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Mn-doped ZnS quantum dots (QDs) have increasingly attracted much attention as luminescent sen-
sors. Mn*2 doping promotes a strong phosphorescence-like emission, allowing the development of novel
and highly selective sensing phases. In this vein, a coumarins phosphorescent sensor was developed
based on the room temperature phosphorescence quenching of water-soluble Mn-doped ZnS QDs. Phos-
phorescence lifetimes were measured in order to clarify the involved quenching mechanism. Warfarin
determination in pharmaceutical products was performed, reaching good figures of merit. The developed
methodology is an alternative, rapid, simple, sensitive and selective method for coumarins determination
in pharmaceutical and toxicological samples.

© 2016 Published by Elsevier B.V.

1. Introduction

Coumarins are natural compounds that exhibit a varied biolog-
ical activity. Warfarin, (RS)-4-Hydroxy-3-(3-oxo-1-phenylbutyl)-
2H-chromen-2-one, is used as anticoagulant and, due to the
bleeding death caused by the lowered coagulant factors, it is
also used as rodenticide; coumarin, 2H-chromen-2-one, is used
as an aroma enhancer and as a precursor molecule in pharma-
ceutical industry and it is found in natural foodstuffs; dicumarol,
3,3’-methylenebis(4-hydroxy-2H-chromen-2-one), is a naturally
occurring anticoagulant derived from coumarin due to the action
of species of fungi; umbelliferone, 7-Hydroxychromen-2-one, has
antioxidant properties and is used in sunscreens. Molecular struc-
tures of these coumarins are shown in Fig. 1.

Several analytical methods for coumarins determination
were reported in the literature, mostly chromatographic meth-
ods [1-34], whereas little work has been done in relation
to electrochemical [35-39], capillary electrophoresis [40-42],
spectrophotometric [43] and luminescence [11,30,44-55] deter-
mination methods. Generally, these analytical techniques are
time-consuming, require sophisticated equipment and, conse-
quently, not routinely applicable in quality control laboratories.
Besides this, the general trend is towards analytical methodolo-
gies that ensure low detection limits. Therefore, there is a need for
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the development of a rapid, simple, sensitive and selective method
for coumarins determination in pharmaceutical and toxicological
samples.

With the advent of nanotechnology, conventional organic
fluorophores are being replaced by luminescent nanomateri-
als, such as quantum dots, which have high potential in the
development of novel analytical methodologies. Quantum dots
(QDs) are nanocrystals of semiconductor materials, with particle
size between 2 and 10 nm, exhibiting remarkable optoelectronic
properties attributable to quantum confinement effects. High lumi-
nescence quantum yields, narrow and symmetric size-tuneable
emission spectra and sensitiveness to surface states are some of
the unique properties that allow the use of quantum dots for direct
(and simple) sensing of different kinds of analytes [56].

Mn-doped ZnS QDs have increasingly attracted much atten-
tion as luminescent sensors since Mn*2 doping promotes a strong
phosphorescence-like emission centred around 590 nm Mn*? ions
may act as recombination centres for the excited electron-hole
pairs resulting in a strong and characteristic luminescence at longer
wavelengths. Room temperature phosphorescence (RTP) has many
advantages towards fluorescence: longer Stokes shift between
excitation and emission wavelengths, luminescent lifetimes in
the order of milliseconds, minimum (almost cero) interference
from other concomitant fluorescent compounds and removal of
scattered light. These properties, typical from phosphorescent
emission, are not encountered in traditional QDs such as CdS, CdSe
or ZnS. Additionally, the absence of Cd%* can minimize toxicity due
to the eventual release of such toxic metal ions from the nanocrys-
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Fig. 1. Molecular structure of coumarins: warfarin (war), coumarin (cou), dicumarol
(dic) and umbelliferone (umb).

tals, particularly important in live-experiments. These advantages
turn Mn-doped ZnS QDs into attractive analytical luminescent
nanomaterials for imaging and sensing. Furthermore, an improve-
ment in selectivity is reached as factors that commonly affect
classical phosphorescence emission (presence of heavy atoms or
dissolved oxygen, rigid media, etc.) have no influence on the lumi-
nescence emission of Mn-doped ZnS QDs [57].

