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Abstract

In this paper, L-cysteine capped Ag doped ZnS nanoparticles (NPs) were synthesized and its usage in photodynamic therapy was
examined. Also, the details of the conjugation method for prepared NPs with sensitizer of protoporphyrin IX (PpIX) were
reported. FT-IR studies indicate the formation of ZnS:Ag nanoparticles capped with L-cysteine and an amide-bond formation
between PpIX and L-cysteine-capped ZnS:Ag NPs. The formation of ZnS:Ag NPs conjugated to protoporphyrin IX was
confirmed through the use of SEM, TEM, UV-Visible, FT-IR and DLS analysis. The efficient energy transfer from ZnS:Ag to
PpIX sensitizer was estimated at about 90%. The production of reactive oxygen species, including singlet oxygen and free
radicals, from ZnS:Ag NPs conjugated to protoporphyrin IX, was observed using a chemical method. The production of reactive
oxygen species of this conjugate indicates its potential application in photodynamic therapy.
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Introduction

Today, nanotechnology and nanomaterials, have attracted
considerable interest in various applied and research fields.
A number of NPs can be utilized in methods which are based
on the fluorescence resonance energy transfer (FRET) mech-
anism. These NPs have a long-term optical survival and ad-
justable emission properties which makes them the ideal do-
nors in FRET studies [1-3]. The ability to create reactive ox-
ygen species (ROS) through the donation of energy to the
sensitizer (via FRET mechanism) or direct contact with oxy-
gen molecule (energy transferring (ET) mechanism) which
can be used in photodynamic therapy (PDT), is one of the
most important properties of NPs [4—8]. In PDT treatment,
activating a special drug with light having proper wavelength
and in presence of oxygen molecules, leads to the creation of

P4 E. Sadeghi
sdgh@kashanu.ac.ir

Physics Department, University of Kashan, Kashan, Islamic
Republic of Tran

Institute of Nanoscience and Nanotechnology, University of Kashan,
Kashan, Islamic Republic of Iran

reactive oxygen species such as singlet oxygen or free radicals
which can lead to the elimination of cancer cells. Among the
limitations of this treatment method are the absence of pene-
tration of visible light in tissues, and the side effects of the
photosensitizers. The problem of light penetration for cancers
at deeper levels can be solved using NPs afterglow. These
nanoparticles have the ability to use wavelengths that the pho-
tosensitizer does not absorb and with emitting the suitable
wavelength can be used as a source for activating photosensi-
tizers [9-12]. ZnS semi-conductor quantum dots are good
candidates for applications in biological systems [13-16].
This compound has the ability to be doped with rare metallic
elements which can obtain remarkable optical properties and
therefore has been widely used in various luminescence stud-
ies [17-19]. Doped ZnS NPs have been applied in various
fields such as: imaging cancer cells [13—15], labeling cancer
cells and biological sensors [15, 17, 20] and detectors [21].
Copper and cobalt co-doped ZnS NPs (ZnS:Cu,Co) coated
with poly(ethylene glycol) bis(carboxymethyl) ether (PEG—
COOH) have been synthesized by wet chemistry method
and has been conjugated to a Photosensitizer. The ratio of
ZnS:Cu,Co NPs to the TBrRh123 photosensitizer in
ZnS:Cu,Co-TBrRh123 conjugates was 20 to 1. Also, the
MTT assay results showed an increase in cytotoxicity in can-
cer cell using the ZnS:Cu,Co- TBrRh123 conjugates [22]. In
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another study, silver and cobalt co-doped ZnS NPs
(ZnS:Ag,Co) capped with 3-mercaptopropionic acid (MPA)
were produced and the emission peak at 441 nm was ob-
served. This emission peak was nearly overlapping with
PpIX absorption peak at 405 nm. Then, MPA capped
ZnS:Ag,Co NPs combined with PpIX at a ratio of 20 to 1
and the results achieved through the use of this combination
indicated that the cell viability in MCF-7 cells was observed to
be 60% [23]. Recently, conjugates of ZnS:Mn QDs with
chlorin e6 have been produced and an energy transfer from
QDs to Ce6 in the conjugates has been established at about
35% [24]. However, the main purpose in systems based on
luminescent nanoparticles-photosensitizer is designing and
synthesizing of stable, non-toxic and water-soluble nanoparti-
cles with the highest energy transfer efficiency to the photo-
sensitizer [9, 10]. Since the L-cysteine is more stable, inex-
pensive, and non-toxic than 3-mercaptopropionic acid (MPA)
as a stabilizer for the synthesis of ZnS:Ag nanoparticles [25],
L-cysteine was used as a stabilizer. In this paper, the method of
synthesis for ZnS:Ag NPs and their conjugation method with
PpIX using the L-cysteine interface will be described. In order
to obtain the highest energy transfer efficiency from nanopar-
ticles to the photosensitizer and to increase the production of
active oxygen species, the emission spectrum of nanoparticle
should be perfectly matched to sensitizer absorption spectrum
[9-11]. In this paper, by varying the type and amount of dop-
ing and synthesis method, we will show a different emission
of doped ZnS NPs, which will match the PpIX absorption
spectrum more closely in comparison with the previous stud-
ies. Also, The efficiency of ZnS:Ag NPs in production of
reactive oxygen species in ZnS:Ag-L-cysteine-PpIX conju-
gate was demonstrated, for the first time, via an inexpensive
and chemical method. In this method, for the detection
of singlet oxygen and free radical, anthracenedipropionic
acid (ADPA) and methylene blue (MB) were used,
respectively.

