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A B S T R A C T

With recent scientific developments, Photodynamic therapy (PDT) offers the promisie to become incorporated
into the mainstream of cancer therapy. Noble metal based nano-PDT is increasing due to its advantages in the
field of biomedicine. In this study, noble metal based Ag@SiO2 core-shell nanoparticles were synthesized and to
confirm the core-shell structure they were characterized by UV–vis, XRD, FTIR, TEM, and EDX. Our data confirm
that core-shell type Ag@SiO2 nanoparticles maintain its ability to kill cancer cells upon light irradiation. This
shows that SiO2 shell may not only prevent aggregation but it also may enhance the photodynamic activity of Ag
nanoparticles.

1. Introduction

Photodynamic therapy (PDT) has emerged as an attractive treat-
ment in clinical theranostic studies. Photodynamic therapy (PDT) acts
on the anticancer tissues by generating reactive oxygen species in the
presence of the photosensitizer (PS) [1].

PDT leads to the destruction of tumour cells by the two types of
mechanisms. Type I reaction is based on the production of superoxide
anion (·O2

−), hydroxyl radical (•OH), and hydrogen peroxide (H2O2).
Type II reaction involves the generation of singlet oxygen (1O2).
Initially, the photosensitizers (PS) in the ground state and it irradiated
with the suitable wavelength of light commonly visible or near-infrared
– excites the PS molecules. The light is selected on the criteria that the
maximum absorption wavelength coincides with the PS molecules. The
excited PS molecule reacts with the molecular oxygen present in the
biological system and generates the highly toxic reactive oxygen species
(ROS). This ROS can either destroy the tumour directly (Type II) [2–4]
or kill the cancer cells either by apoptosis and necrosis, by inducing the
damage in the tumor vasculature or through the enhancement of im-
munological effects (Type I) [5–7]. The three factors (PS, Light, and
ROS) when combined is effective for tumor treatment.

Nanomedicine, in particular applications in PDT, may be superior to
the conventional methods. The small size of the nanoparticles helps to
achieve targeted therapy by targeting specific receptors and

accumulating in pathological areas such as infarcted sites and hence
enhancing the selectivity of the photodynamic therapy [1]. Vasculature
in pathological areas is highly permeable and has enhanced retention
effect (EPR) that results in the leaky nature being different in healthy
tissues [8].

Plasmonic nanoparticles may have many advantages over organic
photosensitizers. Gold and silver nanoparticles exhibit higher extinction
coefficients, more stable, less prone to enzymatic degradation than
organic photosensitizers [9,10]. Au, Ag and Cu nanoparticles exhibit
strong surface plasmon resonance (SPR) bands in the visible region
compared to other metals in the UV region [11–13]. Similarly, Ag
shows largely red-shifted properties that contribute to the enhancement
of anticancer activities in photodynamic cancer therapy. To increase
the nanoparticles in the safety properties, they are encapsulated with
semiconductor and hence the nanoparticles produced results in less
toxic and biocompatible [14,15].

Silica nanoparticles are found to be promising in PDT applications
[16–20] and have been examined in vitro and in vivo [21,22]. The
encapsulation of photosensitizers with the silica nanoparticles is found
to be very effective as silica is non-toxic, chemically inert and optically
transparent. Chemical functionalization is enhanced due to the pre-
sence of hydroxyl groups on the silica surface [23,24]. Also, the com-
bination of photosensitizers with stable silicon nanoparticles has been
well absorbed by tumor cells and simultaneously degraded to eliminate
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in the form of silicic acid [25].
Hence in this study, core-shell type Ag@SiO2 nanoparticles had

been synthesized by Stober’s method followed by the spectral char-
acterization. Photodynamic activity of the synthesized nanoparticles
was studied in the presence of the photosensitizers and light dose
against the HeLa cells.

2. Materials and methods

2.1. Reagents

Silver nitrate (AgNO3), tetraethyl orthosilicate (TEOS, 98%),
ethanol (C2H5OH- 99.5%), Ammonium hydroxide (NH4OH (25% NH3))
and formaldehyde (HCHO) were purchased from Sigma-Aldrich. During
the synthesis, Milli-Q water was used.

2.2. Synthesis of silica nanoparticles

Silica nanoparticles were successfully synthesized by the Stober’s
process. Comparing to the other methods, Stober’s process is easy an
eco-friendly method. The solution I (18ml of ethanol and 6ml TEOS)
was added dropwise to the solution II (42ml of ethanol and 9ml of
NH4OH) under constant stirring. The speed of the titration was con-
trolled at 20 s per droplet. After complete the titration, the mixture was
constantly stirred for 1 h. Finally, the silica colloid was obtained which
was aged for 1 day and no purification treatment was carried out.

