1s
%

N 1s
%

S 2p
%

Si 2p
%

S/C

100:0[a] 45.65 3.39 0.70 50.27 1.54·10� 2

50 :50 39.12 3.85 0.39 56.64 1.01·10� 2

10 :90 44.84 3.49 0.31 51.37 6.94·10� 3

1 : 99 43.07 3.69 0.28 52.96 6.61·10� 3

[a] The ratio 100:0 corresponds to Sen-TEG-S-COOH surface.

Figure 6. High resolution XPS spectra of P 2p scans of dil-Sen-
TEG-S-DNA surfaces. A ratio of 100:0 corresponds to Sen-TEG-
S-DNA surface.

Figure 7. Fraction of the hybridization density conserved upon
dilution. The hybridization density measured at the surface of
dil-Sen-TEG-S-DNA is compared to the one of Sen-TEG-S-DNA
slides for a same batch. The results are presented as mean
values�SD (three independent experiments).
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obtained for other types of biomolecules, especially
longer and bulkier targeted genes. Ricci et al., reported
that the length and bulk of the targeted genes must
be considered when choosing the probe density at the
surface of a sensing platform. In most cases, high
probe density was giving a higher detection signal,
while in the case of a longer and bulkier target, a
medium probe density was leading to an increased
detection signal compared to the high density
surface.[17] Indeed, if the targeted gene is longer than
the probe, it might require more space to hybridize,
and therefore lead to a higher hybridization density
for a surface with a lower probe density. As a result,
further investigation should be performed to deter-
mine the optimal system to achieve high hybridization
density for the detection of long DNA or RNA
sequences.

Conclusions

We demonstrated the feasibility of tailoring the probe
density and lateral space between DNA probes on
glass surfaces for the engineering of DNA-biosensors.
The DNA spatial configuration at the surface of sensing
platforms is a crucial parameter to consider, as the
probe density and lateral spacing can modulate the
hybridization efficiency and therefore the ability of the
DNA probes to capture their targeted genes in bio-
logical samples.

The functionalization strategies relied on a se-
quence of silanization, followed by click conjugation
to spacing molecules and final coupling to amino-
modified DNA probes. Based on TEG and PEG back-
bones, the spacers were equipped with terminal azido
and carboxylic acid moieties, for surface immobiliza-
tion on Sen-DIBO slides and conjugation to DNA
probes, respectively. The fully covalent ‘Short’, ‘Me-
dium’ and ‘Long’ systems displayed spacer lengths
from 9 to 142 atoms between the glass substrate and
probe sequence. The DNA density was verified by XPS
and the hybridization efficiency was quantified
through fluorescence assay, indicating that the probe
and hybridization densities both decreased with
increasing spacer length.

Then, a dilution method was suggested to tailor
the DNA probe density at a constant spacer length,
and therefore control the DNA hybridization efficiency
of the sensing surfaces. For this purpose, a TrEG-based
diluent molecule was added during the click conjuga-
tion step, and efficiently decreased the number of
carboxylic acids at the surface. Subsequently, both the

DNA density and hybridization efficiency at the surface
were decreased while increasing the proportion of the
diluent molecule.

Experimental Section

Synthesis Procedure

Synthesis of Silanization Reagents. APTES-DIBO and
APTES-COOH were prepared from 3-
aminopropyl)triethoxysilane (APTES). Detailed proto-
cols and characterizations are presented in Supporting
Information, Section 2.1.

Analytical Data for APTES-COOH. 1H-NMR
(400 MHz, CDCl3): 3.85–3.79 (m, 6H, CH3-CH2), 3.30–
3.24 (m, 2H, CH2� NH� C=O), 2.70–2.67 (m, 2H, CH2-
CH2� C=O), 2.53–2.50 (t, 2H, CH2� CH2� C=O), 1.68–1.61
(q, 2H, CH2� CH2� Si), 1.25–1.21 (t, 9H, 3 ×
CH3� CH2� O� Si), 0.66–0.62 (t, 3H, CH2� CH2� Si). HR-ESI/
QTOF-MS: 344.150 ([M+Na]+, C13H27NNaO6Si

+; calc.
344.1500), 320.1540 ([M+H� 1]� , C13H26NO6Si

� ; calc.
320.1535).

Analytical Data for APTES-DIBO. 1H-NMR (400 MHz,
CDCl3): 7.48–7.46 (d, 1H, 1 × Ar-H), 7.35–7.28 (m, 7H, 1
× Ar-H), 5.47 (s, 1H, CHDIBO), 3.84–3.83 (q, 6H,
CH3� CH2� O� Si), 3.21–3.11 (m, 3H, 2 × NH� CH2� CH2),
2.92–2.83 (dd, 1H, HC� H), 1.66–1.62 (q, 2H,
CH2� CH2� NH), 1.26–1.17 (m, 9H, 3 × CH3), 0.67–0.60
(t, 2H, Si� CH2� CH2), 490.2031 ([M+Na]+,
C26H33NNaO5Si

+; calc. 490.2020).