Materials and Methods
Synthesis of ZnS:Ag NPs

Co- precipitation method was used to synthesis ZnS:Ag NPs
according to the following reaction:

Zn(CH3CO0), + NayS—ZnS + 2Na(CH3;COO)

The substances used in this experiment were zinc acetate
(Zn(CH3COO),, 99.9% purity), sodium sulfide (Na,S,
99.9% purity), Brij 35 (99.99% purity), silver nitrate
(AgNO3, 99.9% purity), methanol, N-hydroxy succinimide
(NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hy-
drochloride (EDC), deionized water, methylene blue (MB),
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(produced by Merck company); L-cysteine and PpIX,
disodium salt of 9,10-anthracenedipropionic acid (ADPA)
and dimethyl sulfoxide (DMSO) (produced by sigma-
Aldrich). Initially, 0.5 g of zinc acetate was dissolved in
50 ml deionized water and was stirred for 15 min (zinc acetate
solution). 0.03 g of sodium sulfide was dissolved in 20 ml
deionized water (sodium sulfide solution). The solution of
Brij was prepared by solving 2 g of Brij 35 in 50 ml deionized
water. While the zinc acetate solution was placed on the stirrer,
Brij solution was added to it. Then, silver nitrate solved in
water was added to the Brij-zinc acetate solution. Finally,
sodium sulfide solution was added to the previous solution.
The obtained precipitate was completely separated from the
solution by centrifuging. After washing the product with de-
ionized water, it was dried in the oven for 4 h at 90°C and
finally 2 h at 150 °C.

Preparation of ZnS:Ag NPs Conjugated
to Protoporphyrin IX

To conjugate ZnS:Ag NPs to PpIX sensitizer, a stabilizer was
used. In ZnS based materials, because of the strong effect of
Zn*? ions, stabilizers with (S —H) groups are often used. In this
study, L-cysteine was used as the interface. To this end, NPs
are initially conjugated to the interface L-cysteine and then to
PpIX. The L-cysteine is then attached to ZnS NPs via the head
of'the sulfur (S) and stabilizes the NPs [26]. For preparing ZnS
NPs-L-cysteine compound, 2 ml of L-cysteine solution was
added to 5 ml of ZnS:Ag NPs solution and was stirred at 55 °C
for 12 h. The final mixture was washed several times with
deionized water in order to remove unbounded L-cysteine
molecules. The obtained deposition was dried in an oven at
70 °C for 2 h.