In the present study, Mn-doped ZnS QDs surface-capped with
L-cysteine (L-cys) are synthesized. L-cys capping provides water
solubility and biocompatibility to the QDs, making them potential
sensors for water-soluble analytes in biological samples. Coumarins
interaction with Mn-doped ZnS QDs is studied in terms of RTP
quenching. The proposed methodology is applied to the determi-
nation of warfarin in pharmaceutical products.

2. Experimental
2.1. Reagents and chemicals

All chemicals were analytical-reagent grade and used as
received or purificated through conventional procedures. Zinc
acetate was acquired from Mallinckrodt. Manganese chloride
was supplied by Analar. L-cystein-hydrochloride monohydrate
and naphthalene were obtained from Fluka AG Buchs SG.
Thioacetamide was provided by Carbo Erba. Warfarin (war),
umbelliferone (umb), L-tryptophan, tryptamine hydrochloride, -
naphthol, phenanthrene and anthracene were purchased from
Sigma-Aldrich. Rhodamine B was acquired from BDH Chemicals
Ltd. Coumarin (cou) and dicumarol (dic) were provided by a local
supplier. OmniSolv methanol and absolute ethanol were acquired
from Merck. Double-distilled water was used.

QDs, coumarin and umbelliferone phosphate buffer (pH=7.4)
stock solutions and warfarin methanolic stock solutions were pre-
pared daily. A dicumarol standard solution was prepared daily
in 0.1 M NaOH. From these solutions, more diluted buffer work-
ing solutions were prepared. In the case of warfarin, more diluted
buffer/methanol dissolutions were prepared maintaining methanol
percentage constant (8% v/v) in the working solutions.

2.2. Instrumentation

Photoluminescence (PL) spectra were carried out on a Perkin-
Elmer LS-50 B luminescence spectrometer equipped with a pulsed
xenon lamp (10 s half-width, 60Hz), an R928 photomultiplier
tube and a computer working with FL Winlab software. Fluores-
cence measurements were performed in a 1.0 cm pathlength quartz
cuvette. Front-face room temperature phosphorescence measure-

ments were performed using the front-face accessory and 1.0cm
pathlength cylindrical quartz cuvette of the same diameter of the
powder holder. Excitation and emission bandwidths were set at 15
and 20 nm, respectively. A gate time of 5.00 ms and a delay time of
0.10 ms were used for the RTP measurements. QDs excitation wave-
length was set at 276 nm and phosphorescence intensities were
measured at 584 nm.

Absorption spectra were measured on a Shimadzu UV-240
recording spectrophotometer, equipped with a 1.0 cm pathlength
quartz cuvette.

X-ray diffraction patterns (XRD) were obtained on a Philips X-
ray diffractometer equipped with a PW 1732/20 generator and a
PW 1050/70 goniometer using Cu Ko radiation (A =0.15406 nm) at
40kV and 40 mA. The scan range was 20 = 15-65° (step scan mode;
step size 0.040°; scan speed 1°/min).

2.3. Synthesis of Mn*2 doped ZnS QDs

Water-soluble Mn*2 doped ZnS QDs capped with L-cys were
synthesized following a slightly modified procedure described by
Sotelo et al. [57].

Briefly, the capping agent (L-cys) and the precursors (Zn*Z,
Mn*2) were mixed in a beaker and the pH value was adjusted to
11 using NaOH. The reactant mixture was placed in a three-necked
flask and stirred for 30 min under a nitrogen atmosphere. Then, a
thioacetamide solution was swiftly injected into the three-necked
flask to allow the nucleation of the nanoparticles. The mixture
was stirred for 20 min at room temperature. Afterwards, the solu-
tion was aged at 50°C under air atmosphere for 2 h in order to
improve the crystalline structure of the L-cys capped Mn-doped
ZnS QDs. Purification process was carried out by precipitation of the
nanoparticles with ethanol in a centrifuge at 3600 rpm for 10 min
(the procedure was repeated 3 times). Finally, the QDs were dried
under vacuum and stored under nitrogen atmosphere as a brown
solid powder.