2.3. Synthesis of Ag@SiO2 core-shell nanoparticles

0.3 mmol of AgNO3 was mixed with water and ethanol in the ratio
of 1:9. To this solution add one day aged silica colloid (7.5 ml) with
constant stirring. Added dropwise the ethanol solution with for-
maldehyde and controlled the titration speed by 14 s per droplet under
constant stirring. The solution turned into a yellow colour. The ob-
tained yellow solution was allowed to aged for 1 day and centrifuged to
remove residual reactants. Finally the precipitate was washed with
water.

2.4. Characterization

The absorption spectra were carried out using Perkin Elmer Lambda
35 spectrophotometer. XRD analysis was studied using X’pert PRO
PANalytical diffractometer operated with CuKα radiation (k
=1.5406 Å) source. FT-IR analysis was carried out RXI spectrometer in
the 4000 – 500 cm−1 wave-number range using KBr pellets. TEM
images were taken from a JEOL JEM-3010 electron microscope with the
magnification of 600 and 800 k times operated at 300 keV.

2.5. Photohemolysis

2.5.1. Erythrocyte separation
Fresh human blood from healthy volunteers was collected and

mixed with anticoagulant EDTA in ratio 3:1. After sometimes the ery-
throcytes were sediment at the bottom and finally, the leukocytes and
thrombocytes were separated from the supernatant by gentle aspira-
tion. The left out plasma was removed by washing the sediment 5–6
times with PBS. 0.5% erythrocyte suspension was prepared by adding
38ml of PBS to the 2ml of erythrocyte solution

2.5.2. Preparation of phosphate buffered saline (PBS)
PBS was prepared by the addition of 280ml of 0.2 M monobasic

sodium phosphate, 720ml of 0.2M dibasic sodium phosphate along
with 9 g of sodium chloride and the pH recorded as 7.3. Subsequently,
the solutions used in the assays were prepared in PBS.

2.5.3. Sample irradiation
The wavelength of light from the LED source used for the sample

irradiation was 410 nm. About 1ml of the nanoparticles at different
concentrations were used and subjected to irradiation at different flu-
encies. The cell suspension was centrifuged at 1500 rpm for 10min and
the supernatant was measured using a spectrophotometer at 413 nm to
quantify the percentage hemolysis.

The role of scavengers such as sodium azide (NaN3) [26] and Glu-
tathione reduced (GSH) [27] was studied by the above procedure using
1ml of each scavenger separately with 1ml of nanosensitizer in PBS.

2.5.4. Calculation of percentage of hemolysis
To compensate for the natural lysis of erythrocytes with time, a

control sample (erythrocyte+PBS) was also included in the study. The
above procedure was repeated for various concentrations and light
doses for the synthesized nano photosensitizers. From the data, the
percentage of hemolysis is calculated using the formula.

=

−

×%of Hemolysis
O.D O.D

O.D
100exp cs

100%

Where,
O.Dexp=Optical density of the exposed sample
O.Dcs= Optical density of the control sample
O.D100% =Optical density of the 100% hemolysed solution
Control solution =1.0 ml of erythrocyte suspension +2.0ml of PBS
100% Hemolysed solution =1.0ml of erythrocyte suspension

+2.0ml of distilled water.
The graphs were plotted between the percentage of hemolysis and

different concentrations and also for different fluences.

2.6. Cell culture

The human cervical cancer cell line (HeLa) procured from National
Centre for Cell Science (NCCS), Pune were maintained in Eagles
Minimum Essential Medium (EMEM) containing 10% fetal bovine
serum.

The confluent HeLa cells (2× 104 HeLa cells/ml) grown in 96 well
plate maintained at 37 °C with 5% CO2 were treated with nanoparticles
at different concentrations and incubated for 3 h. Control cells were
maintained parallel without adding the nanoparticles. Media con-
taining compounds from the wells were removed and washed gently
with PBS. Then illuminated the cells with different light doses using an
LED light source and complete culture medium was added and in-
cubated for 16 h.

2.7. MTT assay

Cell viability of the HeLa cells had been evaluated using MTT assay
after 16 h. MTT was dissolved in PBS (5mg/ml) and 10 μl was added to
respective wells and incubated for 4 h. The resultant formazan crystals
were dissolved in dimethyl sulfoxide (200 μl) and the absorbance in-
tensity was measured at 570 nm [28–31].

