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Abstract

A universal enzyme strand (E-DNA) recyclable L-histidine (L-His), melamine (MA), and cisplatin (CP) biosensor was
fabricated on the basis of a target-specific RNA-cleaving DNAzyme with specific auramine O (AuO) dye instead of thi-
oflavin T. In this strategy, the substrate strand (S-DNA) of the RNA-cleaving site was constructed as an intramolecular
stem-loop structure, and a GT-rich sequence was imprisoned in the double-stranded stem which inhibits the formation of
stable G-quadruplex (G4cpx) with AuO. The presence of L-His initiates a catalytic reaction for cleaving the RNA site of
the S-DNA hydrolytically releasing the GT-rich portion, which subsequently combines with AuO and forms a G4cpx for
enhanced fluorescent signal. The subsequent addition of MA uncoils the G4cpx to form T-MA-T dsDNA, or addition of CP
unwound the G4cpx to form CP-DNA leading to an intensive decrease of AuO emission. Remarkably, the liberated L-His
can ultimately cause several rounds of cleavage, and the liberated E-DNA can catalyze the subsequent reaction with the other
S-DNA. The use of L-His and E-DNA repeatedly induces S-DNA cleavage and intensifies the emission signal. The results
show that the proposed biosensor is extremely sensitive to L-His, MA, and CP with a detection limit of 0.98, 10, and 3.4 nM
respectively. To the best of our knowledge, the utilization of AuO as the G4cpx inducer and stabilizer for L-His, MA, and
CP detection in real milk and urine samples has never been reported.
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Introduction activity. Meanwhile, the oscillation of L-His content is an
essential index to reflect a variety of potential diseases.
However, it should be noted that excessive L-His may lead
to some dangerous diseases such as arthritis, liver failure,

kidney disease, AIDS, and cancer. On a contrasting note,

L-Histidine (L-His) is a proteinogenic amino acid that plays
a significant role in biochemistry due to its aromatic imida-
zole functional group. It can take an active part in a wide

range of biological processes including cell activities, meta-
bolic activity, and regulation, which are important for the
growth and development of living activity. L-His is involved
in the maintenance of healthy tissues as well as the protec-
tion of nerve cells that carry messages from the brain to
various parts of the body. This also plays a role in hemo-
globin function and structure, and one-carbon metabolism,
all of which regulate gene expression and protein biological
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recent studies have shown that a deficiency of L-His in
plasma may lead to an impaired nutritional state in patients
with chronic kidney disease, nerve deafness, and hepatic
and renal degeneration [1, 2]. Therefore, the lack or excess
amount of L-His is responsible for many diseases in people.
Hence, the biological system must have an optimal level of
L-His concentration.

Melamine (MA) is a low-toxic industrial raw ingredient
that is used to make MA-formaldehyde resin, plastics, glues,
and fertilizers. On the other hand, it is illegally added to
milk products in order to increase the apparent crude protein
(nitrogen content) at reduced cost, causing kidney disease
and even death in humans (especially infants). Since MA
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cannot be metabolized in the human body, they can form
insoluble complexes with cyanuric acid depending on urine
pH, which can lead to crystallization and subsequent tis-
sue destruction. In this way, an excessive intake of MA will
result in the production of insoluble MA anurate crystals in
the kidney and eventually induce renal failure. According to
FDA standards for MA interim safety and risk evaluation, a
maximum quantity of 20 uM MA can be present in food for
human consumption [3-5].

Cisplatin (CP), an alkylating agent, is a highly effective
chemotherapy drug that is widely used to treat a variety of
cancers, which include testicular, cervical, head and neck,
bladder, and lung cancer. Despite being a powerful anti-
cancer medicine, its clinical scope is restricted due to its
severe side effects on organs such as the kidney, liver, brain,
and gastrointestinal tract. When CP is delivered to cells, the
CI™ ions separate from the positively charged platinum ions
and interact with cellular DNA and proteins, inhibiting rep-
lication, transcription, translation, and DNA repair. How-
ever, CP administration has frequently resulted in toxic side
effects such as nephrotoxicity, neurotoxicity, and nausea.
Furthermore, CP at low concentration causes cell apopto-
sis, whereas CP at high concentration causes necrotic cell
death [6, 7].

Traditional analytical methods such as high-pressure lig-
uid chromatography, mass spectroscopy, atomic absorption
spectroscopy, colorimetry, etc. are employed to detect the
L-His, MA, and CP. However, these methods are costly due
to their bulky setup, longer working procedure, complicated
pre-treatment, large amount of sample, and low sensitivity.
But, the electrochemistry voltammetry technique has been
successfully used to measure the L-His, MA, and CP at low
concentration. Nevertheless, this method also has some limi-
tations such as proper maintenance of the working electrode,
unstable current background, drifting of reduction and oxi-
dation potential peak positions due to aging of the refer-
ence electrode, and the presence of a high concentration of
common analyte ion in real samples [8—19]. Therefore, the
development of rapid, highly sensitive, more accurate, and
simple analytical methods for detecting L-His, MA, and CP
especially for real-time and on-site scenarios becomes vital.