2.4. Analytical considerations for phosphorescence quenching
measurements

pH regulation was extremely important due to the presence of
pH-dependent molecules (i.e. molecules having ionizable groups
that change their absorption properties: L-cys and coumarins).
Phosphate buffer (pH=7.4) was selected for some reasons: is the
physiological pH, QDs dissolutions are stable and is the buffer used
for warfarin determination (see Section 2.5).

2.5. Analytical procedure for warfarin determination

A warfarin determination was performed in Circuvit 5 mg (Aris-
ton S.A. Laboratory), a commercially sold anticoagulant. The pills
were pre-treated following the procedure provided by Ariston S.A.
Laboratory. This sample preparation method is analogous to the one
reported in the USP36-NF31 [58]. Twenty-five pills were pulverized
in an agate mortar with a pestle; 2000 mg of the resulting pow-
der were weighted in a 50.00 mL volumetric flask and 30.0 mL of
dilution solvent (phosphate buffer pH =7.4: acetonitrile, 85:15 v/v)
were added. The solution was magnetically stirred for 60 min. The
volume was completed with dilution solvent. The resultant solu-
tion was filtered through a filter paper (Whatman #41). The 1:5
buffer dilution was made in order to use it as the stock solution. The
sample was analyzed in triplicate, at three concentration levels.
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Fig. 2. a) Absorption spectra of ZnS and Mn-doped ZnS QDs. b) Excitation and emis-
sion spectra of Mn-doped ZnS QDs.

3. Results and discussion

3.1. Characterization of the as-synthesized Mn-doped ZnS QDs

Absorbance spectrum of Mn-doped ZnS QDs exhibits a shoulder
absorption peak at 276 nm. In comparison to ZnS nanoparticles,
whose absorption peak is at 290 nm, it is blue-shifted (Fig. 2a). This
fact can be attributed to quantum confinement.

Luminescence excitation and emission spectra of a dissolution
of Mn-doped ZnS QDs are shown in Fig. 2b. The phosphorescence
emission can be attributed to the doping of Mn*? into the ZnS lat-
tice. After excitation, the energy is transferred from the excited
energy levels of the semiconductor material to the excited energy
levels of Mn*2. The deactivation process occurs through the well-
known d-d transition of manganese (4T;-6A;). As this transition
is spin forbidden, Mn-doped ZnS QDs shows a delayed lumines-
cence that presents typical properties of a phosphorescence-like
emission: large Stokes shift between excitation and emission wave-
lengths (308 nm) and long luminescent lifetimes (in the order of a
few ms —see Section 3.3).

The photoluminescence quantum yield (PL-QY) value of Mn-
doped ZnS QDs was determined using the following equation:

2
Fsample Aref nsample
stample = F A 2
ref sample nref

where F is the area under the emission spectrum, A is the
absorbance value at the excitation wavelength and n is the refrac-
tive index. Rhodamine B in ethanol was used as reference (QY = 0.73

eref
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Fig. 3. XRD diffraction patterns of Mn-doped ZnS QDs.

[59]). Mn-doped ZnS QDs emission spectrum integration was per-
formed taking into account the isolated emission band at long
wavelengths corresponding to the 4T;-6A; d-d transition of Mn*2.
The PL-QY determined value was 0.0003.

XRD patterns are shown in Fig. 3; the broadened nature confirms
the formation of small sized nanoparticles. In order to estimate the
average crystallite size (D), the Debye-Scherer formula [60] was
used:

K
~ B cosH

where A is the X-ray wavelength of Cu Ka radiation (0.15406 nm),
[ is the full width at half maxima (FWHM) of the most promi-
nent peak in radians, 0 is the Bragg diffraction angle and K can be
taken as equals to 0.9 for spherical particles. The estimated average
crystallite size of Mn-doped ZnS QDs was found to be 2.7 nm.