Conjugating ZnS:Ag NPs Capped with L-cysteine
(ZnS:Ag-L-cysteine) to PpIX

ZnS:Ag NPs and PpIX were attached using cross-linking chem-
istry method with modifications [27] through which water-
soluble EDC and NHS are used for reacting COOH groups.
COOH groups are used in cross-coupling reactions [28].
Schematic Fig. 1 shows the way by which ZnS:Ag-L-cysteine
conjoins PpIX. As seen in this figure, COOH group of PpIX are
activated by the use of EDC and NHS and directly combined
with the amine group of ZnS:Ag-L-cysteine. By forming an
amine bond between the carboxyl group of PpIX and amine
group of ZnS:Ag-L-cysteine, PpIX will be conjugated to the
ZnS:Ag NPs. In this regard, 1.4 mg of PpIX was dissolved in
3 ml of DMSO. 2.2 mg of EDC was subsequently added to
PpIX solution and after 10 min, 1.6 mg of NHS added to it and
was stirred for 15 min at room temperature. Then, 5 x 107® mol
of ZnS:Ag-L-cysteine complex was added to the above solution
and was stirred for three hours at room temperature. Finally,
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Fig. 1 The mechanism of conjugating the ZnS NPs to PpIX

ZnS:Ag NPs conjugated to the PpIX was separated by
centrifuging and was washed several times with water and fi-
nally, the obtained product was dried at room temperature.

In order to study the structure of NPs and estimating
the crystalline size, X-ray diffraction patterns were taken
using Philips X Pert Pro MPP model, using CuK, radi-
ation, filtered by Ni. SEM images were obtained by
scanning electron microscope, Hitachi S-4160. Transmission
electron microscopy (TEM) of the produced samples
was carried out using JEOL 2100 operating at an accel-
erating voltage of 200 kV. Photoluminescence spectrum
was recorded by using Perkin- Elmer spectrometer,
LS55 model and xenon arc. Absorption spectra were
taken by Shimadzu UV-vis scanning spectrometer.
ZEN3600, a dynamic light scattering device manufactured
by Malvern Company, was used to obtain the particle size
distribution before and after conjugation process.
Magna IR 550 model was used to record the Fourier trans-
formed infrared spectrum of the samples. UVC ultraviolet
lamp, TUV 55 W HO Philips was used for exciting the NPs
and investigating their capability in the production of Singlet
Oxygen and free radical.

Results and Discussion

XRD

XRD diffraction pattern of ZnS:Ag NPs, as shown in Fig. 2,
confirms that the structure of Zinc sulfide with a cubic crys-
talline structure is in correspondence to the ICSD collec-
tion code no. 067790. The spectrum peaks correspond
with plates of (111), (220) and (311) which are placed
at about 29, 48 and 57 angles, respectively. By substituting
data, related to the main peak of plate 111, the average diam-
eter of NPs was calculated about 24 nm using Scherrer’s
formula.

EDS Analysis

Figure 3, illustrates the energy dispersive spectroscopy
(EDS) spectrum, which are related to the ZnS:Ag NPs.
This spectrum, confirms the existence of zinc, sulfur
and silver elements. The results show that the percent-
age of zinc and sulfur atoms are respectively 54.8% and
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Fig.2 X-ray diffraction pattern of
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44.3% and the Zn:S equal is 1:0.88. Moreover, the
weight percentage of silver is about 0.9%.