Over the last few years, in vitro nucleic acids have played
a major role in the field of selective molecular recognition.
A class of unique DNA sequences (DNAzymes) having the
ability to bind neutral molecules and strong cleavage activity
with its RNA substrates were utilized as a universal plat-
form for neutral molecule sensing application. DNAzymes
received substantial attention due to their amazing stabil-
ity, specificity, and low cost when compared to ribozymes.
Nowadays several DNAzymes have been discovered and used
to create sensitive sensing platforms for a variety of targets.
Among these DNAzymes, we have discovered a new single
DNAzyme to detect multiple analytes. As a consequence, the
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researcher has transformed DNAzymes into extremely sensi-
tive and selective neutral molecule biosensors using diverse
signal transduction techniques such as fluorescence, colori-
metric, and electrochemistry. Among them, the fluorescence-
based DNAzyme biosensor has received prodigious attention
for quantitative analysis of neutral molecules because it is the
most competitive, simpler, and compatible [20].

To take advantage of DNAzymes’ multiple enzymatic
turnover property, the molecular beacon structure is used
in the design of substrate for DNAzyme-based fluorescent
sensing systems. However, all these sensors need covalent
labeling of the DNAzyme with fluorophore and quencher
parts in order to produce a well-organized signal output trig-
gered by a target. This may necessitate a complex synthetic
route design and several heavy and complicated synthetic
stages, resulting in higher costs, higher time consumption,
and lower synthesis yield. Furthermore, numerous fluores-
cent and quenching compounds may affect the recognition
event, thereby interfering with the sensitive and selective
detection of the targeted analyte. In response to these limi-
tations, herein, we reported the label-free fluorophore and
quencher DNAzyme-based fluorescence biosensor for detec-
tion of L-His, MA, and CP. In the label-free techniques,
the fluorophores are not covalently bonded to the nucleic
acid backbone. Instead, the fluorophore interacts with the
DNA non-covalently via a variety of binding mechanisms,
including intercalation, end-stacking, or electrostatic inter-
actions. More interestingly, this reported approach does not
need any external fluorescence quencher like nanomaterials
(metal oxide, graphene oxide, MOF, etc.).

The luminous compounds used in the label-free DNA
probes are usually non-emissive or slightly emissive in aque-
ous solution resulting in excited state quenching by solvent
interactions. However, when bound to specified DNA struc-
tures, they exhibit increased luminescence due to the preser-
vation of their excited states within the hydrophobic core of
the DNA. Thus, the great benefit of the label-free DNA-based
technique is that the detection may be done in a homogeneous
solution without any pre-labeling or immobilization steps, sig-
nificantly lowering the time and cost required for the experi-
ment. Moreover, the inherent adaptability of label-free sensing
makes it an ideal platform to be integrated with biomolecu-
lar technology with novel functionality, as in the case of the
molecular tools provided by DNA nanotechnology [21, 22].

In the last few years, the researcher has reported the
application of thioflavin-T (ThT) as a highly selective lumi-
nescent probe for the label-free detection of metal ions and
biomolecules [23]. But now, there is an indispensable need
for a highly efficient substitute fluorescence probe for ThT
in the detection of targets. Here, we present the use of AuO
as a potential alternative to ThT. The same as with ThT, the
increase in AuO emission upon binding to DNA is due to the
suppression of free rotation of the two dimethylamino arms
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of the molecule. This inhibition prevents the excited-state
electronic wave function from moving the emissive locally
excited state to the dark charge-transfer state. In the earlier
study, the photophysical properties of AuO have received
increasing attention than those of ThT, and moreover, the
spectroscopic sensitivity of AuO is even superior to that
of ThT [24]. Therefore, we have described the application
of AuO as a highly specific fluorescence indicator for the
label-free DNAzyme-based biosensor for detection of bio-
molecules like L-His, MA, and CP.

Here, we have developed a simple and label-free DNA-
zyme/AuO-based sensor for the fluorometric detection of
L-His, MA, and CP by recycled E-DNA for signal ampli-
fication. The S-DNA consists of a typical stem-loop struc-
ture. The loop of S-DNA, which has a similar sequence with
E-DNA, could hybridize to form an intact DNAzyme struc-
ture. The L-His triggers cleavage of S-DNA resulting in the
release of a GT-rich sequence and subsequent formation of
a G4cpx with AuO, resulting in significant enhancement of
the AuO emission. At the same time, the liberated L-His
and E-DNA mediate a new cycle of cleavage and association
of new DNAzyme respectively, resulting in the ultra-trace
detection of L-His. Following this, the MA/CP was added,
which interacts with the T/G base pairs in the G4cpx, uncoil-
ing the G4cpx, and forms the T-MA-T dsDNA / CP-DNA
adduct, leading to a decrease in AuO emission. The AuO
and the proposed sensing mechanism have excellently sup-
ported multiple detections of organic pollutants in the milk
and urine samples.

