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a b s t r a c t

Foams of bovine serum albumin (BSA) have been utilized for synthesizing in situ protein capped Ag–Pt
alloy nanoparticles. The in vitro cytotoxicity and the rate of proliferation of human gingival fibroblasts
(HGFs) in presence of the above synthesized alloy nanoparticles is investigated. Expression profile of pro-
tein involved in detoxification, i.e. metallotheonein (MT) were assayed by ELISA and expression of mRNA
transcripts by reverse transcription polymerase chain reaction (RT-PCR). Cytotoxicity results suggested
that protein capped nano-alloys might be promising candidates for implants and prosthetic material.
eywords:
rotein foams
lloy nanoparticles
iocompatibility
uman gingival fibroblasts

RT-PCR and ELISA confirmed the expression of MT, in cells treated with the alloy nanoparticles. Morphol-
ogy variation studied by SEM also confirms that cells treated with alloy nanoparticles present an intact
morphology.

© 2008 Elsevier B.V. All rights reserved.
LISA
RNA

. Introduction

Designing new synthetic protocols for nanoscale biocompatible
aterials is currently receiving considerable attention. Interest in

anomaterials arises due to new properties and functions stem-
ing from their dimension and modified electronic structure [1].
mong various nanomaterials, with respect to biomedical applica-

ions, much attention had been paid towards alloy and composite
aterials for their superior properties compared to the individual

omponents constituting the alloy/composite [2–5]. With respect
o applications related to dentistry some nanoparticulate systems
ave crossed the realm of researchers and have gained entry to
he market also. Particular mention should be made of Ag–Cu
eing used in dental implants and toothpastes that claim to con-
ain nanoparticles which over a period of time fill up the cavities
6]. In the recent past Ag–Pt alloy nanoparticles (NPs) aroused

uch interest of researchers because of their novel application in
entistry, bone and breast surgical implants on account of their
Please cite this article in press as: A.V. Singh, et al., Synthesis of Ag–Pt al
cytocompatibility against human gingival fibroblasts, Colloids Surf. B: Bioi

orrosion resistance and improved mechanical properties [7–9].
key challenge to material scientists is to synthesize biocom-

atible Ag–Pt alloy NPs for their application in vivo that imposes
tringent conditions of compatibility, non-immunogenecity, etc. A
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strategy towards such biocompatibility is to conjugate biocompat-
ible, non-immunogenic protein molecules to the alloy NPs. While
post-synthetic conjugation is a possibility, a much better alterna-
tive is to synthesize these materials in a template made-up of the
protein of interest.

Bimetallic colloids can be prepared by simultaneous co-
reduction of two kinds of metal ions with or without the protective
agent (usually a polymer or a surfactant) or by successive reduc-
tion of one metal over the nuclei of another involving physical or
chemical route [10–12]. Alloy systems are usually realized by the
simultaneous reduction of the metal ions [13]. For example, for the
chosen system here, i.e. Ag–Pt alloy the precursors of silver and plat-
inum ions are taken together and subjected reduction concurrently.
Usually the salt precursors used for silver are Ag+ ions while those
for platinum are PtCl6− ions. A stumbling block in this procedure
is the resultant alloy NP’s phase purity, i.e. to avoid the separate
nucleation of the individual nanoparticles along with the alloy NPs.
Traditional surfactants compound this problem, as these are nor-
mally either positively or negatively charged and preferentially bind
to one of the ions and hence promote separate nucleation. A way
to circumvent this problem is to achieve a thorough mixing of the
metal ions that constitute the alloy at atomic scale and then sub-
loy nanoparticles in aqueous bovine serum albumin foam and their
nterfaces (2009), doi:10.1016/j.colsurfb.2008.11.021

ject them to reduction. Here we use the bovine serum albumin as
a template and stabilizing agent, which is zwitterionic in nature
at its pI. The zwitterionic nature is also favorable for its foaming
and some of us have previously reported the advantages of using
foams for obtaining phase pure alloy NPs [14]. In the case investi-