FRET Mechanism

FRET is an electromagnetic phenomenon which occurs be-
tween an excited state of donor molecule (D) and an acceptor
molecule (A) in the ground state. Donor molecule emits light
at a wavelength that overlaps with the absorption spectrum of
the acceptor [29]. By irradiating the NPs with UV light, the
excited NPs transfer their energy to the PpIX acceptor and
produce stimulated PpIX molecule. The stimulated PpIX mol-
ecule will attempt to stabilize by returning to the ground state.
If the stimulated PpIX molecule returns directly to the ground
state, it will lose its energy in the form emission of fluores-
cence, and if placed under intersystem crossing, it will reach
an excited triplet-state. In excited triplet state of PpIX mole-
cule, two types of reactions occur; In one type, the reaction

20 30 40 50 60 70

Position [2Theta]

involves the transfer of electrons or protons from PpIX mole-
cule to nearby molecules that leads to the production of free
radicals. In the second type of reaction, PpIX molecule goes
from the excited triplet state to the ground state and transfers
energy to the adjacent oxygen molecules, which results in the
formation of singlet oxygen [10]. Figure 4 shows the energy
transfer from Zns:Ag NPs to the PpIX sensitizers. The rate of
energy transfer between D and A molecules depends on the
degree of overlapping between D-emission spectrum, and A-
absorption spectrum, the relative orientation of donor, accep-
tor dipole transition, and the distance between D and A mol-
ecules and quantum efficiency [29]. The absorption spectrum
of PpIX sensitizer and emission spectrum of ZnS:Ag NPs can
be seen in Fig. 5. According to Fig. 5, PpIX absorption spec-
trum contains four peaks in wavelengths of 405, 508, 542 and
580 nm. A strong emission is also observed at a wavelength of
407 nm in the emission spectrum of Zns:Ag NPs. A good
overlap between the emission spectrum of synthesized NPs

7 Weight percentage Certainty
n

Zn 54.8% 99.1%
/n S 44.3 % 99.4%

Ag 0.9% 93.2%

Fig. 3 EDS spectrum of ZnS:Ag NPs
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Fig. 4 A schematic of how to generate reactive oxygen species by ZnS NPs to PpIX

and the absorption spectrum of PpIX sensitizer facilitates the
energy transfer from NPs to sensitizer as well as the produc-
tion of singlet oxygen and free radicals.

The investigation of the energy transfer from ZnS:Ag NPs
to PpIX was performed using steady-state fluorescence

measurements [30, 31]. Figure 6 demonstrates the emission
spectrum of ZnS:Ag NPs before and after the conjugation,
under excitation at 250 nm. According to Fig. 6, the emission
peaks located at 625 and 665 nm, which are related to PpIX,
are observed in the emission spectrum of the ZnS:Ag

Fig. 5 Emission spectrum of
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Fig. 6 Emission spectrum of 600
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Fig. 7 SEM images of ZnS:Ag
NPs (a) and ZnS:Ag NPs
conjugated to protoporphyrin IX
(b)
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conjugated to PpIX. Also, a reduction in the emission intensity
of'the ZnS:Ag NPs after conjugation can be seen clearly. This
phenomenon might be due to the energy transfer from the
excited donor (ZnS:Ag NPs) to the acceptor (PplX).
Transmission of energy from ZnS:Ag NPs to PpIX can be a
strong reason for their combination, because the effective en-
ergy transfer from the NPs to the sensitizer occurs when the
NPs and the sensitizer are well attached [30-32].

The FRET efficiency can be calculated using the change of
the donor emission intensity before and after attaching to the
acceptor by Eq. 1 [10, 30, 32].

Fpa
E=1— 1
Fp ()

where Fp and Fp4 are, the emission intensity of ZnS:Ag NPs
and ZnS:Ag NPs conjugated to PpIX (NPs-PpIX), respective-
ly. According to the data in Fig. 6 and using Eq. 1, energy
transfer efficiency is measured about 90%.