Materials and methods
Chemical and reagents

All of the E-DNA and S-DNA used in this study were devel-
oped by Allied Scientific Products (Kolkata, India) and puri-
fied using the HPLC technique. The supplementary tables S1
and S2 provide detailed information on all DNA sequences.
The stock solution of DNA was made by dissolving 50 mM
of Tris—HCl buffer and was kept at 4 °C. L-Histidine, mela-
mine, auramine O, cisplatin, dopamine, urea, and tris hydro-
chloride buffer salt were obtained from Sigma-Aldrich and
SRL Chemicals, India. All other chemicals (including vari-
ous amino acids, metal salts, and drugs) were of analytical-
reagent grade and used without further purification.

Structural characterization

The sensor’s AuO excitation and emission intensities were
measured using a spectrofluorometer (HORIBA JOBIN
YVON Fluoromax-4), with light from a standard Xe lamp
used as an excitation source. The UV-visible spectroscopy

was used to measure absorption (Shimadzu, UV-2600). To
optimize the pH of the sensing system, a digital pH meter
(PHS-3C) was used. The CD spectroscopy was used to con-
firm the DNA structural changes.

Detection procedure

The analytical technique for multiple detection of L-His, MA,
and CP biosensor was explored as follows: At first, the DNA-
zyme hybridization reaction was implemented by mixing the
pre-heated and cooled S-DNA (2 pL) and E-DNA (1 pL) at
room temperature for 10 min in the 50 mM Tris—HCI (pH 7.4).
For catalytic cleavage reaction, 10 pL of L-His solution of an
appropriate concentration was added to the above solution.
Subsequently, the mixture was treated with AuO (10 uM) for
10 min at 37 °C to form the AuO-G4cpx, indicating the sig-
nificantly enhanced AuO fluorescence emission at excitation
and emission wavelengths of 425 and 515 nm, respectively.
Further, the AuO-G4cpx functioned as a sensitive probe for
MA and CP detection. Therefore, an appropriate concentration
of MA and CP was subsequently added into the above solu-
tion, which resulted in a considerable emission of the AuO
emission.

Real-sample analysis

We hoped that our DNAzyme/AuO-based probe would be
capable of detecting L-His and MA in food samples such as
milk. Milk samples were collected from local supermarkets
in Tamil Nadu, India, near the SRMIST. To summarize, the
milk was mixed with acetonitrile and trichloroacetic acid.
The resulting mixture was centrifuged at 10,000 rpm/min for
10 min after 30 min of sonication to dissolve the organic mate-
rials. The obtained supernatant was filtered, diluted 25-fold
with buffer, and then used to perform L-His and MA analysis
under the optimal conditions. Surprisingly, the proposed sens-
ing probe is also adept at subsequently detecting L-His and
CP in urine samples. The urine samples were brought from a
urine testing laboratory in Chennai, Tamil Nadu, India (their
consent was recorded). Urine samples were filtered through a
membrane to remove all insoluble impurities prior to quantita-
tive analysis of L-His and CP. A stock solution of L-His and
CP diluted with buffer was spiked into aliquots of the urine
samples. The fluorescence records were then carried out.

Results and discussion
Analysis of E-DNA and S-DNA sequence
The E-DNA binds with the S-DNA in two duplex regions,

and the middle portion is the catalytic core. Herein, we
analyze the binding stability of E-DNA on S-DNA as it
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forms a more stable complex which leads to a decrease
in the S-DNA cleaving ability. This highly affects the
proposed sensor performance in terms of sensitivity and
detection accuracy. Thus, we have designed ten E-DNA
with different binding sites of S-DNA to find out the most
suitable E-DNA. The different designed substrate-binding
arms are highlighted, and the remaining sequences exist
as the catalytic core sites. Each E-DNA in table S1 was
individually hybridized with the S-DNA. Further, the
efficiency of the E-DNA was analyzed in the presence of
L-His and AuO (Fig. 1a). As per the experimental results,
the E-DNA 7 was found to have significant cleavage in
10 min which produced the effective AuO fluorescence
emission process. The other few E-DNA exhibited reduced
fluorescence emission, and some of the E-DNA exhibited
no fluorescence emission. This is due to enhanced stable
interaction between the E-DNA and S-DNA, resulting in
the formation of highly stable DNAzyme (E-DNA and
S-DNA hybridization). The schematic representation of
E-DNA and S-DNA is shown in Fig. 1b. Furthermore, the
stepwise analysis of S-DNA sequence is shown in table S2
which involves selection of the S-DNA stem length, quan-
tity of G-quartets in portion 1 S-DNA, loop length of
G4cpx and sensitivity analysis of MA and CP on S-DNA
4E (portion 1) were discussed in SI Sect. 1.0.