3.2. Phosphorescence quenching of Mn-doped ZnS QDs by
coumarins

Luminescence properties of QDs strongly depend on the interac-
tion between their surface and different chemical species [56,61].
The sensitivity to changes in their surface and environment is the
foundation for the development of novel optical sensors based on
QDs probes. In this vein, the possible optical sensing of coumarins
was investigated by means of its interaction with Mn-doped ZnS
QDs.

The addition of increasing amounts of coumarins efficiently
quenches the RTP of Mn-doped ZnS QDs. Optimization of QDs con-
centration was performed in order to obtain the major difference
between phosphorescence intensity in presence and absence of
coumarins (Io-I). Warfarin was used as model coumarin. Optimum
Mn-doped ZnS QDs concentration was 20 ppm under the stud-
ied conditions, reaching a committed relationship between major
difference and absorption values - inner filter effects - (Fig. 4). Per-
centage of methanol was optimized in the case of warfarin, leading
to an optimum value of 8% v/v (Fig. 5). The observed RTP quench-
ing can be explained in terms of the classical Stern-Volmer equation
(Fig. 6). Data points are duplicates at the same concentration level
obtained from independent solutions, except from the extremes
and middle concentrations where data points are triplicates. Pre-
vious works [54,62] have demonstrated that there are noticeable
differences between RTP measurements at right-angle and front-
face illumination geometry when coumarins are under study due
to inner filter effects. In order to overcome these effects, front-face
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Fig. 4. Mn-doped ZnS QDs optimization. [war]=3.00 x 10~ M; 8% v/v methanol;
buffer pH 7.4.
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Fig. 6. Stern-Volmer plots for coumarins quenching of QDs. [QDs] =20 ppm.

Table 1
Molar extinction coefficients.

e(M'cm~')276 nm Combined standard uncertainty?

war 9433 238
cou 11100 168
dic 10117 189
umb 3537 197

2 Estimated standard deviation equal to the positive square root of the total
variance obtained by combining all the uncertainty components using the law of
propagation of uncertainty.

Table 2
Stern-Volmer constant values.
Ksy (M’l)
QDs:war 4937 +583
QDs:cou 7967 £ 631
QDs:dic 16865 +961
QDs:umb 3547 +529

illumination geometry is used in all measurements. The slightly
upward curvature seen in the figures is explained in terms of the
absorption characteristics of the studied compounds (Table 1); as
the concentration increases, the inner filter effects becomes more
important and even at front-face illumination geometry a loose of
linearity can be observed. Table 2 summarizes the values of the
Stern-Volmer constants (Ksv) for each compound, obtained from
the Stern-Volmer plots in the linear region.

The quenching mechanism is discussed in the next section, but
up to this point the studied interaction between QDs and coumarins
seems to be a potential methodology in coumarins optical sensing.

3.3. Quenching mechanism

Static and dynamic quenching can be distinguished by their dif-
fering dependence on temperature and viscosity, changes in the
absorption spectra or preferably by lifetime measurements [59,63].