Fig. 8 TEM images of ZnS:Ag
NPs (a) and ZnS:Ag NPs
conjugated to protoporphyrin IX
(b)

SEM, TEM and DLS Analysis

SEM images of ZnS:Ag NPs and ZnS:Ag NPs conjugated
to PpIX (NPs-PpIX) were used to identify the shape and
morphology of ZnS:Ag NPs. It is observed in Fig. 7 that
the conjugated NPs are more fixed together in comparison
with ZnS:Ag NPs which could be attributed to the con-
junction of PpIX on the surface of NPs. TEM images of
Fig. 8 were also taken to further clarify the above conclu-
sion. The larger size in Fig. 8b confirms the above state-
ment on the connection of PpIX on the surface of ZnS:Ag
NPs. For a more precise observation, a DLS analysis was
taken on attached and unattached samples. Figure 9 dis-
plays the NPs size distribution before and after attaching
to PpIX. The maximum size is about 28 (for unattached
NPs) and 58 nm (for attached NPs) which reveals how
PpIX attaches to ZnS:Ag NPs as well as the growth in
size.
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FT-IR and UV-Visible Analysis the Zn-S bond [20]. In Fig. 10b and ¢, associated with L-

cysteine and NPs-L-cysteine, the absorption peak in the region
Figure 10, shows FT-IR spectra of ZnS:Ag NPs, L-cysteine, ~ 600-800 cm ' is related to the C—S bond, and the absorption
NPs-L-cysteine and NPs-PpIX. As seen in Fig. 10a, the ab-  peak in district of 1550-1600 cm ™" is related to the carboxylic
sorption peak in stretching vibration of 542 cm ' is related to  acid group (COO"). Also the absorption peaks in area 2990—

Fig. 9 The size distribution of a Size (nm) Number (%)
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Fig. 10 FT-IR spectrum of a
ZnS:Ag NPs (a), L-cysteine (b), —_——— S
ZnS:Ag NPs capped with L- 546
cysteine (¢) and ZnS:Ag NPs b
conjugated to the PpIX (d)
2078.95
3175.63 2550
2962.18 >3
1586.45

<

2

N

g

g 1085.85

'é 3417.1 3048.38 1623.81

v

=

£

=] d

1654.95
1400
1314.4
4000 3500 3000 1500 1000 500

3420 cm ' shows the amino group (NH,) which can be ob-
served in L-cysteine and NPs-L-cysteine. However, the peak
of stretching vibration related to the (S-H) bond in the district
0f 2550 cm ', observed in L-cysteine, is not seen in the spec-
trum of NPs-L-cysteine. This is due to the bond formation
between ZnS:Ag NPs and thiol stabilizer group which have
(S-H) bond in L-cysteine, leading to the breakdown of S-H
bond and conjugation of L-cysteine to the ZnS:Ag NPs [20,

Fig. 11 The UV-visible spectrum
of ZnS:Ag NPs (a), PpIX (b) and

2500 2000
Wavenumbers (cm™)

26]. Chemical conjugation between NPs-L-cysteine with
PpIX occurs when COOH functional groups of PpIX react
with the NH, functional group of L-cysteine, leading to the
formation of an amide bond. Figure 10d, shows the FT-IR
spectrum of NPs-PpIX. As can be seen in the spectrum of
NPs-PpIX, the peak of stretching vibrations for carbonyl
group (C=0) is visible in 1654.95 cm™" and for C-N bond,
is in 1400 cm ' which indicates the formation of an amide
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Fig. 12 Absorption spectrum of 08

MB in four samples of MB, MB
and PpIX, MB and ZnS:Ag NPs,
and MB and ZnS:Ag NPs-PpIX
before and after of UV irradiation

0.7

0.6

Absorbance Intensity (a.u.)

© o o o Before Irradiation

— — = MB-PpIX After Irradiation

———— MB-ZnS:Ag After Irradiation

MB After Irradiation

bond between NPs and PpIX [33]. The UV-visible spectrum
of ZnS:Ag NPs, PpIX and NPs-PpIX, can be seen respectively
in Fig.11a, b and c. In Fig. 11a, an absorption peak is seen at a
wavelength of 320 nm which is shifted to the shorter wave-
length (blue shifting) in comparison to the absorption peak of
the bulk sample located at a wavelength of 340 nm [34]. This
is a result of quantum confinement in NPs which causes the
levels to shifts to higher energies. Also the wavelength corre-
sponding to all absorption peak of NPs-PpIX (c) is shifted to a
higher wavelength in comparison with that of ZnS:Ag NPs (a)
(first peak of C-absorption curve is related to ZnS:Ag absorp-
tion) and PpIX (b) (Fig. 11) which can be attributed to the
presence of PpIX on the surface of ZnS:Ag NPs as were pre-
viously reported for other complexes [11, 35].