Sensitivity contrast between AuO and ThT dye

In the past decades, the researcher has reported the ThT
as a cost-effective fluorescent probe in label-free sensor

700

application but, in this proposed biosensor, the AuO is used
as a great substitute for ThT. Therefore, we have examined
the sensitivity of both ThT and AuO for the detection of
targets as no one reported the AuO utilized biosensor for the
detection of L-His, MA, and CP. The results of fluorescence
studies revealed that changes in fluorescence of the AuO and
ThT in the presence of targets are nearly identical, as shown
in Fig. 2a, b. In addition, the sensitivity percentage histo-
gram clearly illustrates that the AuO possesses little higher
sensitivity (Fig. 2c) due to the superior spectroscopic sensi-
tivity of AuO than ThT. Thus, we have used AuO as the best
fluorescent indicator for the detection of L-His, MA, and CP.

The proposed sensing mechanism

The label-free fluorescent strategy for L-His, MA, and CP
sensing based on the selective DNAzyme and AuO is shown
schematically in Scheme 1. The AuO is a novel probe for
L-His, MA, and CP detection due to its ability to increase
fluorescence brightness by forming G4cpx, but not with
dsDNA and ssDNA. The selective DNAzyme was composed
of an enzyme (E-DNA) and a substrate strand (S-DNA). The
S-DNA sequence is composed of two parts: the specific GT-
rich region (color portion 1) at the 5’ end was complemen-
tary to (color) portion 2 at the 3’ end, and in the middle of
the substrate strand, a ribo-adenine (rA) was introduced as
the cleavage site to L-His. The hybridization between them
causes the S-DNA to form a molecular beacon stem-loop
structure, with the E-DNA-binding sites in the middle of the
loop. The formation of a G4cpx is prevented by the G-rich
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Fig. 1 a Comparison of various E-DNA sequences, b schematic diagram for S-DNA and E-DNA
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sequence being partially caged in the double-stranded stem.
The structure of DNAzyme was so stable in the absence of
L-His that the primers of the cleavage reaction were blocked
in it, and DNAzyme remained stable in their hairpin struc-
ture. As a result, after adding AuO, the fluorescence signal
was weak. Whereas, in the presence of L-His, the cata-
lytic trans-acting reactions were initiated for the hydrolytic
cleavage of the S-DNA at the scissile (phosphodiester) rA
into two fragments and dissociated from the E-DNA. The
E-DNA would break free from the S-DNA and form a hybrid
with the other S-DNA, which would trigger the next cleav-
age process. In this stage, the E-DNA is recycled to create
the first amplified signal. The cleavage activity deformed
the DNAzyme stability, liberating the L-His and portion I
(GT-rich) and II. The free L-His initiated the next phase
of S-DNA cleavage with DNAzyme. Each released L-His
can ultimately cause several rounds of cleavage, releasing

portion I and portion II. Further, the liberated portion I (GT-
rich sequence) coiled together into G4cpx in the presence
of AuO dye (G4cpx-AuO) due to the = stacking interac-
tion between the guanine bases and AuO and the protonated
imine group between two electron-rich nitrogen atoms in its
structure leads AuO to be a molecular fluorescent rotor. The
interaction of AuO in G4cpx DNA prevents the rotation of
the C—C bond in AuO structure and prevents the intramo-
lecular charge transfer from an emissive to a nonradiative
state [25], resulting in the remarkable AuO emission. The
increase in fluorescence intensity was computed as the signal
gain for the L-His quantification through F/F|,, where F, and
F are the fluorescence intensities before and after the L-His
DNAzyme reaction, respectively. Furthermore, the AuO-
G4cpx system was used for the subsequent detection of MA
or CP. Surprisingly, when MA was added into the G4-AuO
system, owing to the affinity between the MA and thymine in
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of AuO fluorescence intensity. Unpredictably, the CP was

the G4cpx, the MA specifically reacts with thymine to form
added instead of MA, which also remarkably decreased the

the “T-MA-T mismatch” structure, leading to a reduction
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AuO emission. This is due to the disappearance of AuO-
G4cpx to the form stable CP-DNA adduct via G-CP-G
interaction. Therefore, the formation of a G4cpx, T-MA-
T duplex, and G-CP-G adduct structure was confirmed by
the turn-ON and OFF fluorescence intensity of the AuO,
UV-vis, and CD spectrum and the L-His triggered DNA-
zyme cleavage was confirmed by page gel experiment and
cleavage reaction rate constant were shown in Figure S2a &
b. Moreover, the target’s detection can be visualized by color
change of AuO under UV light.

