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ULTRASENSITIVE FLUORESCENCE DETERMINATION
OF 6-THIOGUANINE IN BIOLOGICAL SAMPLES BASED
ON THE SILVER NANOPARTICLE-MEDIATED RELEASE
OF ACRIDINE ORANGE PROBE™
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This article reports a simple, convenient, and very sensitive method for the determination of 6-thio-
guanine (6-TG). The basic phenomenon in the proposed method is fluorescence resonance energy transfer,
where acridine orange (AO) act as a donor and citrate-stabilized silver nanoparticles (AgNPs) as an accep-
tor. A noncovalent bond between the surfaces of AgNPs and AO was found, and the effect of fluorescence
quenching was observed. The fluorescence spectra of AO recovered after further addition of 6-TG are re-
sponsible for the aggregation of AgNPs. Under ideal conditions, the linear relationship of 6-TG in the con-
centration range of 0.005 to 0.04 uM was displayed, and the limit of detection of 6-TG was obtained as
5.3 nM. Under ideal conditions, the linear relationship of 6-TG was displayed in the concentration range of
0.005 to 0.04 uM, and the limit of detection of 6-TG was obtained as 5.3 nM. The proposed method offers a
rapid analysis to determine 6-TG in human serum, blood, and urine samples.
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Tlpeocmasnern npocmou u uyscmeumenvHull Memoo onpeoeieHus codepaicanus 6-muocyanuna (6-TG).
Memoo ocHosan Ha pe30HAHCHOM nepeHoce dHepeuu QryopecyeHyuu, npu KoOmopom OOHOPOM CIYIHCUM aK-
puounogulii opamdicesulii (AO), axyenmopom — cmabUIUUPOBAHHBIE YUMPAMOM HAHOUACMUYbL cepebpa
(Ag-HY). Obnapyacena Hexoganenmuas cea3b medcoy nogepxnocmamu Ag-HY u AO, nabrrodaemcs s¢h-
Gpexm mywenus gayopecyenyuu. Cnexkmpul ghayopecyenyuu AO, pecucmpupyemvie nocie 0anrpHeliuie2o 00-
basnenus 6-TG, ceudemenvcmsyrom 06 acpecayuu Ag-HY. B udeanvuvix ycio8usax IuHelHds 3a6UcCUMOCHb
umeem mecmo 8 ouanasoue konyenmpayuii 0.005—0.04 mxm, npeden obuapysxcenusi 6-1TG 5.3 nmonv. Me-
Mmoo Oaem BO3MOICHOCHIb NPOBEOeHUs IKChpecc-ananuza cooepicanus 6-TG 6 obpazyax cbl8opomKu, Kposu
U MOYU Henosexa.

Knrwoueswie cnosa: ¢nyopecyenyus, nanouacmuya cepedpa, 6-muo2yaHut, aKpuOUHOBLI OPAHICEBBLI.

** Full text is published in JAS V. 87, No. 2 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 87, No. 2 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. Thiopurine drugs, such as 6-thioguanine (6-TG; 2-amino-1,7-dihydro-6-H-purine), are
antimetabolites. The nucleic acid guanine is one of the basic components [1, 2]. 6-TG has chemotherapeutic
properties and is often used to treat acute lymphocytic leukemia, acute myeloid leukemia, and Crohn’s dis-
ease, among others [3, 4]. 6-TG acts as an active metabolite in the liver by transforming to thioguanylic acid,
thioguanosine phosphate derivatives, and their respective nucleotides within the cell. 6-TG increases the
amount of thiopurine nucleotides into RNA and DNA, and apoptosis is often the end result [5—7]. The clini-
cal tolerance of 6-TG has been found to be 250 pmol/8x10® in red blood cells [8]. This plausible dose also
exhibits side effects that include bone marrow depression and gastrointestinal diseases [9]. Currently, several
analytical methods are used as an assay for this purpose, such as high-performance liquid chromatography
[7, 10], voltammetry [4], surface-enhanced Raman scattering [11], mass spectrometry [12, 13], localized
surface plasmon resonance [14, 15], and electrochemical methods [16, 17]. These methods have their own
pros and cons, including complications such as poor sensitivity and high cost. Therefore, a sensitive, rapid,
and accurate method is required for quantitative analysis of 6-TG. Fluorescence resonance energy transfer
(FRET) is relatively better than the previously mentioned methods because it is effective, economical, easy
to perform, selective, sensitive, and allows real-time analysis. These advantages mean that FRET is one of
the most powerful analytical techniques based on spectroscopy [18-20].