Chemical Method
Detection of Free Radical
To detect free radicals generated, the methylene blue (MB)

was used as a free radical sensor. The MB is a kind of dye
that oxidized in the presence of free radical and decomposes

Fig. 13 Absorption spectrum of

570 590 610 630 650 670

Wavelength (nm)

into CO, and H,0. According to the Beer—Lambert law, the
MB concentration is associated with MB absorbance that is
shown in Eq. 2 [36-38].

Co—C

0

Ag—A

x 100% = x 100%

(2)

Degradation efficiency =
0

In Eq. 2, Cy and C are the concentrations of MB at t=0
and specific time (t), respectively and A, and A are the
MB absorbance at reaction time =0 and reaction time =t,
respectively. Therefore, the methylene blue degradation is
associated with a decrease in its absorption spectrum [37,
38]. In order to investigate the production of free radicals,
first, four samples, which consisted of MB, MB-PpIX,
MB-ZnS:Ag, MB-ZnS:Ag-PpIX, were made with the
same concentrations. First, the absorption spectra of all
of these samples were recorded by a spectrophotometer.
Then, the samples were exposed to UV irradiation for
20 min. After the irradiation, their absorption spectrum
was again recorded in the same conditions as before. As
explained, investigating the production of free radical

0.4
ADPA in four groups of ADPA, = = Before Irradiation
ADPA and PpIX, ADPA and 035 F ... ADPA After Irradiation
7nS :Ag NPS, and ADPA and 03 ADPA-PpIX After Irradiation :’ M ':.é-

. - ADPA-ZnS:Ag After Irradiation N '-_ .
ZnS:Ag NPS'PPIX before and af- = « < ADPA-PpIX ZnS:Ag After Irradiation _-" \% I AL
ter of UV irradiation 0.25 . A% ry

S *4 5
0.2 SOONG, o 3 7/
B2\ & 4 .
015 57 N N 7\
"--' '-. ..... ...', - N o / \ P . A

0.1 RS NN Al =" . . \

............ P 7T N 1
0.05 ’ —

0
300 310 320 330 340 350 360 370 380

@ Springer

Wavelength (nm)



J Fluoresc (2019) 29:1089-1101 1099
Fig. 14 Absorption spectrum of 04
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from the change in absorption intensity of MB before and
after irradiation was performed. In Fig. 12. the absorption
spectra of MB before and after the UV irradiation are
shown in these samples. As seen from this figure, a more
severe reduction in the absorption intensity of the MB has
occurred in MB-PpIX-ZnS:Ag sample after the UV irra-
diation. This absorption intensity reduction can be due to
free radical production based on the type I reaction.

Detection of Singlet Oxygen

For investigating the role of ZnS:Ag NPs conjugated to
PpIX, to produce singlet oxygen, the disodium salt of
9,10-anthracenedipropionic acid (ADPA) was used as a
singlet oxygen sensor. When ADPA is placed adjacent to
the singlet oxygen, it reacts with singlet oxygen to be con-
verted its endoperoxide form. The emission and absorption
spectra of endoperoxide is not within range of emission
and absorption spectra of APDA. So, the reduction of
emission and absorption intensity of ADPA, results in the
production of singlet oxygen [39—41]. As explained earlier,
the PpIX sensitizer has a strong absorption at 405 nm