Feasibility study

The AuO spectra of four distinctive samples were recorded
initially to prove the strength of the suggested biosensor.
As shown in Fig. 3a, initially, the AuO displays very weak
emission (curve a) because of a highly efficient non-radiative
structural relaxation mechanism that occurs in the excited
state of AuO. In the excited state, this structural relaxation
is recognized as a phenyl group twisting motion. Further, the
AuO was incubated with DNAzyme, resulting in the weak
fluorescence emission (curve b). However, in the existence
of L-His, it initiates catalytic reactions to hydrolytically
cleave the RNA site of the S-DNA and release the GT-rich
part, which folded up into the G4cpx with the help of the
AuO dye (AuO-G4cpx). Also, the fluorescence emission of
AuO enhanced to a most remarkable degree (curve c) due
to the impedance in a confined environment for the phenyl
group twisting motion. The subsequent detection of MA
was also done using an AuO-G4cpx system. The MA was

inducted into the AuO-G4cpx system to unfold the G4cpx
into a rigid DNA duplex structure due to the formation of
three hydrogen bonds between the thymine base pair and the
MA (T-MA-T). This releases free AO, thus transducing the
DNA MA hybridization into a signal and the AuO emission
yield of AuO decreased (curve d). The subsequent detection
of CP was done using an AuO-G4cpx system. To the AuO-
G4cpx system, the CP was induced to unfold the G4cpx into
the CP-DNA adduct (G-CP-G). This also resulted in a dra-
matic decrease in the AuO emission (curve e). Thereby, we
conclude that AuO serves as a *‘light-up’’ fluorescent folder
and the stabilizer of the G4cpx.

Furthermore, the UV-vis absorption spectra of AuO were
also investigated to confirm the formation of G4cpx, T-MA-T,
and CP-DNA structure as shown in Fig. 3b. The characteristic
absorption peak of AuO was 435 nm (curve a). When G4cpx
was formed, the red shift from 432 to 444 nm was observed
(curve b). In the presence of MA, the peak was similar to AuO
because the G4cpx was uncoiled by forming DNA double
strands (T-MA-T) (curve c¢). When CP was added instead of
MA, the absorption peak was also identical to that of AuO.
This was because the G4cpx unfolded to form a CP-DNA
adduct (curve d). All the above results confirmed the feasibil-
ity of the proposed method to detect L-His, MA, and CP.

More interestingly, the detection of L-His, MA, and CP
could be appropriately seen by the bare eye under the UV
illumination at 365 nm, which provided a superficial tech-
nique for the visual recognition of targets. The original non-
emissive AuO solution emitted a vivid green fluorescence
under 365 nm ultraviolet rays, which confirmed that the AuO
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facilitated a G4cpx production in the absence of a mono-
valent cation. When MA was added, the vivid green color
faded to colorless, indicating the disappearance of the AuO-
G4cpx complex and the formation of the duplex DNA. When
CP was added instead of MA, the vivid green color became
colorless, indicating the disappearance of the AuO-G4cpx
complex by the formation of CP-DNA adduct (Figure S2).

Sensing confirmation by optical spectroscopy
Confirmation of the DNAzyme cleavage by L-His

The duplex-like substrate DNA cleaved into the ssDNA
by the addition of L-His, which was experimentally con-
firmed and the schematic representation for RNA cleav-
age reaction as shown in Fig. 4A. Figure 4B (inset left)
shows the UV bands of DNAzyme in the existence and
non-existence of L-His. The absorption density increased
as L-His was introduced, indicating cleavage of the
S-DNA into ssDNA. The phenomenon of increased UV
absorbance by the ssDNA is known as the hyperchro-
mic shift. The purine and pyrimidine bases in ssDNA
strongly absorbed the UV light, but the dsDNA adsorbed

(A) RNA
RNA RINA '
| 0 H
0 H 0 \ N
S Base * o. Base H
¥ 0 H
H
H o O
\/
) 0-P{
0-pP Y
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less strongly due to the stacking interaction between the
bases. Furthermore, the AuO with DNAzyme exhibits
a strong peak at 432 nm; however, in the presence of
L-His, the spectra gradually decrease the intensity and
the maximum shifts toward the red, moving from 432 to
444 nm for bound AuO (inset right). Hypochromic and
bathochromic effects are often anticipated as an indica-
tion for AuO dye intercalation [25].We employed circular
dichroism spectroscopy (CDS) to further prove the con-
formational change in the DNAzyme caused by L-His.
Figure 4C shows a strong positive peak at 274 nm, and a
negative peak at 243 nm, and these peaks correspond to
the characteristics peak of the duplex DNAzyme (curve
a). However, in the presence of L-His, the CD shows a
less intense positive peak at 274 nm and a negative peak
at 243 nm, and these peaks correspond to the characteris-
tic peak of ssDNA [26] (curve b), which evidently proves
the dissociation of DNAzyme into ssDNA ( portions I and
II). Moreover, the addition of L-His along with AuO into
the DNAzyme resulted in the formation of an antiparal-
lel G4cpx structure, which displayed a positive band at
245 nm and 295 nm and a negative band at 265 nm [27]
(curve c). This also confirms the DNAzyme dissociation
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into ssDNA by the L-His. Furthermore, the consequence
of various amounts of L-His on the emission of the AuO
could also be identified accurately by the fluorescence
spectra and the naked eye, as demonstrated in Fig. 4D (a
and b) respectively. The AuO fluorescence emission was
gradually enhanced due to the formation of DNA G4cpx
by the dissociation of DNAzyme into two portions.