The energy-transfer technique is based on replacing the fluorophore (donor), with proximal ground state
molecules (acceptor) through dipole—dipole interactions. The ground state of the donor and the excited state
of the acceptor must overlap. The mutual distance of the donor—acceptor molecule should be 1-10 nm. Earli-
er FRET pairs were commonly found in organic dyes and fluorescent polymers, among others, but these pol-
ymers had some limitations, such as their narrow adsorption spectra, broad emission with long tails, and low
quantum yield, which affected the efficiency of the FRET process. However, FRET can include metal nano-
particles (NPs), which allows one to overcome the specific drawbacks mentioned above. Thus, the FRET
method using NPs is preferred in analytical and structural chemistry [21-24].

The progression of FRET using metal NPs has led to its great advantage of having no limitations, unlike
other techniques [25, 26]. Among the metal NPs used in FRET, silver NPs (AgNPs) are promising because
they can be employed in many applications due to their unique optical, chemical, and electronic properties.
AgNPs produce an intense electronic absorption band in the visible region with higher extinction coeffi-
cients, tremendously elevated scattering quantum yield, and proficient quenching activity [27, 28]. Experi-
mental evidences revealed that AgNPs are efficiently involved in FRET mechanism as a quenching agent.
Fluorescence of several dyes was found to be aggregated due to the effective quenching property of AgNPs.
The quenching process was probably caused by nonradiative energy transfer from the dye to AgNPs [29, 30].

The current study aims to develop a nanosensor system using acridine orange (AO) and AgNPs to de-
termine 6-TG through the fluorescence activation mechanism.
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AOQ is an example of cationic dyes; thus, it adsorbs to the surface of citrate-capped AgNPs through elec-
trostatic interaction. Since AgNPs have quenching abilities, AO’s fluorescence was quenched because of the
fluorescence resonance energy transfer to AgNPs. The formation of AO—AgNPs conjugating is preceded by
the neutralization of charge. When 6-TG was added, AO’s fluorescence was recovered, suggesting that the
AO molecule was replaced from the AgNPs’ surface. This was probably due to the Ag—S bond replacing the
AO molecules. The proposed method was applied in a fluorescence recovery probe for determination of 6-
TG at nanomolar levels in biological samples.

Experimental. All chemicals used were of analytical grade. Silver nitrate was obtained from Qualigens
Fine Chemical, Fischer Scientific (Mumbai, India). AO and trisodium citrate were purchased from Loba
Chemie (Mumbai, India), and thioguanine (6-TG) was purchased from Sigma Aldrich (St. Louis, MO,
USA). The pH was adjusted by a 1.0 M concentration of sodium hydroxide and hydrochloric acid. Millipore
water (Millipore, Billerica, MA, USA) was used for solution preparation in all experiments.
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A G9800A fluorescence spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) equipped with
a 1.0x1.0 cm quartz cell was used for recording the fluorescence spectra of all samples. An UV-1800
UV-Visible spectrophotometer (Shimadzu, Kyoto, Japan) was used to measure absorption spectra. AgNP mor-
phology was recorded by high-resolution transmission electron microscopy (HR-TEM, JEM-2100 G; JEOL,
Tokyo Japan) using 200 kV for acceleration. The overall experiment was performed at room temperature.

Citrate-stabilized AgNPs were synthesized according to a method reported previously [31];i.e.,2a 0.1 M
solution of AgNOs was taken in a conical flask wrapped with foil paper and heated to its boiling tempera-
ture. After that, 5.0 mL of a 1% sodium citrate solution was added drop by drop to the solution under vigor-
ous stirring. After further heating, a pale-yellow color appeared. The solution was then cooled at room tem-
perature, followed by stirring. As a result, a dark-yellow color appeared, and finally the solution was stored
in a dark brown bottle. The maximum absorbance of the prepared NPs was measured using an UV-Vis spec-
trophotometer. The shape and size of AgNPs were analyzed using HR-TEM, and the concentration of the
synthesized AgNPs solution was obtained at 87.7 uM.

