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A synchronous fluorescence spectroscopy (SFS) nanoprobe is developed for the determination of van-
comycin in exhaled breath condensate (EBC) samples. The synthesized nanoprobe is copper nanoclusters
(Cu NCs) and its SFS peak is located at 405 nm with AN = 80. The affinity of Cu NCs to complex formation
with vancomycin results in blocking non-radiative e~/h* recombination defect sites on the surface of
NCs and consequently enhancing the SFS signal intensity. Central composite design and response surface
methodology is used for the optimization of reaction conditions. Under the optimized conditions, a lin-
ear relationship is found between the SFS intensity and the concentration of vancomycin in the range of
0.1-8 pg/mL. The validated method is applied for the determination of vancomycin in EBC of newborns
receiving vancomycin treatment.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Vancomycin as a glycopeptide antibiotic is used for treatment of
infections caused by certain methicillin-resistant staphylococci. It
is also the chosen antibiotic for the treatment of bacterial infections
in patients allergic to 3-lactam antibiotics [1]. It is not apprecia-
bly absorbed orally and after administration of a single dose, it
is removed initially from the renal route, with >80 %-90 % recov-
ered unchanged in urine within 24 h [2]. Therapeutic concentration
range reported for vancomycin in plasma and serum samples is
5.0-40 pg/mL and >40 wg/mL is considered as toxic level for it [3].
Ototoxicity which caused damages in the auditive nerve as well
as nephrotoxicity is the side effect of vancomycin. The ototoxic-
ity is observed in 2-5.5 % of the patients in blood concentration
> 80 mg/L and occurs in 5-7 % of the patients in the serum van-
comycin concentration > 10 mg/L. However, these ratios can reach
35 %, if vancomycin is prescribed with aminoglycoside drugs [4,5].
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The knowing vancomycin concentrations in the biological samples,
the determination of a therapeutic range, and their correlation to
antibacterial efficacy and drug toxicity in the clinical setting are
controversial. Moreover, monitoring its concentration is highly rec-
ommended for patients with altered renal function, particularly for
individuals with co-administrated drugs such as aminoglycoside
or other nephrotoxic drugs; to maintain the adequate concen-
tration for patients under renal dialysis; for those with altered
distribution volume, patients with cancer; pregnant women; and
those who require high antibiotic doses [6]. To adjust its appropri-
ate dose, and for satisfactory results with minimum side effects,
it is really necessary to determine vancomycin concentration in
blood or other biological fluids. For this purpose, it needs to use
a simple and reliable method for quantitatively analyze the van-
comycin concentration in the biological samples. In the last years,
various methods such as chemiluminescence [7,8], spectrophotom-
etry [9], spectrofluorimetry [10], electrochemical methods [11],
RP-HPLC [12], LC/MS-MS [13], and capillary electrophoresis [14,15]
have been reported for the determination of vancomycin in the
biological and pharmaceutical samples. Although each developed
method has advantages and disadvantages for application in clini-
calroutes, however, development of a new and easy-to-use method
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based on the modern science for determination of drug con-
centrations in biological samples has always been of interest to
analytical chemists and clinicians. Nowadays, increasing attention
has been focused on using nanomaterials-based probes [16]. Nan-
oclusters (NCs) with unique optical and electronic features such
as size-controlled fluorescence, high quantum yields, stability and
efficiency, good solubility, low toxicity, and biocompatibility sug-
gests high efficient tools for sensing and biosensing [17,18]. To the
best of our knowledge, optical nanoprobe based on quantum dots
(QDs) or NCs are rarely used for the quantification of vancomycin
and there are only three reports in the literature [7,8,10]. Khataee
et al. in one study used L-cysteine capped cadmium sulfide QDs
sensitized KMnO4 -morin chemiluminescence system for deter-
mination of vancomycin in the concentration range of 0.004-19
pg/mL [7] and in another study they used CuO nanosheets sensi-
tized luminol-H, 0, chemiluminescence system for determination
of vancomycin in the concentration range of 0.5-40 pg/mL [8]. It
should be noted that in none of these reports, QDs are not used
as a direct probe for the determination of vancomycin. In other
words, QDs were used as a catalyst and involved in the improve-
ment of chemiluminescence signal, not vancomycin detection. The
only report for the determination of vancomycin by using QDs as
the sensor is performed by Liang et al. [10] in serum samples. They
synthesized glutathione capped CdTe QDs and found that a fluo-
rescence quenching was observed after vancomycin adding in the
range of 1.534 ng/mL —20 pg/mL, due to electron transfer.