dx.doi.org/10.1016/j.colsurfb.2008.11.021
http://www.sciencedirect.com/science/journal/09277765
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ated here, the alloy formation is simply accomplished by carrying
oth Ag and Pt ions in BSA foam simultaneously and reduction of
etal ions was achieved by passing vapors of hydrazine hydrate

hrough the foam. It is observed that the silver ions get reduced
ith hydrazine hydrate, which reduces the platinum ions by trans-
etallation reaction due to their favorable redox potentials for a

pontaneous reduction of Pt4+ by Ag0 [15]. At appropriate concen-
ration of the two ions alloy formation occurs and since these are
ormed inside the foam matrix the resultant alloy NPs are in situ
apped by the protein molecules.

Then, in order to probe the resultant alloy NPs biocompatibil-
ty, especially with dental applications in mind, we investigated
he effect of the alloy NPs on proliferation and cytotoxicity on
uman gingival fibroblast (HGF) cells cultured in vitro. Our data

ndicate that formed alloy NPs are more tissue compatible with
GFs compared to the salt precursors (Ag2SO4 and H2PtCl6) [16].
fter ascertaining the alloy NPs nontoxic nature, we studied the
vents at molecular level by ELISA and RT-PCR to assess the mecha-
ism involved in detoxification. It is well known that the expression
f the protein MT and its presence in culture conditions is indicative
f cell survival in spite of presence of salt [17]. In our study with alloy
nd silver salt precursors, MT expression is seen suggesting prima
acie that BSA capping provides compatibility of NPs with the cells
n vitro. SEM reveals that with salt precursors HGFs present loose
ell morphology but remain intact in alloy environment, support-
ng their utility for in vivo applications. Details of studies carried
ut are presented below.

. Experimental

.1. Chemicals

Silver sulphate (Ag2SO4), chloroplatinic acid (H2PtCl6), and
ydrazine hydrate (N2H4), all were obtained from Aldrich chem-

cals and used as received. Bovine serum albumin (BSA 98%, 66 kDa
ol. wt.) was obtained from SRL Chemicals, India Ltd. and used as

eceived.

.2. Synthetic procedure

In a typical experiment, a rectangular column of 50 cm in height
nd with a square base of 10 cm × 10 cm with sintered frit embed-
ed at the bottom was used for foam generation. 25 mL of Ag2SO4
1 × 10−3 M, that leads to a final concentration of 2 × 10−3 M Ag+

n the final solution) and 25 mL of H2PtCl6 (3 × 10−3 M) were
ixed and added to 50 mL bovine serum albumin (BSA) solution

3 mg/mL). The pH of the solution was adjusted to 4.7 which is
he pI of BSA. The solution was taken in the bottom of foam col-
mn. Nitrogen gas was allowed to pass through the frit at the
ottom of the foam column to generate the foam. The foam was
llowed to raise into the column up to a height of 45 cm and the
as flow was stopped. The excess liquid from foam was drained for
0 min so that a dry foam condition is created. A Petridish con-
aining hydrazine hydrate was kept under the foam column such
hat the vapors pass through foam and the reduction occurs. After
5 min of reaction, the color of foam column changes to grayish.
he reduced alloy NPs in foam are collected by spraying water from
he top of the foam column. The collected solution was centrifuged
t 10,000 rpm for 15 min for the separation of protein from the
ample. The pellet sample was washed with distilled water and re-
Please cite this article in press as: A.V. Singh, et al., Synthesis of Ag–Pt al
cytocompatibility against human gingival fibroblasts, Colloids Surf. B: Bioi

entrifuged described as above for complete removal of uncapped
rotein from sample. The pellet sample was used for the further
V, XRD, TEM, XPS characterization, etc. We also tried to synthesize

ndividual platinum and silver nanoparticles in BSA aqueous foam
y same method as described above. In these cases a 50 mL solu-
 PRESS
: Biointerfaces xxx (2009) xxx–xxx

tions of Ag2SO4 or H2PtCl6 (1 × 10−3 M) were taken instead of the
mixture. The reduction was observed only when silver ions alone
were taken and with platinum alone no reduction took place.