Confirmation of melamine-induced DNA duplex structure

Next, we further investigated the binding of the GT-rich
ssDNA with MA (Fig. 5A) through a combination of
UV-vis and CD spectra. In the presence of MA, it was
experimentally confirmed that the ssSDNA formed dsDNA
with the assistance of hydrogen bonding between thymine
and MA. Figure 5B shows the UV absorption spectra of
GT-rich ssDNA (267 nm) before and after the addition
of melamine. The UV absorption density decreased upon

the addition of MA, indicating the transition into a sec-
ondary structure of DNA. The phenomenon of decreased
UV absorbance by the dsDNA compared to the ssDNA
is known as a hypochromic effect. CDS revealed signifi-
cant structuring of the GT-rich ssDNA in the presence of
MA into AuO-G4cpx, all the characteristic peaks of the
AuO-induced G4cpx disappeared, which resulted in the
formation of a new positive peak at 280 nm correspond-
ing to the characteristic peak of (T-MN-T) dsDNA [28]
(Fig. 5C). Therefore, the results reproduced the features
of the melamine-induced duplex formation in an excellent
manner. Furthermore, the outcome of various amounts
of MA on the emission of the AuO-G4cpx could also be
accurately confirmed by the fluorescence spectra and the
naked eye, as demonstrated in Fig. 5D (a and b). The AuO
fluorescence emission was gradually quenched due to the
formation of a DNA duplex structure by the dissociation
of AuO-G4cpx, as seen in the spectra and photographs.
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Fig.5 A Reaction for the formation of T-MA-T complex. B Study
of (a) UV spectroscopy and (b) CD spectroscopy for confirmation
of DNA-melamine complex formation. C Study of (a) fluorescence
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spectroscopy and (b) UV light illumination for confirmation of DNA-
melamine complex formation
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Confirmation of cisplatin—-DNA adduct from G4cpx

UV/Vis and CD spectroscopy were used to monitor the
CP reaction with DNA (Fig. 6A). The typical UV band
for DNA, which is centered at 260 nm, experiences a
significant bathochromic shift from 260 to 269 nm, as
seen in Fig. 6B, confirming the creation of numerous Pt-
nucleobases covalent adducts. As illustrated in Fig. 6C,
the CD studies revealed significant changes in the distinc-
tive AuO-G4cpx spectra during the addition of CP. All
the AuO-induced G4cpx CD peaks vanished to form a
new positive peak at 280 nm, which was attributed to the
formation of Pt-nucleobases covalent [29, 30]. Moreover,
as validated in Fig. 6D (a and b), the result of various
amounts of CP on the emission of the AuO/G4cpx could
also be suitably sensed by the fluorescence spectra and
naked eye, which provided a superficial technique for
the accurate and visual detection of CP. The spectra and
photographs showed that the AuO emission was steadily
quenched due to the formation of CP-DNA adduct from
the AuO-G4cpx.

Sensitivity performance of L-His, MA, and CP
detection

The sensitivity and dynamic range of the biosensor
were investigated for multiple detections of L-His, MA,
and CP before being well optimized, and the optimiza-
tion results were shown in SI Sect. 2.0. A series of L-His
solutions were prepared with different concentrations and
then analyzed using our L-His sensor. Figure 7a shows the
fluorescence spectra of the AuO-G4cpx in the presence
of L-His from 0 to 3000 nM. The fluorescence intensity
increased noticeably as the quantity of L-His increased,
indicating effective cleavage of the S-DNA to liberate a
more GT-rich portion for folding the G4cpx by AuO. Fig-
ure 7b depicts the calibration curve of the L-His biosensor,
which achieved a dynamic range of 0 to 3000 nM with a
linear relationship range up to 15 nM (Fig. 7b (inset)). A
detection limit of 0.98 nM for L-His was expected accord-
ing to the 36 method (R*>=0.9942), which was much
lower than almost all of the earlier-described sensors for
L-His. As shown in Table S3, the results indicate that the
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Fig.6 A Reaction between DNA and CP. B Study of (a) UV spectroscopy and (b) CD spectroscopy. C (a) Fluorescence spectroscopy and (b)
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proposed L-His sensor is sufficient for the detection of =~ MA. Therefore, a series of concentrations of MA from 0
L-His in the milk and urine samples. to 25 uM were separately added to the AuO-G4cpx system.