= ×%of Cell viability
Absorbance of the irradiated sample

Absorbance of the Control
100

2.8. Statistical analysis

The datas were analyzed by two way analysis of variance (Annova)
followed by Bonferroni post test using Graphpad Prism software V 4.00.
The P Value lower than 0.05 were considered statistically significant.
All the experiments were performed in triplicates and represented as
the mean values with standard errors.
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3. Result and discussion

3.1. UV–vis spectral analysis

The UV–vis spectrum of free Ag nanoparticles and Ag@SiO2 core-
shell nanoparticles is shown in Fig.1 (a & b). The absorption spectrum
of the Ag@SiO2 core-shell NPs, the surface plasmon resonance (SPR)
peak turned to the higher wavelength and located at 415 nm. The
coating of SiO2 over the Ag NPs which causes an enhance of SPR peak
and red shifting was associated with decreased plasmon oscillation
energy. When the silica shell cover the surface of Ag NPs exhibits a
higher refractive index than Ag nanoparticles in water. Hence the peak
of Ag@SiO2 nanoparticles shifted to the higher wavelength [32–34].
The absorption spectrum shows a broader peak caused by the non-
uniformity in the SiO2 shell thickness and a different size of the NPs.

3.2. XRD analysis

The crystallographic structure was analyzed by powder X-ray dif-
fractometer. The Fig.2 (a) shows that the air dried Ag@SiO2 core-shell

nanoparticles, strong and wide diffraction peak appeared in the XRD
spectrum indicates the amorphous nature of SiO2 and there is no peak
corresponding to Ag. Fig.2 (b) shows the appearance of four distinct
diffraction peaks at 38.10, 44.24, 63.92, 77.82° corresponding to the
(111), (200), (220) and (311) which are typical of a face centered cubic
structure of Ag. Using the Scherrer equation, the particle size was cal-
culated as 35 nm. Equation [35] shows the Scherrer equation. In the
equation, λ is the wavelength of the X-rays, β is the peak width in half
of the maximum peak length (FWHM), and θ is the angle at which the
most intense peak is seen [35].

d=0.9λ/β cos θ

3.3. FT-IR analysis

Fig. 3. shows the FT-IR spectrum of Ag@SiO2 core-shell NPs. The
band at about 3459 and 1656 cm−1 which represents the OeH
stretching and bending vibrations of H2O molecules. The two peaks at
1078 cm-1 and 961 cm-1 correspondings to the Si-O-Si and Si-O (H)
asymmetric stretching vibrations and the peaks at 798 cm-1 and 463 cm-

1 indicate the Si-O-Si symmetric stretching and bending vibrations re-
spectively.

3.4. TEM & EDAX images

The particles size, morphology, and structure of the Ag@SiO2 core-
shell NPs are studied by using TEM images. Fig. 4 (a & b) shows the
TEM images of Ag@SiO2 core-shell nanoparticles. Their sizes distribute
between 20–40 nm having an average of around 32 nm and shell
thickness found to be 2–3 nm. The thickness of SiO2 shell can be con-
trolled by controlling the time of coating and TEOS concentration.

The elemental compositions of the Ag@SiO2 NPs had been quali-
tatively determined by using energy dispersive X-ray (EDX) spectra and
all the expected elements from the nanoparticle were observed. Fig. 5
shows the EDX spectrum of the Ag@SiO2 core-shell particles which
confirms the core-shell nanoparticle consists of core Ag and shell Si.

3.5. Photohemolysis

Photohemolysis is the rupture of red blood cell (RBC) membrane
and the release of hemoglobin due to the exposure to light. in vitro
photohemolysis of RBC is photosensitized by many other dyes and
clinical drugs. It is used for the prediction of drugs that could photo-
sensitize human skin. We have used photohemolysis of human ery-
throcytes as a model system in our study. The cell membrane disruption
is studied and conveniently measured by photohemolysis [36]. Also, the
ideal sensitizer should have not produced any cytotoxic effect on the
healthy cells when added to the cellular suspension. The increase in the
O.D at 413 nm represents the lysis (damage) of the erythrocytes.

The erythrocytes were irradiated as a function of light dose (flu-
ence) is shown in the Fig. 6 (a). With the increasing concentration of
Ag@SiO2, the rate of photohemolysis also increased. At 25 μg/ml, the
hemolysis was below 50% and attained the 50% hemolysis only at
higher concentration.

The LD50 (Lethal Dose for 50% hemolysis) was found to be 84.75,
75.07, 52.34, 41.05 and 34.97 J/cm2 for 50, 75, 100, 125 and 150 μg/
ml concentration respectively. The increased concentration of the nano-
sensitizer also resulted in an increased hemolysis percentage at 150 μg/
ml producing 97.1% hemolysis. In photohemolysis studies, the max-
imum hemolysis was achieved at 200mg/ml (96.3%) for Au@SiO2

core-shell nanoparticles [37], but in Ag@SiO2 core-shell nanoparticles
it was achieved at 150mg/ml (97.1%). The results show that Ag@SiO2

core-shell nanoparticle exhibits better photohemolysis activity than the
Au@SiO2 core-shell nanoparticles.

The erythrocytes irradiated as the function of the concentration of

Fig. 1. Absorption spectrum of a) Ag NPs b) Ag@SiO2 core-shell NPs.