In order to confirm the involved quenching mechanism, phos-
phorescence lifetimes were measured at front-face illumination
geometry. A gate time of 1.00ms and a varied delay time were
used, setting the excitation and emission wavelength at 276 and
584 nm, respectively. The decay curves have been fitted using a
double exponential time course with two components, the first
one (71) within the range of 0.7 ms and the second one (71,) around
2.7 ms. For Mn-doped ZnS QDs, the first lifetime component has
been attributed to different processes like fluorescent deactiva-
tion of the ZnS host or surface-exposed Mn?* ions. The second
slowest component is related to the emission via dopant energy
levels [64]. As phosphorescence emission is being analyzed, the
second component of the lifetime is taking into account. Fig. 7
shows the Stern-Volmer plots in terms of phosphorescence life-
time for the RTP quenching of QDs. It can be noted that there is a
negligible variation in the ratio 7,/T with quencher concentration
indicating that the quenching mechanism is static. Static quench-
ing removes a fraction of the phosphorophores from observation.
The complexed phosphorophores are nonluminescent, and the only
observed phosphorescence is from the uncomplexed phospho-
rophores. The uncomplexed fraction is unperturbed, and, hence,
the lifetime is T,. Therefore, for static quenching T,/T=1. In con-
trast, for dynamic quenching Io/I=T,/T. The decrease in lifetime
occurs because quenching is an additional rate process that depop-
ulates the excited state [59,63]. A possible explanation for the static
quenching is the formation of an imine complex between the car-
bonyl group of the coumarins and the amino group of L-cysteine
[57].
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Table 3
Figures of merit' for the determination of warfarin by RTP quenching of QDs.

Io/I=a+b[war]

a 0.995 Sa 0.004
b 5417 M- S 134M-1
Syl 0.008
r 0.997
SEN 5417 M-
v 6.87 x 105 M~
LOD 471x10°5M
L0Q 1.07 x10-5M

471x10°°M-4.50x 10> M
1.07x10°M-4.50x 10> M

Dynamic Range
Linear Range

! a(intercept), s, (standard error of the intercept), b (slope), s, (standard error of
the slope), sy/x (standard error of the regression), r (correlation coefficient). Fig-
ures of merit: SEN (calibration sensitivity), y (analytical sensitivity), LOD (limit
of detection), LOQ (llmlt of quantification). LOD =2 x tggs:n-2 % So; LOQ=10 x Sp;

_Y/X 65
\/ + +z:("i )2[ !

3.4. Warfarin determination in pharmaceuticals

Warfarin concentration found was 4.9 +£0.1 mg per pill under
the optimized conditions. It was in agreement with the con-
centration reported by the laboratory and fits the USP36-NF31
requirements (warfarin sodium tablets contain not less than 95.0
percent and not more than 105.0 percent of the labeled amount of
warfarin sodium) [58]. No interference due to the excipients was
observed. Table 3 summarizes the figures of merit of the proposed
method.

3.4.1. Selectivity

The response of Mn-doped ZnS QDs to other molecules (inter-
ferences) was examined in order to evaluate the selectivity of
the studied QDs to warfarin. RTP intensity of QDs and warfarin
in presence (I) and absence (I,) of the interference was mea-
sured. An equimolar concentration of warfarin and interference
was used. Fig. 8 displays the variation of the ratio I,/I for the differ-
ent molecules under evaluation. As can be observed, Mn-doped ZnS
QDs exhibit a high selectivity to warfarin: the ratio I/l is almost the
same in presence of a concomitant molecule.

4. Conclusions

The interaction between phosphorescent quantum dots and
coumarins was studied in terms of a room temperature phospho-

.
1 < <
1.0 1 I a T T T
T 1
T
11|
0.5+
0.0 T T T T T T T T T T T T T
Trp L-cys Trypt Beta-n Phen Ant Naph
Interference

Fig. 8. RTP intensity of QDs and warfarin in presence (I) and absence (I,)
of the interference. [QDs]=20ppm; [war]=|interference]=2.00 x 10~> M; buffer
pH 7.4/methanol (8% v/v). Interferences: L-tryptophan (Trp), L-cystein (L-cys),
tryptamine (Trypt), B-naphthol (Beta-n), phenanthrene (Phen), anthracene (Ant)
and naphthalene (Naph).

rescence quenching. In order to overcome undesirable inner filter
effects, front-face illumination geometry was used. Stern-Volmer
constants were calculated in the linear region. Phosphorescence
lifetimes were measured at different coumarins concentration
leading to a static quenching mechanism. An alternative analytical
method for the determination of warfarin in commercial products
was performed with good figures of merit.
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