On the other hand, the current work is the first effort for van-
comycin analysis in exhaled breath condensate (EBC). EBC has been
introduced as an alternative biological sample for drug monitor-
ing [19] owing to possessing low interfering compounds compared
with other matrices such as plasma, blood, sputum, and urine [20].
To continue our researches on EBC analysis, in the current study,
we use copper nanocrystal (Cu NCs) as a nanoprobe for the deter-
mination of vancomycin in EBC samples of newborns receiving
vancomycin treatment. Herein, synchronous fluorescence spec-
troscopy (SFS) as a multidimensional fluorescence technique based
on CuNCsisoptimized by response surface methodology (RSM) and
fully validated for the determination of vancomycin. SFS technique
involves simultaneously scanning of the excitation and emission
monochromators. This method presents several advantages such as
simplification of spectra, spectral resolution owing to the narrow
spectral bands, the selectivity improvement and, decreasing the
interference owing to light scattering which makes it an effective
method for quantitative analysis [21].

2. Experimental
2.1. Reagents and solutions

Ultrapure deionized water (Ghazi Pharmaceutical Co., Tabriz,
Iran, www.sgco-infusion.com), hydrazine hydrate (H4N,.H,O,
Sigma-Aldrich, www.sigmaaldrich.com), citric acid (CgHgO,+ H>0,
Merck), cetyl trimethyl ammonium bromide (CTAB, Ci9H4;BrN,
Merck, www.merck.com), and copper nitrate (Cu (NOs3);.3H,0,
Sigma-Aldrich, www.sigmaaldrich.com) are used reagents for the
synthesis of Cu NCs. A solution of 1000 mg/L vancomycin HCI is
prepared by dissolving its proper amount in water. The working
solutions of vancomycin are daily prepared by diluting the standard
solution with deionized water.

2.2. Apparatus and software

SFS spectrum is recorded at room temperature on an FP-750
spectrofluorometer (Jasco Corp., Japan, www.jasco.co.jp) with syn-
chronous mode, 20 nm slit width in both excitation and emission
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paths and the medium sensitivity. A digital pH-meter model 744
(Metrohm Ltd., Switzerland, www.metrohm.com) for pH adjust-
ments and an electronic analytical balance model AB204-S (Mettler
Toledo, Switzerland, www.mt.com) are used in the current work. A
CM30 transmission electron microscopy (Philips, The Netherlands,
www.philips.com) is used for the identification of shape and size
of synthesized nanocrystals.

Experimental design and ANOVA analysis are performed on
MINITAB (Minitab Inc. Release 17.0, www.minitab.com/en-us/
products/minitab) software.

2.3. Synthesis of Cu NCs

The synthesis of Cu NCs is previously reported in a literature
[22]. In brief, 0.0182 g CTAB and 0.05 mL citric acid of 0.1 mol/L
(0.5 mmol/L in 10 mL) is added to 10 mL of 2 mol/L aqueous
solution of hydrazine hydrate and stirred for 30 min and named
solution “A”. Then, solution “B” is prepared by dissolving 0.0482 g
Cu(NO3),.3H,0 and adding 0.0182 g CTAB and 0.05 mL citric acid of
0.1 mol/L to 10 mL of the deionized water. The obtained solutions
are mixed and the mixture is agitated for 3 h at room temperature.
Initially, the solution is colorless and gradually turned into a deep
red color passing through bright red to reddish brown indicating Cu
NCs formation. After that, the solution shows no further change in
color indicating the completion of the reaction. The prepared NCs
are stored at 4 °C in a dark place. A diluted aqueous solution of
the synthesized nanoparticles is prepared, sonicated and used for
providing TEM images.

2.4. Sample preparation

Newborns or premature babies under mechanical ventilation
has been chosen for collecting the EBC samples from the waste of
the ventilator [23]. EBC is a low-protein and highly diluted aque-
ous matrix, so the collected samples are directly analyzed without
any sample preparation procedure or pretreatment. EBC samples
analyzed for investigation of method applicability are obtained
from five patients after the administration of vancomycin. One of
the parents of the sample donors signed a consent form approved
by the Ethics Committee of Tabriz University of Medical Sciences
(IRTBZMED.REC.1399.479).

2.5. General procedure

Analysis procedure is made in a 2 mL microtube by a batch
method. 50 pL of 0.1 mol/L phosphate buffer (pH 6.0) is added into
the microtube containing a proper volume of vancomycin standard
solution or real sample and finally, 50 pL of Cu NPs is added to it.
The volume of the mixture is set in 0.5 mL and incubated for 5 min.
The SFS spectrum is recorded at Apax = 405 nm when A\ = 80.