310 320 330 340 350 360 370 380

‘Wavelength (nm)

which fairly overlaps with emission bond of the ZnS:Ag
NPs (wavelength of 407 nm). Therefore, ZnS:Ag NPs are a
good candidate for activation of PpIX sensitizer. For the
evaluation of this ability, four groups of ADPA, ADPA-
PpIX, ADPA-ZnS:Ag NPs, and ADPA-ZnS:Ag NPs-PpIX
were prepared. The absorption spectra of these four groups,
an hour before and after UVC light irradiation were record-
ed. The results are presented in Fig. 13. According to this
figure, the absorption intensity of ADPA-NPs-PpIX group
has significantly reduced after UV irradiation, while the
other three groups did not show such a decrease. The rea-
son for the decrease in the absorption intensity of ADPA of
this group, compared with other groups, is the singlet ox-
ygen production based on type II reaction. To optimize the
irradiation time, ADPA -NPs-PpIX group was irradiated to
UV light at different time intervals. The results were plot-
ted in Fig. 14. The reduction of absorption intensity of
ADPA - NPs-PpIX group was examined by increasing the
irradiation time from 1 h to 3 h. By irradiating the sample
for 3 h, the absorption intensity reduces by 7 times com-
pared to the absorption intensity before the irradiation. It
means that by increasing the duration of the irradiation, the

Fig. 15 PL emission of ADPA in 1200
ADPA and ZnS:Ag NPs-PpIX Before Irradiation
group before and after 30 min UV 1000 .
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number of produced singlet oxygen increases. Due to the
effect of singlet oxygen toxicity, an increase in its produc-
tion can lead to increased toxicity of the solution and jus-
tifies the capability of the produced sample to destroy the
cancer cells and be used in photodynamic therapy.

Finally, the efficiency of ZnS:Ag NPs - PpIX in the pro-
duction of singlet oxygen, was more elucidated using the
emission spectrum of ADPA and comparing its intensity, be-
fore and after the UV irradiation. The emission spectrum of
ADPA soluble was obtained by fluorescence spectrometer
30 min before and after the irradiation and its emission spec-
trum was recorded. As seen in Fig. 15, ADPA emission inten-
sity decreased significantly after the irradiation which in turn
confirms the production of singlet oxygen in presence of NPs
through FRET mechanism. Given the relatively long lifespan
of the synthesized NPs, it is possible that the conjugated NPs
illuminated by UV light outside the body, and then be carried
toward the deep tumors in the tissue. By doing so, the problem
of using UV radiation (low penetration through the biological
layer and potentially harmful to tissue) to stimulate the sample
can be solved.

Conclusion

Using FRET mechanism and production of reactive oxygen
species, this study investigated the ability of ZnS:Ag NPs, as
an energy donor to the photosensitizing agent of PpIX as an
energy acceptor. We evaluated the production of reactive ox-
ygen species (singlet oxygen and free radical) by ZnS:Ag
NPs, PpIX and ZnS:Ag-PpIX conjugation using an optical
method. The emission peak of the prepared NPs was located
at 407 nm that is matched with PpIX absorption peak in
405 nm. In order to synthesize stable and non-toxic conjuga-
tion, ZnS:Ag NPs were coated with L-cysteine successfully.
Then, L-cysteine capped ZnS:Ag NPs were conjugated to the
PpIX as a sensitizer and the stable ZnS:Ag-L-cysteine-PpIX
nanosystem was created. Due to the use of L-cysteine as an
interface for binding NPs ZnS:Ag and PpIX, the nanoparticles
were attached to the sensitizer in a ratio of about 2 to 1. The
results of energy transfer studies shows that the conjugating of
ZnS:Ag NPs and PpIX has been successfully done. The re-
sults also showed that more reactive oxygen species can be
produced by ZnS:Ag NPs conjugated to PpIX. The production
of singlet oxygen grows by increasing the duration of UV
irradiation. The use of nanoparticles conjugated to PpIX sig-
nificantly increases the production of reactive oxygen species
compared to PpIX alone. This means that ZnS:Ag NPs have
the capability to be used as an energy donor in photodynamic
therapy.
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