Fig. 2. XRD spectrum of Ag@SiO2 core-shell NPs a) air dried sample and b)
sample annealed at 650 0C.
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nanosensitizer are shown in Fig. 6 (b). Fig. 6 (b) clearly infers the
photohemolysis increases with concentration as well as fluence. The
LC50 (Lethal Concentration of NP for 50% hemolysis) was achieved only
at 42.926, 57.235, 71.544, 85.853 J/cm2 and not at the light dose
14.308, 28.617 J/cm2. The LC50 values are 119.64, 91.30, 78.16,
48.95 μg/ml for light doses 42.926, 57.235, 71.544, 85.853 J/cm2.

The results clearly signify that the increased concentration of sen-
sitizers lessens the light dose requirement. Hence it is inferred that the
nature of photohemolysis may be Type I or Type II mechanism.

The increased concentration of the nano-sensitizer also resulted in
an increased hemolysis percentage at 150 μg/ml producing 97.1% he-
molysis and at the statistical significance of *** p > 0.001

3.6. Effect of scavengers

As it is strongly suggested that photohemolysis depends on both
drug and light dose and the nature of mechanism is purely chemical
mediated one, it is also aimed to study whether the hemolysis is due to

Type I/II mechanism. In order to know the mechanism of photo-
hemolysis we carried out photohemolysis in the presence of scavengers
such as GSH and NaN3 which are the best known quenchers for su-
peroxide anion and 1O2 respectively. Fig.7. shows the role of scavenger
GSH and NaN3 for a different light dose at a fixed concentration of Ag@
SiO2 core-shell NPs. While the photohemolysis was carried through
NaN3, the photohemolysis was completely retarded due to the pre-
dominant singlet oxygen formation. However, superoxide anion for-
mation was not sufficient which was substantiated by the invariable
hemolysis percentage. Analysis of the effect of scavengers confirmed
the dominant role of singlet oxygen formation over the superoxide
anion which is quenched by NaN3.

3.7. Cell viability

Cell viability assay was used to determine the cytotoxic concentra-
tion in HeLa cells in the presence of different nanoparticle concentra-
tions at different light doses. Fig.8 (a) indicates the cell viability

Fig. 3. FT-IR spectrum of Ag@SiO2 core–shell NPs.

Fig. 4. (a & b) TEM images of Ag@SiO2 core–shell NPs.
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variation along with the light dose. For the concentration of 50 μg/ml,
the cell viability was lowered to 52% for 107.31 J/cm2 of light dose.
However, cell viability was decreased to 40 and 34% when the

concentration was increased from 100 to150 μg/ml. At 200 μg/ml, the
cell viability notably decreased and 85% of cancer cells growth was
inhibited in the concentration for 107.31 J/cm2 of light dose. LD50 was
found to be 96.76, 72.02 and 47.97 J/cm2 for 100, 150 and 200 μg/ml
concentration respectively. The increased light dose and nanoparticle
concentration increased the cytotoxic effects. Cell viability studies also
show that cytotoxicity effect of Ag@SiO2 core-shell nanoparticles is
higher than the Au@SiO2 core-shell nanoparticles.

From Fig. 8 (b), increased the light dose from 35.77 to 107.31 J/
cm2, significantly reduced the cell viability. At 107.31 J/cm2 of light
dose, the cell viability was reduced to 15% for 200 μg/ml. The LC50 was
achieved only at 53.65, 71.54, 89.43 and 107.31 J/cm2 and not in the
35.77 J/cm2 of light dose. The LC50 values are 195.43, 150.63, 124.62
and 65.26 μg/ml for 53.65, 71.54, 89.43 and 107.31 J/cm2. The results
clearly infer that the increased sensitizer concentration reduces the
light dose requirement to half.

4. Conclusion

In summary, Ag@SiO2 core-shell NPs were successfully synthesized
by the modified Stober’s method. The SPR red shifting by absorption
spectrum and powder XRD assays confirmed the encapsulation of Ag
core with SiO2 shell. Interaction of Ag core with SiO2 shell was con-
firmed by FTIR results and further by TEM and EDX assays. Ag@SiO2

Fig. 5. EDX spectrum of Ag@SiO2 core–shell NPs.

Fig. 6. (a) Effect of light dose on photohemolysis of Ag@SiO2 core-shell NPs.
Fig. 6 (b). Effect of concentration on photohemolysis of Ag@SiO2 core-shell
NPs.

Fig. 7. Effect of scavengers on photohemolysis of Ag@SiO2 core-shell NPs.
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NPS had exhibited significant photohemolysis effect at the concentra-
tion of 150 μg/ml producing 97.1% hemolysis. The complete retarda-
tion of the photohemolysis by NaN3 scavenger indicates the formation
of singlet oxygen. Hence coating SiO2 nanoparticle on the surface of Ag
could enhance the photodynamic activity and could act as a suitable
substitute for conventional photosensitizers such as organic dyes.
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