Spacer Synthesis

N3-TEG-S-COOH was synthetized from tetraethylene
glycol in six steps. A sulfur atom was integrated in the
structure to ease the XPS characterization of the
modified slides. Detailed protocols and characteriza-
tions are presented in Supporting Information, Sec-
tion 2.2.

Analytical Data for N3-TEG-S-COOH.
1H-NMR

(400 MHz, MeOD): 3.68–3.61 (m, 10H, CH2� CH2� O),
3.56–3.54 (t, 2H, CH2� CH2� N3), 3.39–3.36 (m, 4H,
CH2� NH� C=O, CH2� CH2� N3), 3.27 (s, 2H, S� CH2� C=O),
2.91–2.87 (t, 2H, S� CH2� CH2� C=O), 2.54–2.50 (t, 2H,
S� CH2� CH2� C=O). HR-ESI/QTOF-MS: 387.1313 ([M+

Na]+, C13H24N4NaO6S
+; calc. 387.1309), 363.1339 ([M+

H� 1]� , C13H23N4O6S
� ; calc. 363.1344).
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Diluent Synthesis

N3-TrEG-OMe was synthetized from triethylene glycol
in two steps. Detailed protocols and characterizations
are presented in Supporting Information, Section 2.3.
1H-NMR (400 MHz, CDCl3): 3.69–3.64 (m, 8H, 4 ×
CH2� CH2� O), 3.57–3.54 (m, 2H, CH2� CH2� N3), 3.40–
3.37 (m, 5H, Ar� CH3 and CH2� N3). HR� ESI/QTOF-MS:
212.1006 [M+Na]+, C7H15N3NaO3

+; calc. 212.1006).

Surface Functionalization

Preparation of Sen-COOH and Sen-DIBO surfaces. S-
OH slides were exposed to oxygen plasma for 17 min.
The substrates were transferred to a glass tube
containing a solution of APTES-COOH or APTES-DIBO
in anhydrous toluene under nitrogen atmosphere. The
slides were incubated for 48 h at 25 °C, washed with
toluene, dichloromethane (three times), acetonitrile
and methanol.

Preparation of Sen-TEG-S-COOH and Sen-PEG-
COOH surfaces. Sen-DIBO slides were immersed in a
solution of N3-TEG-S-COOH or N3-PEG-COOH in dry
MeOH (1 mM). The mixture was incubated overnight
at 25 °C. The resulting slides were washed with MeOH
and MilliQ (3 times each) and used directly for the next
step.

Preparation of dil-Sen-TEG-S-COOH Surfaces. Sen-
DIBO slides were immersed in a solution of N3-TEG-S-
COOH:N3-TrEG-OMe (1 mM total) at various ratio in
dry MeOH. The mixture was shaken overnight at 25 °C.
The resulting slides were washed with MeOH and
MilliQ (three times each) and used directly for the next
step.

DNA Immobilization

The procedure was adapted from the protocol
reported in our previous study.[16] The carboxylic acid-
modified slides (1 cm2) were immersed in a 2-(N-
morpholino)ethanesulfonic acid (MES) solution (0.1 M,
2 mL, pH 5) containing EDC·HCl (50 mM) and HOBt
(60 mM). A solution of amino-modified DNA probe (5’-
NH2� C6-AACAGCAAGAAGTGCAACGCCAAC) in MiliQ
was added (0.1 nmol, 1 μL) and the mixture was
incubated overnight at 37 °C, 750 rpm. The slides were
then rinsed with Milli-Q water and washed twice with
Tween 20 solution (0.1%, 10 mL), for 10 min. The slides
were rinsed with MiliQ and stored in MilliQ at 4 °C until
further use.

Surface Characterization

Hybridization Density Evaluation. The procedure was
adapted from the protocol reported in our previous
study.[16] The DNA-modified surface was immersed in
SSC 4X buffer (1.5 mL) to which was added a solution
of Cy3-complementary reverse probe (5’-Cy3-
GTTGGCGTTGCACTTCTTGCTGTT, 100 μL, 10 μM). The
resulting solution was shaken for 1.5 h at 25 °C. After
the hybridization step, the surface was rinsed with
Milli-Q water and washed with 0.1% Tween-20 (twice,
10 min, 25 °C), to remove the non-hybridized Cy3-
complementary reverse probes. The slide was rinsed
with MiliQ (three times), immersed in PBS 0.1 X (2 mL)
and heated at 85 °C for 18 min.

The fluorescence of the solution was then meas-
ured (λexc=532 nm, λem=568 nm). The surfaces modi-
fied only with carboxylic acids (Sen-COOH/Sen-TEG-S-
COOH/Sen-PEG-COOH) were used as negative con-
trol.

Supporting Information

The authors have cited additional references within
the Supporting Information.[18–26]
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