An Agilent G9800A fluorescence spectrophotometer was used to measure the fluorescence. A solution
containing 300 pL of 0.1 M acetate buffer (pH ~5.0) was mixed to 100 pL of the synthesized AgNPs
(1073 uM). A further 200 pL of 10 uM AO was added to bring the total volume adjusted at 3.5 mL with Mil-
lipore water in a 5 mL volumetric flask. Afterwards, different concentrations of 6-TG were added and the
solution further incubated for 20 min at room temperature. The fluorescence emission intensity (Aem) of the
mixture was measured in the absence (Fo) and presence (F) of 6-TG at 525-nm wavelength excitation
(Aex ~ 450 nm) with the excitation and emission slits set to 5 nm. The difference between the two fluores-
cence signals depends on calibration and analysis.

According to optimum physiological conditions, appropriate samples of human urine, serum, and blood
were used with the addition of a standard solution of 6-TG. Further, the sample was centrifuged at 3000 rpm
for 20 min and diluted to 10 mL with deionized water. The required amount of the sample was taken for
analysis.

Results and discussion. The maximum absorbance intensity of AgNPs with a characteristic plasmonic
band was observed at Amax ~415 nm [31]. The Anax at 415 nm resembles an approximate size of NPs
of 20-30 nm.

The particle size and shape of AgNPs were analyzed using HR-TEM (Fig. 1a). The prepared AgNPs
were almost spherical in shape with a normal size of 20 + 3 nm and the AgNPs concentration solution was
estimated to be 87.7 uM.

The fluorescence quenching intensity of dye by AgNPs is due to fluorescence resonance energy trans-
fer, electron transfer, and the inner filter effect. The efficiency of FRET depends upon the overlapping extent
of the emission spectrum of donor fluorescence (ground state) with the acceptor absorption spectrum (excit-
ed energy level) [22]. In accordance to the FRET process, AO implements as a donor, while AgNP behaves
as an acceptor (quencher). A partial overlap between the emission spectra of OA (Aem ~ 525 nm) and the ab-
sorption spectrum of AgNPs (Amax~ 415 nm) signifies the occurrence of FRET between them (Fig. 2). The
synthesized citrate-capped AgNPs have a negatively charged surface, while AO is a positively charged dye
[32]. As AO is positively charged, it is absorbed on the AgNP negatively charged surface due to electrostatic
interactions. Hence, the charge neutralization leads to the arrangement of a large AO—-AgNPs cluster. The
HR-TEM results for the AO-AgNPs assembly confirm this interaction. Thus, the FRET mechanism reveals
that AO plays the role of donor and AgNPs acts as acceptor. The nonradiative energy transfer through AO
leads to proficient fluorescence quenching by AgNPs. The emission spectra intensity of AO with AgNPs at
several concentrations in the presence of acetate buffer (pH ~ 5.0) at room temperature was observed. The
fluorescence intensities of AO were clearly quenched gradually on increasing the concentration of AgNPs.
The quenching constant (Ksv) can be analyzed by the Stern—Volmer equation:

FIFo=1+ Ksv[Q], (D

where F and F are the fluorescence intensity in the absence and presence of AgNPs, respectively, and [Q]
indicates the molar concentration of the quenching [33]. The quenching of AO’s fluorescence by AgNPs was
shown by the Stern—Volmer plot. The constant Ksv was used to calculate the starting linear plot at lower
concentrations of AgNPs:

F/Fo=0.587[AgNPs] + 0.186, R* = 0.994. (2)
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Fig. 1. HR-TEM image of AgNPs: (a) AgNPs (3.0x107* uM) with OA (0.57 uM),
(b) AO—AgNPs in the presence of 0.03 uM 6-TG.
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Fig. 2. Absorption spectrum of AgNPs (Amax =415 nm) (1) and fluorescence
emission spectrum of AO (Aem = 525 nm) (2).

The Ksv = 5.87 uM was obtained. Such a large Ksv value suggests the immense interaction between
AgNPs and AO in the FRET system. This method showed a good dynamic range for the target analytics that
it established for high quenching efficiency.