Next, the following addition of MA has efficiently = Figure 8a reveals the fluorescence spectra of AuO-G4cpx
turned off the fluorescence emission of the AuO-G4cpx  to different concentrations of MA. As the concentration
system, which serves as an efficient detection probe for  of MA increases, the AuO signal significantly decreases,
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2000, 3000 nM). b Relationship of emission versus the L-His concen- representation, and e visual detection of L-His
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indicating the conversion of AuO-G4cpx into MA-duplex
structure through T-MA-T. Figure 8b shows the calibration
curve for the concentrations of MA versus fluorescence
intensity. The Fig. 8b inset displays a good linear rela-
tionship (correlation coefficient R?>=0.9911) between the
relative fluorescence emission and concentration of MA
in the range from O to 1.5 uM. The limit of detection was
calculated to be 10 nM defined by the equation LOD =3¢/
slope. The comparison of our detection probe with other
previously reported sensors in terms of detection sensitiv-
ity and feasibility is outlined in Table S3. In comparison
to other previously reported MA detection sensors, our
detection approach has superior sensitivity and selectivity.

On the other hand, the subsequent addition of CP
instead of MA also efficiently turned off the AuO emis-
sion of the AuO-G4cpx, which provided an effective CP
sensing probe. To examination the recognition range of
this recognizing approach, different concentrations of
CP (0-1000 nM) were added to the experimental sys-
tem. With cisplatin concentrations up to 1000 nM, the
fluorescence intensity decreased (Fig. 9a).These results
demonstrated that the structural distortion of AuO-G4cpx
was directly associated to the concentration of CP. The
fluorescence emission change ratio (F/F) increased with
different CP concentrations (Fig. 9b), and the Fig. 9b
inset shows a good linear relationship from 0 to 30 nM
of CP (R*=0.9954). The LOD for CP was estimated to
be 3.4 nM, which was better or comparable to the LOD
obtained by other methods (Table S3).

Selectivity performance of L-His, MA, and CP
detection

Selectivity of the L-His probe was also explored, and the
fluorescence response of other (L-Cys, L-Tyr, L-Arg, L-pro,
L-Lys, L-Gly, and D-His) amino acids was also investigated.
They commonly coexist in real biological and food samples.
The photoluminescence response of the proposed sensing
probe to L-His (100 nM) was more prominent compared
to the other amino acids (500 nM), as shown in Fig. 7c,
d. These studies indicated that the sensor could discrimi-
nate L-His from other compounds. The selectivity of the
sensor was further validated by comparing two mixed
solutions containing all the amino acids with and without
L-His. Despite the presence of the interfering amino acids,
the detection probe shows excellent selectivity for L-His.
It was confirmed that only the L-His was capable of trig-
gering the RNA cleavage and releasing the substrate DNA,
which was folded up into G4cpx by AuO. Moreover, the
color variations of the assay solutions also confirm that these
amino acids do not interfere with the assay. The sample solu-
tion containing L-His was green in color, which visually
indicated the formation of AuO-G4cpx, whereas all other

@ Springer

samples revealed an absence of color under UV irradiation
(Fig. 7e).

Further, the AuO-G4cpx serves as a detection probe for
MA and CP. Therefore, the selectivity of the MA sensor was
evaluated by testing the AuO-G4cpx with other compounds,
including ascorbic acid, vitamin B, lactose, sucrose, Ca**,
Cu?*, Fe**, Mg?*, and glucose, each at a concentration of
1000 nM. The photoluminescence response of AuO-G4cpx
is being used to analyze MA sensing. As revealed in Fig. 8c,
d, the majority of common materials in dairy foods and ana-
logs of melamine display relatively insignificant interfer-
ences at the 1000 nM level on the identification of 50 nM
melamine. Obviously, such high selectivity results from the
thymine’s selective recognition of melamine, i.e., stable tri-
ple hydrogen bonding between MA and T bases. It should
be noted that the Hg>* mix can also be stabilized in the T-T
(T-Hg-T) process, i.e., the Hg?" is a possible MA detection
interferent. Luckily, in milk-based samples, there is a sub-
stantially lower abundance of Hg?** than melamine. This is
because melamine can artificially be added to increase the
nitrogen content. Also, Hg?* does not come from such an
artificial source.

