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A B S T R A C T

Metal-semiconductor core-shell type Pd@SiO2 nanoparticles (NPs) were successfully synthesized by Stober’s
method and the product was characterized by UV–vis, XRD, FT-IR, SEM, HR-TEM and EDX techniques. In vitro
Photodynamic activity and DNA binding studies of Pd@SiO2 core shell nanoparticles were studied. Cell viability
of the core-shell nanoparticles against HeLa cell line was screened by MTT assay after exposing at different light
doses. The outcome of the present study indicates that the core-shell Pd@SiO2 NPs are highly stable and ex-
hibited strong photodynamic efficiency under LED light illumination in HeLa cells. The results indicated that
SiO2 supported on the surface of Pd NPs not only prevented the aggregation in addition exhibited remarkable
photodynamic activity.

1. Introduction

Photodynamic therapy (PDT) has earned interest in the medical
community and is recognized as an effective treatment modality. As
well, compared to other cancer therapies, PDT may induce immunity,
even against less immunogenic tumors, and thus provide better tumor
control [1]. PDT is a potentially significant treatment for cancer, along
with other recent technological developments [2].

Compared to the bulk materials, noble metal NPs has gained in-
terests because of their size and shape dependent unique optoelectronic
properties. Many of these noble metal NPs posses numerous biomedical
applications because of their ease of synthesis, characterization and
surface functionalization. Noble metal NPs exhibit largely red-shifted
properties and that enhances their values in PDT [3–5]. The coating of
semiconductor NPs on the surface of the noble metals can make the
coated NPs much less toxic and bio-compatible [6,7].

Among the noble metal nanoparticles, Palladium is a widely known
nanoparticle. Despite a large number of other NPs are commonly used
in diverse biological applications, Pd NPs are not much explored.
Particularly, the palladium nanosheet covered hollow mesoporous si-
lica NPs composites was found to particularly deliver the drug and af-
fects cancer cells [8]. Similarly, the palladium complexes containing
sulfone and other flexible linkages and chloro groups posses efficient
activity against tumor cells [9]. Pd NPs supported on mesoporous silica
SBA-15 and MSU-2 is found to show better activity against the

cancerous cell lines when compared to the other metal-based complexes
supported on mesoporous silicas [10].

Additionally, silica is found to be a better carrier for different an-
ticancer drugs, like gemcitabine and paclitaxel, in the treatment of
pancreas cancer in mice. The size- and shape-controllable pores of
mesoporous silica NPs (SNPs) can easily store pharmaceutical drugs and
prevent their premature release and degradation before reaching their
designated target [11]. DNA could be the primary intracellular target
for anticancer drugs. Therefore interaction between small molecules
and DNA may cause DNA damage in cancer cells, blocking the division
of cancer cells, and leading to cell death [12,13]. The use of core-shell
NPs in DNA binding studies has been increasing, not just to understand
the basics of the interaction models, but due to the gaining importance
of core-shell NPs as anti-inflammatory, antifungal, antibacterial or an-
ticancer reagents [14,15].

Hence, in this study, we attempted to synthesize, characterize Pd@
SiO2 core-shell NPs and, furthermore, the in vitro photodynamic effi-
ciency was evaluated on tumor cells.

2. Materials and methods

2.1. Reagents

Tetraethoxysilane (TEOS), Palladium (II) acetate and Calf Thymus
(CT) DNA were obtained from Sigma-Aldrich chemicals. All solvents
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and reagents were purchased commercially from Merck and were used
without further purification. Milli–Q type water was used through the
entire study.

2.2. Synthesis of core-shell Pd@SiO2 NPs

Silica nanoparticles were prepared by hydrolysis and condensation
of TEOS in ethanol in presence of ammonia as catalyst (Stober’s
method). Silica particles were prepared by mixing 18ml of ethanol and
6ml of TEOS and to that added, dropwise the mixture of 42ml of
ethanol and 9ml of NH4OH under constant stirring for 5min. at room
temperature. The titration speed was controlled to 20 s per droplet and
the stirring was performed continuously for 1 h. The colloidal solution
was separated by high speed centrifuge and washed by absolute ethanol
for three times to remove residual reactants. On the next day, 0.3mM
Pd (II) acetate was mixed with 90% ethanol solution and to this 7.5 ml
of one day old silica colloid was added which was then stirred. The
dilute ethanol solution (12ml) was added dropwise at the titration
speed of 14 s per droplet under constant stirring. The resultant solution
was again aged for one day. Again, the solution was then centrifuged
and washed with water for 3 cycles to remove the residual reactants.