2.3. UV–vis spectroscopy studies

The optical properties were monitored on a Jasco UV–vis spec-
trophotometer (V570 UV-VIS-NIR) operated at a resolution of 2 nm.

2.4. TEM measurements

TEM samples were prepared by placing a few drops of their aque-
ous dispersions on carbon coated copper grids and allowing them to
dry. TEM measurements were performed on a JEOL model 1200EX
instrument operated at an accelerating voltage at 80 kV.

2.5. X-ray diffraction measurements

Thick films on glass substrate prepared from the aqueous solu-
tions were used for this purpose. The samples were characterized on
the X’pert Pro model X-ray diffractometer from PanAlytical instru-
ments operated at a voltage of 40 kV and a current of 30 mA with
Cu K� radiation.

2.6. XPS measurements

XPS measurements of Ag–Pt alloy nanoparticles were carried
on a film deposited onto copper substrate by the drop coating tech-
nique. VG Micro Tech ESCA 3000 instrument operating at a pressure
better than 10−9 Torr was used. The general scan was performed and
C 1s, N 1s, O 1s, S 1s, Ag 3d and Pt 4f level spectra were recorded with
un-monochromatized Mg K� radiation (photon energy = 1253.6 eV)
at pass energy of 50 eV and electron take off angle (angle between
electron emission direction and surface plane) of 60◦. The over-
all resolution of measurement is 1 eV for the XPS measurements.
The core level spectra were background corrected using the Shirley
algorithm [18] and chemically distinct species were resolved using
a nonlinear least square procedure. The core level binding energies
(BEs) were aligned with respect to the C 1s binding energy of 285 eV.

2.7. Cytocompatibility test

Human gingival fibroblasts (HGFs) were isolated from three
patients under local anesthesia from normal skin (two males and
one female from 18 to 35 years of age) with their informed consent
without any history of oral pathology. Proper Ethical Cleavances
were taken from appropriate authorities. Before culture, the sam-
ples were rinsed with phosphate-buffered saline (PBS), and deep
dermal layers and necrotic tissues were removed. Tissue were cut
into small fragments by sterilized scalpel and then transferred to
Petridishes containing 20 mL dispases (20 mg/mL). Tissue pieces
were again rinsed with PBS and further minced with scalpel in
order to loosen the tissue matrix and facilitate the migration of
fibroblast into the medium. HGFs were next isolated from tissue
pieces by overnight digestion with Type I collagenase (80 U/mL,
Worthington Biochemical Corporation, Freehold, NJ) with Dulbecco
modified Eagles media [DMEM] containing 20% fetal calf serum
(FCS from Gibco BRL, Carlsbad, CA) at 37 ◦C and plated in 75 cm2

plastic culture flask. Now fibroblast were further propagated in
DMEM supplemented with 10% FCS, penicillin and streptomycin
[100 �g/mL each, Gibco Invitrogen Corporation], and amphotericin
loy nanoparticles in aqueous bovine serum albumin foam and their
nterfaces (2009), doi:10.1016/j.colsurfb.2008.11.021

B [2 ng/mL Gibco] under standard culture conditions (i.e. at 37 ◦C
in a humidified atmosphere containing 5% CO2) and cell culture
medium were changed regularly at an interval of every 48 h. After
attaining 80% confluence, cells were trypsinized and passaged into
1:3 split ratios. After first passage, cells were routinely maintained

dx.doi.org/10.1016/j.colsurfb.2008.11.021
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n 10% FCS-DMEM during a week. For the cell culture studies, HGFs
ere used after 4–5th passage.