3. Results and discussion
3.1. Characterization of Cu-NCs

TEM is used to characterize the shape and size of the prepared
NCs. As shown in Fig. 1, Cu NCs have a spherical morphology with
an average diameter of 3.0 + 1.2 nm.

3.2. Detection mechanism discussion

Emission mechanisms for fluorescent compounds are related to
the band gap transitions or transitions arising from surface defects
in QDs [24]. These transitions affects by the surface modification
or interaction with surrounding compounds [25,26]. These effects
appearance as (i) activation of fluorescence resulting from blocking
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Fig. 1. TEM image of the Cu NCs (A) and particle size distribution curve (B).
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Fig. 2. Excitation and emission spectrum of the Cu NCs (a); fluorescence spectrum of the Cu NCs in the absence (i) and presence of vancomycin in the concentration of (ii) 1,
(iii) 2 and (iv) 4 pg/mL (b); and UV-vis spectrum of (i) vancomycin, (ii) Cu NCs and (iii) Cu NCs in the presence of vancomycin (4 pg/mL) (c).

non-radiative electron/ hole (e~/h*) recombination defect sites on
the surface of QDs, (ii) creation a new trap on QDs surface causing
appearance a new emission peak, and (iii) quenching QDs fluores-
cence due to energy or charge transfer [27,28]. In this study, Cu NCs
as fluorescent nanoprobe synthesize and use for its determination
according to the high affinity of copper to form a complex with van-
comycin [29]. In the high concentration of Cu NCs and under single
wavelength excitation at 290 nm, the Cu-NCs shows two fluores-
cent bands centered at 415 and 480 nm (Fig. 2a). Herein, the low
concentration of NCs is used for detection of vancomycin; thus,
in the absence of vancomycin, the synthesized NCs emits only a
well-resolved emission peak at 415 nm. Upon the addition of van-
comycin, the fluorescence spectra show an enhanced emission peak
centered at 480 nm which according to mechanisms mentioned
for fluorescence variation after interaction with analyte, the possi-

ble mechanism can belong to class (i) and blocking the defects on
nanoparticles surface. However, in the primary investigation, only
a smooth increase was observed in Cu NCs conventional fluores-
cence intensity (Fig. 2b). So, based on the optical properties of SFS
technique compared with conventional fluorescence, we use SFS
for determination instead of conventional fluorescence. As can be
seen in Fig. 3, Cu NCs show a week SFS peak centered at 405 nm
with AN = 80 that increases with vancomycin adding and shows
a linear relationship with its concentration in the range of 0.1-8
pg/mL. We suggest that the interaction of Cu NCs with vancomycin
results in blocking non-radiative e-/h* recombination defect sites
on the NCs surface and consequently enhancing the SFS intensity
of NCs. UV-vis spectrum of NCs and its partial shift in the presence
of vancmycin provides an evidence for interaction between Cu NCs
and vancomycin (Fig. 2¢).
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Fig. 3. SFS spectrum of the Cu NCs in the absence (a) and presence of vancomycin
in the concentration range of 0.1 — 8 wg/mL (b-g). Conditions: pH 6, Cu NCs vol-
ume=0.05 mL, [phosphate buffer] = 0.01 mol/L, and time =5 min. Apax = 405 nm
when A = 80.

3.3. Optimization of reaction conditions by an experimental
design

Central composite design (CCD) is chosen for the investigation
of the relationship between the response function and variables
by considering the interactive effects of independent factors. The
studied factors for obtaining maximum response are pH, phosphate
buffer concentration, Cu NCs volume and reaction time. The coded
values for these parameters are set at five levels: —a (minimum), -
1,0(central) +1, and +a (maximum). Respective data and tables are
given in electronic supporting material (ESM). Difference between
SFS intensity in the presence and absence of vancomycin is con-
sidered as analytical response and the EBC sample spiked with 2.0
pg/mL vancomycin is used for all measurements. To see the influ-
ence of each investigated factors and their interactions, the three
dimensional graphs of the parameter’s effect on response are plot-
ted and are given in Fig. 4. In Fig. 4a, the response surface is plotted
as a function of pH and Cu NCs volume at the center level of other
parameters. As can be seen, fluorescence intensity shows a maxi-
mum value in acidic pH and decreases in pH higher than 6. On the
other hand, better results in the analytical signal are obtained as
the Cu NCs volume raises to 0.05 mL and increase more than this
value leads to decrease in response owing to fluorescence quench-
ing by the excess amount of NCs via non-radiative de-activation
pathways. Fig. 4b shows the response surface of the analytical
signal as a function of pH and phosphate buffer concentration.
A maximum response can be seen for 0.01 mol/L of phosphate
buffer which is adequate for buffering the reaction system. Fur-
thermore, fluorescence intensity increases with an increase in time
and remains relatively constant after 5 min (Fig. 4c). The optimum
values obtained for each parameter to reach the maximum signal
intensity are: pH 6, Cu NCs volume=0.05 mL, [phosphate buffer] =
0.01 mol/L, and time =5 min.