2.3. Characterization

In the present study UV–vis absorption spectra was recorded in a
Perkin Elmer Lambda 35 spectrophotometer. X-ray diffraction (XRD)
patterns recorded from X’pert PRO PANalytical diffractometer operated
with CuKα radiation (k=1.5406 Å) source. IR spectroscopic measure-
ments were carried out with a Perkin Elmer FTIR Spectrum RXI spec-
trometer in the 4000 – 500 cm−1 wave-number range using KBr pellets.
SEM images were taken from SEM FEI Quanta FEG 200 - Scanning
Electron Microscope. Transmission electron microscopy photographs
were captured using a JEOL JEM-3010 electron microscope operated at
300 keV with the magnification of 600 and 800 k times. Samples were
prepared for transmission electron microscope characterization by
dispersing the sample in high purity ethanol, followed by sonication. A
drop of this suspension was then evaporated on a copper TEM grid.
Samples were then subjected to bright field diffraction contrast imaging
experiments to image the particles.

2.4. Cell culture and cell viability in HeLa cells

The human cervical cancer line (HeLa) was obtained from National
Centre for Cell Science (NCCS), Pune and grown in Eagles Minimum
Essential Medium (EMEM) containing 10% fetal bovine serum. In this
study, a total of 2×104 HeLa cells/ml was taken in a 2.5 cm diameter
wells containing a medium. The cells were maintained at 37 °C in a
humidified incubator with 5% CO2. After 24 h, the cells were treated
with the NPs at a concentration of 50, 100, 150 and 200 μg/ml. The
plain medium was used as a control. The plates containing HeLa cells
were incubated with the NPs in 5% CO2 atmosphere at 37 °C for 3 h.
After incubation, the NPs containing media were removed, and the cells
were washed with PBS and then illuminated for different time periods
(10, 15, 20, 25 and 30min) using an LED light source (300 nm). After
illumination, PBS was removed, and complete culture medium was
added.

The viability of HeLa cells was determined after 3, 8, 12 and 16 h of
treatment using the core-shell NPs by MTT assay. 10 μl of the dissolved
MTT in PBS (5mg/ml) was added to each well after treatment with NPs.
The resultant formazan crystals were dissolved in dimethyl sulfoxide
(200 μl), and the absorbance intensity was measured at 570 nm
[16–19]. The control was measured at different concentration of NPs
without light irradiation.

2.5. Cell viability in vero cells

The non toxic concentration and the effect of different light doses
were studied in non cancerous vero cell line. Cells (1× 105/ well) were
plated in 200 μg/ml of minimum essential medium in 96 well plate to
reach the confluency. Different concentrations of the NPs (0mg/ml to
200mg/ml) were added to the wells and incubated in 5% CO2 atmo-
sphere at 37 °C for 3 h. After incubation, the NPs containing media were
removed, and the cells were washed with PBS and then illuminated for
different time periods (10, 15, 20, 25 and 30min) using an LED light
source (300 nm). After illumination, PBS was removed, and complete

Fig. 1. UV–vis spectrum of Pd@SiO2 core-shell NPs a) before light irradiation
b) after light irradiation (30 min).

Fig. 2. XRD spectrum of Pd@SiO2 core-shell NPs a) air dried sample and b)
sample annealed at 200 °C.

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

K.I. Dhanalekshmi, et al. Photodiagnosis and Photodynamic Therapy 26 (2019) 79–84

80



culture medium was added. MTT assay was performed to the treated
cells as described in Section 2.4 after 12 and 24 h of incubation.

2.6. Statistical analysis

The datas were analysed 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.