The effect of 6-TG on the fluorescence intensity of the AO-AgNPs cluster was investigated further in
the presence of an acetate buffer (pH 5.0) at room temperature. Figure 3 shows that 0.57 uM of AO showed
a strong fluorescent signal at 525 nm. When another 3.0x10™* uM of AgNPs was mixed into the solution, the
fluorescence intensity was reduced due to the adsorbance of AO on the AgNPs’ surface. Thus, the fluores-
cence was quenched. The HR-TEM images of the absence and presence of OA are shown in Fig. 1a. When
0.03 uM of 6-TG was added to the AO—AgNPs mixture, the fluorescent intensity was restored, which shows
that 6-TG displaced AO molecules from the AgNPs’ surface. The replacement of the AO—AgNPs bond was
facilitated by a 6-TG moiety bound to AgNPs through the S—AgNPs bond. Figure 1b shows the HR-TEM
results of AO—-AgNPs in the presence of 6-TG, which also provided convincing evidence supporting the
greater aggregation of AgNPs in the presence of 6-TG due to van der Waal’s attraction forces and a reduced
surface charge [34]. The results suggest a proficient interaction between AO—-AgNPs and 6-TG. Thus, the
AO-AgNPs cluster technique is a highly sensitive fluorescence method for 6-TG.

In the proposed method, the fluorescence intensity of the AO—AgNPs system is strongly influenced by
various parameters such as pH, concentration of AgNPs, concentration of AO, and incubation time. There-
fore, these parameters should be optimized for the determination of 6-TG. The concentration of AgNPs and
6-TG not only influences the fluorescence intensity of the AO—AgNPs assembly but also affects the sensitiv-
ity of this system.

The effect of AO was observed (concentration range of 0.17-0.62 uM), which is essential for adsorption
on the AgNPs’ surface. In our study, this result shows that the fluorescence intensity of AO was magnifi-
cently quenched at a concentration of 0.57 uM. All the AO particles were found to be adsorbed by AgNPs
with the strongest enhanced fluorescence at this concentration. The obtained intensity remained constant
with increasing AO concentrations. Thus, 0.57 uM was the optimum concentration of AO for use in the assay.
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One of the most important factors affecting the system variables is pH [35, 36]. The large effect of pH
was investigated (range of 2.0-10.0) by addition of 1.0 M NaOH or HCL. The effect of pH depends on the
increased fluorescence intensity of the AO—AgNPs conjugate in the presence of 6-TG. The highest response
was obtained in the presence and absence of 6-TG at pH ~5.0. Thus, the pH ~5.0 is optimum for further
studies (Fig. 4).
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Fig. 3. Fluorescence spectra of (1) AO (0.57 uM), (2) AO—AgNPs (3.0x107* uM),
and (3) AO-AgNPs— 6-TG (0.03 uM).
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Fig. 4. Effect of pH on the enhanced fluorescence intensity of the AO-AgNPs system
in the presence of 6-TG (0.03 pM), AO = 0.57 uM, AgNPs = 3.0x10* pM.

However, the effect of AgNPs concentration in the recovery of fluorescence using 6-TG was also tested
in the range of (1.0-3.5)x107> uM (Fig. 5a). The concentration of AgNPs was gradually increased with en-
hanced fluorescence intensity and remained constant at 3.0x10~> pM, which was optimal for the whole ex-
periment. After increasing the concentration of AgNPs, the efficient response of the fluorescence enhance-
ment decreased because AgNPs are responsible for the collision quenching of the released AO.

Incubation time played a large role in the reaction of dye, AgNPs, and drug. The incubation time was
recorded in each 3.0 min interval and investigated (range 2-25 min). An optimal result was obtained at
a 15-min reaction. As the time increased, the fluorescence absorbance remained constant; therefore, 15 min
was the optimum time for a complete reaction.