The trained equation according to conduct experiments
designed by CCD in uncoded units is as:

Y = -63.897 + 16.470X+2039.982X,+3.916X
4+55254.252X,X3+82.601X,X,4-1.574X
12-22532.295X,2-121340.368X32-0.552X 42 (1)

In which X1, X3, X3 and X4 are pH, Cu NCs volume, buffer concen-
tration and time, respectively.
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3.4. Interferences study

The selectivity of Cu NCs toward vancomycin in the presence
of some co-administered and/or non-prescribed over-the-counter
drugs such as pain killers etc. is studied by considering the
SFS intensity variation for a reaction solution with 1.0 pg/mL
vancomycin upon the addition of different concentrations of inter-
ferents. It means thata set of sample solutions containing a constant
amount of vancomycin (1.0 pg/mL) and different concentrations of
the under evaluation interference drugs are analyzed by the devel-
oped method and their SFS signals are compared with that in the
presence of vancomycin alone to find tolerance limit for each of
them. The tolerance limit is defined as the maximum concentration
of the interfering substance that causes a relative error less than
+5% for the determination of vancomycin. The results are listed in
Table 1. The results demonstrate that the presence of most of the
investigated drugs (with exceptions for gentamicin, aspirin, and
naproxen) does not affect the response of the nanoprobe. However,
the tolerance concentrations of these drugs in determination 1.0
pg/mL of vancomycin by the developed method are 10 times higher
than that of vancomycin. It means that the interfering concentra-
tion for the mentioned drugs is about 10.0 wg/mL. It should be
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Table 1
Tolerance limits of some co-administrated and over-the-counter drugs in the deter-
mination of 1.0 pg/mL of vancomycin.

Interfering substances Tolerance limit (Times)

Nicotinamide, Clonazepam, Celecoxib, 1000
Amoxicillin, Diltiazem, Ibuprofen

Amikacin, Pantoprazole, Diazepam, Losartan 200

Caffeine, Chlordiazepoxide 160

Tobramycin, Paracetamol 100

Oxazepam 40

Gentamicin, Aspirin, Naproxen 10

noted that the therapeutic level in plasma for gentamicin, aspirin,
and naproxen was reported to be 4-10 pg/mL, 20-200 pg/mL,
and 20-50 pg/mL [30]. Our previous studies on drug analysis in
EBC show that the EBC level of drugs is much lower than that in
plasma samples. According to these evidences, the concentration
of these drugs in EBC is found to be lower than their tolerable level.
Furthermore, the effect of various interfering inorganic ions and
organic compounds concurrently presented in EBC samples on the
determination of vancomycin by the presented method under the
optimum conditions is also investigated and the results are sam-
merized in Table 2. As can be seen, the amounts of most reported
coexisting species in EBC of healthy and pulmonary patient sub-
jects are below tolerable concentration. So, it can be concluded that
the developed nanoprobe has acceptable selectivity for vancomycin
determination.

3.5. Analytical figures of merit
In the obtained optimum conditions, a linear relationship with a
regression coefficient of 0.9993 is observed between SFS intensity

and the vancomycin concentration in the concentration range of

Table 2
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0.1-8 pg/mL (Amax = 405 nm when A\ = 80). The regression equa-
tionis Alr=39.427 C+4.2121, where Al is the analytical response
of nanoprobe that is obtained from the subtraction of SFS intensity
in the absence and presence of vancomycin and is in an arbitrary
unit. C is the concentration of vancomycin in pg/mL. The limit of
detection (LOD) and limit of quantification (LOQ) for the developed
method are calculated after the employing of the general procedure
mentioned in the previous section for six blank samples. LOD and
LOQ are defined as 3 Sp/m and 10 Sp/m (in which S, is the standard
deviation of the blank and m is the slope of the calibration curve)
and reported to be 0.06 pg/mL and 0.2 pg/mL for the current study.
Moreover, the method precision is studied by replicating analysis
of a known concentration of vancomycin (1.0 pg/mL) using devel-
oped nanoprobe on the same day and different days. The intra-day
and inter-day relative standard deviations (%RSD) for six repetitive
analysis of 1.0 pg/mL are 4.8 % and 6.0 %, respectively. A compari-
son of our validated nanoparticles-based method with some other
reported methods in the literature for the vancomycin analysis is
given in Table 3. As can be seen, the analytical characteristic of
the validated method is good and comparable with that of other
reported methods.