2.7. DNA binding study

By using the UV absorption spectroscopy, the concentration of CT -
DNA was determined. The concentration of CT-DNA solution was de-
termined at 260 nm using a mean extinction coefficient value of 6600
M−1CM−1. The purity of the solution was determined and it showed
that the solution of CT-DNA in the buffer (5 mmolL−1Tris-HCl/50
mmolL−1NaCl buffer (pH 7.2)) gave a UV absorbance ratio at 260 and
280 nm of approximately 1.89:1 and was free from protein con-
tamination.

At room temperature, the electronic absorption titrations were
carried out in DMF (10%) solution of NPs using Tris-HCl/NaCl buffer (5
mmolL−1Tris-HCl/50 mmolL−1NaCl buffer pH 7.2). Core-shell NPs-
DNA solutions were allowed to incubate for 5min. Then the absorption
spectra were determined for different concentrations (0.6× 10−4,
0.8× 10−4 and 1×10−3 M DNA) of CT-DNA was determined by
keeping the NPs concentration constant.

2.7.1. Calculation of binding constant (Kb)
The binding affinity of core-shell NPs with CT-DNA was calculated

from Wolfe–Shimer Eq. (1) [20], through a plot of [DNA]/εa–εf vs.
[DNA],

[DNA]/εa–εf = [DNA]/εb–εf+ 1/Kb׀ εb–εf 1(׀ )

Where, [DNA] represents the concentration of DNA, Where εa is the
extinction coefficient observed for the charge transfer absorption at a
given DNA concentration, εf the extinction coefficient at the NPs free in
solution, εb the extinction coefficient of the NPs when fully bound to
DNA and Kb the equilibrium binding constant.

3. Result and discussion

3.1. UV–vis spectral analysis

UV–vis absorption spectrum of Pd@SiO2 is shown in Fig. 1. Without
light irradiation the NPs showed maximum absorption at 265 nm
(Fig. 1(a)). Simultaneous increase of light dose and irradiation time
increased the absorption spectrum as shown in Fig. 1(b).

3.2. X-ray diffraction (XRD) analysis

Fig. 2(a, b) illustrate the X-ray diffraction patterns of pre and post-
annealed Pd@SiO2 (at 200 °C in the air for 2 h) NPs respectively. From
Fig. 2(a), due to the amorphous SiO2 support very high broad peak
observed at 20°. Different characteristic peak for Pd species was not
observed in the XRD pattern recorded at 25 °C, because of the highly
dispersed nature of Pd species. After the heat treatment at 200 °C for 2 h
(Fig. 2(b)), a slight diffraction peak at 40° is assigned to Pd (111). With
increasing temperature during heat treatment, those peaks became
stronger and sharper due to the increase in the size of Pd particles. The
mean diameter (D) of the particles was calculated using Scherrer’s
formula. The calculated Pd@SiO2 core-shell NPs mean size was found
to be 42 nm respectively, that matches with the particles size of Pd@
SiO2 calculated by HR-TEM images.

Fig. 4. (a) SEM & (b) TEM images of Pd@SiO2 core–shell NPs.

Fig. 5. EDX spectrum of Pd@SiO2 core–shell NPs.
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3.3. Fourier transform infrared spectroscopy (FT-IR)

Fig. 3 shows the FT-IR spectrum of core-shell Pd@SiO2 NPs. In FTIR
spectra, band observed at 3259 and 1664 cm−1 corresponding to OeH
stretching and OeH bending vibrations of water molecules, which in-
dicate the hygroscopic character of the powdered samples. The band at
1398 cm−1 is due to the CH2 bending vibration of the solvent mole-
cules. The two peaks at 1049 and 950 cm−1 are assigned to the asym-
metric stretching vibrations of the SieOeSi and SieO (H) bands, and
those at 790 and 561 cm−1 can be ascribed to the symmetric stretching
and bending vibrations of the SieOeSi bond.