In the detection of CP, the selectivity analysis was also
conducted with other anti-cancer drugs. All the anti-can-
cer drugs tested, including CP, have a concentration of
500 nM, as shown in Fig. 9c, d. Only the CP test produced
significantly lower fluorescence emission. In addition, the
reaction mechanism of oxaliplatin and carboplatin was
fairly related to that of CP, and the interfering between
them was also studied (Fig. 9¢). The AuO emission of
the reaction of G4cpx along with abovementioned drugs
at 500 nM was studied before and after adding an identi-
cal quantity of CP. Agreeing to the data, the AuO signal
of carboplatin was practically vague from the blank. The
AuO signal of oxaliplatin was equally strong. Both signals
considerably exhibited greater fluorescence emission than
CP. The reason is that oxaliplatin and carboplatin have
weaker leaving groups than CP, which slows the forma-
tion of adducts and makes the displacement of AuO from
G4cpx very difficult. However, all the signals increased in
a very slow manner after the addition of CP, as the exist-
ence of oxaliplatin and carboplatin did not disturb the CP
outcomes in the optimized conditions. This is due to the
strong binding attraction between CP and G-bases with the
assistance of the robust covalent bond. This explained the
outstanding discrimination among all the verified drugs,
whereas the selectivity between platinum complexes could
be attributed to a significantly higher rate of Pt—-DNA for-
mation in CP compared to oxaliplatin and carboplatin. We
too verified the biosensor response compared to main mol-
ecules (dopamine, Na*, K*, CI~, and urea) often found
in normal urine at high concentrations. Figure 9f shows
that, even in the existence of such potentially interfering
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molecules, the sensor response remained constant. Hence,
this proves the sensor’s good selectivity toward CP. Moreo-
ver, under UV irradiation, the color changes of the MA and
CP assay solutions also visually confirm that these different
compounds did not interfere with the assay. The sample
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whereas the sample containing MA or CP turned greenish
color into a colorless form which visually indicated the
formation of the MA-duplex or CP-DNA adduct as shown
in Figs. 8e and 9g.
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L-His and MA assay in food sample

We used milk as a typical food sample to test the pro-
posed sensor applicability and reliability. The L-His and
MA were spiked into milk samples at three different
concentrations. The assay exposed good recovery rates
from 97.5.8 to 102.4% and 96.8 to 105%, respectively,
which are listed in Table 1. These outcomes indicated
that the recovery of the established L-His and MA bio-
sensor was indeed judicious and may have promising
applications in the detection of L-His and MA in real
food samples.

L-His and CP assay in the biological sample

We used urine as a typical sample to test the proposed
sensor’s applicability and reliability. Three different
concentrations of L-His and CP were spiked into urine
samples. The results outlined in Table 2 show that the
approach yielded good recovery rates ranging from
98.6 to 105% and 96.4 to 100.4% for the L-His and CP
respectively. These findings suggest that the recovery of
the well-established L-His and CP biosensor was pru-
dent, and they can find their role in many intriguing
applications in the detection of L-His and CP in real
biological samples.

Table 1 Examination of L-His and MA in the milk samples

Conclusion

In this work, we established a simple and label-free fluoro-
metric sensor for the L-His, MA, and CP detection using
DNAzyme-based special label and quencher-free signal ampli-
fication technique. Herein, we have also proved that a conven-
tional fluorescent AuO dye can induce and stabilize the G4cpx
preferentially across the ssDNA and dsDNA with increased
fluorescence signal to detect the L-His and decrease the AuO
emission after the addition of MA or CP. The advantage of
this approach was that it considerably enhanced the recogni-
tion sensitivity, as the LOD could go down to the nanomo-
lar level which was much lower than the EPA limit for the
L-His and MA in milk samples and the L-His and CP in the
urine samples. Remarkably, this scheme effectively avoided
any alteration as well as complex enzymatic or hairpins-based
amplification operations. The technique is very selective and
facilitates reliable detection of target molecules in the pres-
ence of other interference molecules at high concentrations.
Consequently, this system demonstrates easy, consistent, and
remarkable analytical performance for the specific and sensi-
tive monitoring of the L-His, MA, and CP in actual samples.
Thus, we conclude that the proposed sensor probe is deemed
to enrich the toolbox for managing L-His, MA, and CP usage.
Moreover, this technique provided an adaptable platform for
the extremely sensitive detection of other molecules using the
respective DNAzymes, as well as a broad range of other non-
metal targets by using aptamer and aptazymes.

Samples Spiked (nM) Detected to L-His + SD Recovery (%) Spiked (uM) Detected to MA +SD Recovery (%)
Milk I 2 2.05%+1.12” 102.4 0.1 0.097*+0.02Y 97

4 4.06+0.25” 101.3 0.2 0.19+0.09¥ 96.8

6 597+ 1.3 99.5 0.3 0.317+0.02Y 103.3
Milk I 2 1.95"+1.127 97.5 0.1 0.10°+0.01” 100.4

4 427+0.25 105 0.2 0.21+0.03” 105

6 599" +1.3” 99.8 0.3 0.29°+0.05” 97.3

x mean values of three determinations, y standard deviation

Table 2 Examination of L-His
and CP in the urine samples

Samples Spiked (nM) Detected to

Recovery (%) Spiked (nM) Detected to CP+SD Recovery (%)

L-His+SD
Urinel 2 1.95°+0.12¥ 994 5 5.02°+£0.22" 100.4
4 4.12°+0.25" 105.3 10 9.91"+£0.89” 99.3
6 599°+1.3% 993 15 15.05°+0.5" 100.3
Urine I 2 2.01+0.23" 102.4 5 4.82°+0.72 96.4
4 4.16"+0.25" 101.3 10 9.60"+1.89” 97.3
6 5.79°+0.53" 98.6 15 14.75" £ 1.5" 98.3

x mean values of three determinations, y standard deviation
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