Figure 5b shows various concentrations of 6-TG and its effect upon the fluorescence intensity
of AO-AgNPs in the FRET system. In the experimental testing process, the fluorescence intensity
of AO—AgNPs increased gradually with increasing concentrations of 6-TG (range 0.005-0.04 uM). 6-TG
was measured under optimal conditions in a linear dynamic range; i.e., the elevated fluorescence intensity
(AF) clearly exhibited a good linear response to the 6-TG concentration. A 0.03 uM concentration of the drug
was finalized as the optimal concentration for use in the assay (Fig. 5b). The detection limit was 5.3 nM.
The relative standard deviation (RSD) of the method was +0.5048% for five independent measurements of
6-TG. Therefore, the cluster of AO-AgNPs and its response for the detection of 6-TG are highly valuable.
Table 1 compares the present method with other existing methods. The results clearly indicate that the cur-
rent sensor has a very small detection limit amount in comparison to the reported amount.
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Fig. 5. Fluorescence spectra of (a) AO (0.57 uM) is quenching by increasing AgNPs concentration.
pH 5.0, Aex =450 nm, and (b) AO—AgNPs system in the presence of different 6-TG concentrations,
pH 5.0 (AO = 0.57 upM, AgNPs 3.0x10~* uM); inset is Stern-Volmer calibration graph.

TABLE 1. Comparisons of the Performance of the Present Method for the Determination
of 6-TG with Previously Reported Methods

Methods Llneslrv[r/a;nge, LI?I\I/I) ’ Reference
Voltammetric 0.01-100 8.5 [2]
HPLC 0.8-1.7 400 [7]
SERS 0.1-15.0 65 [11]
LSPR 0.1-10.02 10 [14]
SPR 0.02-1.0 15 [15]
Fluorescence 0.005-0.04 5.2 Present work

N o te. SPR — surface plasmon resonance, HPLC — high-performance liquid chromatography,
SERS — surface-enhanced Raman scattering, LSPR — localized surface plasmon resonance.

Calibration curves were prepared for 6-TG (range 0.005-0.04 uM) under optimal conditions (Fig. 5b).
A linear relationship was obtained between the enhanced fluorescence intensity (AF = F/Fy) and the 6-TG
concentration using the following calibration equation:

FIFy=1.04x10""Cs.16 + 0.34, R*> = 0.9976.

A calibration curve was prepared in optimized conditions for 6-TG by a series of prepared solutions.
The detection limit was 5.3 nM and the RSD = £0.5048% for the determination of 6-TG.

A good chemosensor is required for very selective determination of 6-TG [35]. The determination of 6-TG
is affected by many interferences due to the presence of cations, anions, and some organic compounds as
shown in the determination of 5.3 nM 6-TG. The effect of the most-relevant coexisting constituents such as
Na", K*, Mg?", PO,*", Ca*", Zn*", CI', and Fe*" on the fluorescence intensity with 0.03 uM 6-TG was studied.

The proposed experiment was applied to determine 6-TG in biological samples, such as urine, serum,
and blood using the spiking method (Table 2) to produce a statistical output. The samples were obtained
from a private pathology lab in Raipur (Chhattisgarh, India). A greater interference was observed in the de-
termination of 6-TG due to the matrix present in urine, serum, and blood samples. The obtained fluorescence
recoveries (range 96.2—-102.6%) suggest that further exploration is feasible and has great potential.
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TABLE 2. Analytical Results for the Real Samples (n = 5)

Sample Added, uM Found, uM Recovery, % | RSD (%)
0.05 0.049(+.04) 99.4 0.5678
Urine 0.5 0.521(£.02) 101.3 0.4231
1.0 1.041(x.01) 102.6 1.1610
0.05 0.056(+.03) 100.3 0.6230
Serum 0.5 0.493(%.01) 96.9 0.4311
1.0 0.973(£.02) 96.2 0.8231
0.05 0.048(+.02) 97.3 1.0230
Blood 0.5 0.516(£.02) 101.8 0.9311
1.0 0.983(£.04) 96.2 0.8231

Conclusions. The proposed work developed a novel fluorescent tool for the determination of 6-TG.
Conjugated AO—AgNPs were obtained. The addition of 6-TG induced the aggregation of AgNPs, and AO
escaped from the surface of AgNPs. The whole mechanism was demonstrated by HR-TEM analysis and ap-
plied in the determination of 6-TG in biological samples, such as urine, serum, and blood.
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