3.4. Scanning electron microscopy (SEM) & Transmission electron
microscopy (TEM)

Fig. 4(a) shows the SEM image of core-shell Pd@SiO2 NPs. The
synthesized Pd nanoparticles were nearly spherical and uniform in size,
and their diameter increased with the increasing TEOS amount and the
average diameter of Pd@SiO2 NPs was found to be 50 nm. The high
ratio of ethanol to water decreases the surface charge as a result of low
polarity, which helped complete condensation of TEOS on the NPs
surfaces [21].

Fig. 4(b) shows the HR-TEM image of Pd@SiO2 NPs. A majority is
showed by the dark images of Pd core within the size regime. Fig. 4(b)
shows the formation of nearly spherical particles of palladium core with
a particle diameter of 45–50 nm. There appears some non-uniformity in
the shell thickness. The core/shell nanostructures were clearly ob-
served, as a result of the strong contrast between the black cores and
gray shells, which confirms the Pd NPs were completely encapsulated
with silica shells. The thickness of the SiO2 shell depends on the coating
time and the concentration of TEOS.

3.5. Energy dispersive X-ray analysis (EDX)

EDX spectrum (Fig. 5) indicates that successful deposition of SiO2

NPs on the Pd surfaces. The EDX result of the coated Pd core with silica
shell confirms the presence of Pd, Si and O. Si and O peaks result from
the silica shell. No other peaks were detected in the EDX analysis,
suggesting the high purity of the core-shell NPs.

3.6. Cell viability

The cytotoxic effect of the nanoparticles at different concentrations,
light doses and incubation times on HeLa cells and vero cells were

Fig. 6. Effect of light dose and time on cell viability in HeLa cells after a) 3 h, b) 8 h, c) 12 h d) 16 h by Pd@SiO2 core-shell NPs and e) control without light dose after
16 h of incubation.
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studied by MTT assay. At the tested concentration of 200mg/ml, the
NPs exerted the significant cytotoxic effect of 40% death at the highest
light dose of 107.31 J/cm2. Likewise, the cytotoxic effect increased to
two fold by inducing about 80% of cell death after 16 h of incubation.
The graph infers that the maximal cytotoxic effect of the NPs was ob-
served at the concentration of 200mg/ml after 16 h of incubation at the
light dose of 107.31 J/cm2. Besides, it is noteworthy that the induced
death is found to be pronounced at the light dose of 71.54 J/cm2 after
12 h of incubation whereas only a slight change was observed in cy-
totoxicity activity below 71.54 J/cm2 at the different tested con-
centrations of the NPs. Thus increasing the concentration of the NPs to
suboptimal levels along with the increased light dose and hours of in-
cubation could influence the cytotoxicity activity in HeLa cells.

There was a significant 50% cell death observed at the concentra-
tion of 150mg/ml in the light dose of 71.54 J/cm2 after 16 h of in-
cubation (Fig. 6(d)) and this gradually increased to 60% upon an in-
crease in the dose of light to 107.31 J/cm2. At the 107.31 J/cm2 light
dose after 3 h, 8 h and 12 h the activity has increased from 35, 38 and
48% respectively (Fig. 6a–c). Only about 5 to 10% of the cytotoxic
activity was observed until the intensity of 58.65% to 8 h of incubation
at the 100mg/ml concentration. This trend gradually and significantly
increased up to 40% after the prolonged incubation period, and the
increase in the intensity of light 50% death of HeLa cells occurred at
16 h of incubation at the light dose of 107.31 J/cm2.

There was no appreciable cytotoxicity activity at the lowest con-
centration (50mg/ml). Only a marginal increase in activity observed up
to 12 h of incubation, however, the maximum activity of 40% cell death
occurred when the incubation period was increased up to 16 h and the
light increased to the concentration of 107.31 J/cm2. Thus both the
prolonged incubation period of the NPs and the increase in light dose
had exerted a directly proportional cytotoxic effect on the HeLa cells.

Cytotoxic effect of Pd@Sio2 were studied on vero cells to determine
the maximum non toxic concentration of Nanoparticles and also the

LED illumination effect on normal non cancerous cell lines. At 0mg/ml
concentration of nanoparticles and at the tested various light doses,
90% of cells were viable and this inferred clearly that the light dose
both the lower and higher doses studied had not affected the growth of
vero cells even after 24 h.