3.6. Vancomycin analysis in EBC samples

The method ability for vancomycin determination on real EBC
samples collected from newborns receiving vancomycin is also
investigated. Details of the patients and the results of the analy-
sis are summarized in Table 4. The method’s accuracy is confirmed
using recovery experiments by spiking a known concentration of
vancomycin into the investigated EBC samples. As can be seen, the
obtained recoveries are in the range of 101 %-104 % which is good

Effect of coexisting inorganic ions and organic compounds on the determination of 1.0 pg/mL of vancomycin.using the developed method.

Concentration range

Examined concentration of
coexisting substance (j.g/mL)

Compounds Healthy subjects (pg/mL) Patient subjects (pg/mL) RE*%
Acetone 0.10-2.60 0.10-19.80 38.0 4.3
Phosphate 0.09-14.24 - 40.0 4.8
Ammonia 0.40-1.30 0.81-14.70 20.0 4.2
Urea - 0.04-4.19 6.0 3.8
Malondialdehyde 0.0004-0.0006 0.0004-0.0006 0.2 3.1
Arginine 0.022 0.02 6.0 4.2
NH,4* 3.74-9.21 2.30-11.93 20.0 4.7
K* 0.78-3.43 0.04-0.60 43.0 3.2
Ca* 0.20-0.59 0.08-1.254 50.0 49
Mg?* 0.02-0.04 0.01-0.049 50.0 3.9
NO,~ 0.01-0.08 0.05-0.52 30.0 4.2
NOs~ 0.02-0.24 0.07-1.10 60.0 49
S042~ 0.05-0.21 0.02-0.25 12.0 41
Fe3* 0.02-0.16 0.004-7.25 40.0 49
2 Relative error.

Table 3

Comparison of analytical characteristics of the presented method with other reported techniques for determination of vancomycin.
Method Clean up/Pre-concentration method Real sample Linear range (g/mL) LOD (wg/mL) Reference

; . Pharmaceutical 0.5-18.0

Chemiluminescence formulation 18.0-40.0 0.1 [8]
Spectrophotometery Protein precipitation Serum 12.5-200 0.99 [9]
Spectrofluorimetry Protein precipitation Serum 0.0015-20.0 0.000460 [10]
HPLC*-UV Protein precipitation Plasma 0.1 — 50.0 - [12]
LC-MS/MSP Protein precipitation Plasma 0.3-100 - [13]
Capillary electrophoresis Protein precipitation Serum 0.9998 - 99.98 - [14]
Cu NCs-based SFS - EBC 0.1-8.0 0.06 This work

2 High-Performance Liquid Chromatography.
b Liquid Chromatography Tandem Mass Spectrometry.
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Table 4
Details of the newborns receiving vancomycin and determined vancomycin concentration in their EBC.
No. Gender Age (year) Receiving dosage (mg) Added (pg/mL) Found (p.g/mL) Recovery (%)*
1 Female Newborn 32 - 0.55 -
1.0 1.56 101.0
2 Male Newborn 32 - 0.83 -
1.0 1.87 104.0
3 Male Newborn 32 - 0.68 -
1.0 1.73 105.0
4 Male Newborn 25 - 0.38 -
1.0 1.40 102.0
5 Female Newborn 20 - 0.36 -
1.0 1.40 104.0

2 Recovery (%)=[(Found-Base)/Added] x 100. “Base” and “Found” refer to the amount of the analyte in samples before and after spiking, respectively.

evidence for the accuracy of the validated method for the determi-
nation of vancomycin.

4. Conclusions

In the current study, a sensitive Cu NCs -based SFS has been
validated for the determination of vancomycin in EBC samples.
Based on the characteristics of SFS techniques, the developed
method offers some advantages such as high sensitivity, low cost,
few interfering substances, and easy operation. The nanoprobe is
successfully used for the vancomycin determination in EBC of new-
borns receiving vancomycin treatment and an average level of 0.56
pg/mL is reported. This is the first effort on EBC analysis for quan-
tification of vancomycin level and it can be a highly in demand
method owing to exploit a non-invasive sampling method.
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