There was a negligible differenc observed at 50mg/ml and 100mg/
ml concentration after 24 h of incubation. However, the increased na-
noparticle concentration at 150mg/ml and 200mg/ml decreased the
cell viability to 50% after 24 h.

Hence it is obvious that the nanoparticles were highly specific in
exerting the cytotoxic effects to the HeLa cells and the higher light dose
was non lethal to normal vero cells upto 200mg/ml. It could also be
highlighted that below 50mg/ml, cell survival fraction was found to be
increased to 80% and the results are depicted in Fig. 7(a & b).

The nanoparticles at 200mg/ml after 16 h of incubation at the light
dose of 107.31 J/cm2 exhibited higher activity and were found to sig-
nificant *** p < 0.001. Nanoparticles at 150 and 100mg/ml had
shown the significance of ** p < 0.01. However the lowest con-
centration below 50mg/ml had shown p < 0.1-ns, non significant.

3.7. DNA binding studies

Absorption spectroscopy is among the most useful techniques that
are useful to study the binding of any drug to DNA. The interaction of
the core-shell NPs with CT - DNA was investigated using the UV ab-
sorption spectra of core-shell NPs in the absence and presence of

Fig. 7. (a) and (b) Effect of light dose and time on cell viability in vero cells after
a) 12 h and b) 24 h.

Fig. 8. (a) UV–vis spectrum of Pd@SiO2 NPs (1×10−4 M) in 5mM Tris-HCl
buffer with increasing amounts of DNA. a) Free NPs, b) NPs + 0.6× 10−4 M
DNA, c) NPs + 0.8×10−4 M DNA andd) NPs + 1×10−3 M DNA. (b) Plot for
the determination of Kb.
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increasing concentration of DNA and at a constant concentration of the
core-shell NPs (Fig. 8a). After the addition of DNA, the changes seen in
the UV spectra of the core-shell NPs (either increase or decrease in the
intensity or shift in the wavelength) which indicate that the interaction
of the core-shell NPs with DNA. It is because of the formation of a new
complex with the double-helical DNA [22]. The absorption bands of the
core-shell NPs are affected by increasing concentration of DNA. This
results in hypochromism with bathochromic shift characterized by the
non-covalently intercalative binding of the compound to DNA double
helix, due to the strong stacking interaction between the core-shell NPs
and base pairs of DNA [23,24]. Titration of DNA with Pd@SiO2 core-
shell nanoparticles showed a hypochromic effect of 38.93% and a
bathochromic shift of 42 nm. The number of available intercalation
sites becomes more at higher DNA concentration, and the aggregation
breaks up favoring intercalative binding of the NPs within the DNA base
pairs leading to a further decrease in the absorbance value with a sig-
nificant bathochromic shift [25,26]. The extent of binding strength of
the complexes is quantitatively determined by calculating the intrinsic
binding constants Kb of the complexes. This is done by monitoring the
change in absorbance at various concentrations of DNA (Fig. 8b). From
the plot of [DNA]/(εa – εf) versus [DNA], Kb values of complexes were
determined and found in the range of 4.62×104 M−1.

4. Conclusions

In conclusion, core shell Pd@SiO2 NPs were synthesized and char-
acterized. Preliminary studies were performed to identify the NPs as
tumor photosensitizer for photodynamic therapy (PDT) in HeLa cells.
The nanoparticles were tested in HeLa cells without irradiation as
control and the comparative results obtained between the nanoparticles
without irradiation and nanoparticles with irradiation had shown
marginal difference in the cell viability. The irradiation along with
nanoparticles is found to produce an increased marginal death of 10%
in HeLa cells. Hence the irradiation could have a considerable effect on
the HeLa cells when used in conjugation with nanoparticles. The DNA
binding studies revealed the interaction of the nanoparticles and the
DNA through intercalation. Further investigations on the DNA inter-
action studies are warranted to use the Pd@SiO2 NPs as potential PDTs.
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