.8. RNA extraction and reverse transcription polymerase chain
eaction (RT-PCR)

For determination of metallotheonein (MT) expression in
esponse to metal toxicity, HGFs were seeded at density of
× 105 cells/well in six well culture plates and incubated overnight.
ells were treated separately at 50 and 100 �M concentrations for
g2SO4, H2PtCl6 and Ag–Pt alloy NPs for next 24 h. Untreated cells
ere taken as standard control for RT-PCR. Total RNA was extracted

rom control cells and treated cells with NPs and salt precursor
sing Triazol methods (Invitrogen, Carlsbad, CA) and purification
olumns (RN easy, Quiagen, Valencia, CA). After DNAse I treatment,
everse transcription of 2 �g of RNA from different samples includ-
ng control were incubated with random primer, 0.1 �M oligo (dT)
rimer (Clonetech), 500 �M dNTPs and 200 units of MMLV reverse
ranscriptase (Life technologies) at 37 ◦C for 1 h. This was followed
y incubation for 5 min at 95 ◦C in the presence of RNase inhibitors
o avoid RNA contamination from previous step and to ensure
DNA to be amplified following PCR reactions. The PCR reaction
as performed from the transcripts obtained after cDNA synthe-

is from each sample including control using recombinant Taq
olymerase (Life technologies) with forward primer sequence 5′-
TGGATCCCAACAACTGCTCCTGCG-3′ and reverse primer sequence
′-AGGGCTGTCCCAACATCAGGC-3′ under following PCR reaction
onditions: denaturation at 94 ◦C for 1 min, annealing at 62 ◦C for
min and extension at 72 ◦C for 1 min. After 30 cycles, there was
final extension at 72 ◦C for 10 min. �-Actin was used as loading

ontrol with 5′-TGGAATCCTGTGGCATCCA-3′ as forward primer and
′-TAACAGTCCGCCTAGAAGCA-3′ as reverse primer.

.9. Enzyme linked immunosorbent assay (ELISA)

HGFs cells were seeded in six well plates over night at seed-
ng density of 5 × 105 cells/well and subsequently treated with
ame concentration as mentioned above for cytocompatibility test
ith salt precursors and alloy NPs for 24 h. Untreated cells served

s standard control for MT expression profile. All culture sam-
les exposed to metal salt precursors and alloy NPs as mentioned
bove were assayed for MT secretion using sandwich ELISA. Fisher
lates were coated with goat-anti-mouse Fab antibody and non-
pecific sites were blocked with BSA (30 g/L) and sodium azide
3 mmol/L). Unbound BSA was washed with PBS and monoclonal
nti-human metallotheonein-1 and -2 were added in 1:600 ratio
nd incubated for 2 h. Plates were washed with washing buffer
nd 100 �L purified metallotheonein from cells incubated with
ifferent salt precursor and alloy NPs were added. After brief

ncubation washed and biotinylated chicken anti-human metal-
otheonein IgY in a 1:1000 was added to this and further incubated
or 2 h. Later plates were washed and avidin/alkaline phosphatase
onjugate (Sigma Chemicals) was added in dilution of 1:4000 and
ncubated for an hour. Plates were washed and p-nitro phenyl phos-
hate was added and after incubation, absorbance was recorded at
05 nm.

.10. Proliferation assay

Assay was performed during 7-day span. Seven sets of six well
lates with seeding density as mentioned above were scheduled
Please cite this article in press as: A.V. Singh, et al., Synthesis of Ag–Pt al
cytocompatibility against human gingival fibroblasts, Colloids Surf. B: Bioi

o study at the rate of one set of plate each day. Cells from each
late after schedule time of study were gently rinsed with PBS and
reated with 0.1% collagenase in 300 �L of 0.25% trypsin and 1 mM
DTA at 37 ◦C for 15 min. A Neubar’s chamber was used to count
he detached cells and selected surface were carefully observed
 PRESS
Biointerfaces xxx (2009) xxx–xxx 3

under microscope in order to assure that no cells remain attached
at selected surface.

2.11. SEM analysis

Cell morphology and surface integrity of those exposed to salt
precursors and alloy NPs were studied by Leica Stereoscan-440
scanning electron microscope (SEM) equipped with a Phoenix EDAX
attachment.

3. Results and discussions

3.1. Chemical characterization

The general process for synthesis of nanomaterials in foam
matrix involves the electrostatic complexation of metal ions with
oppositely charged surfactant molecules, followed by the foam gen-
eration and subsequent in situ chemical reaction appropriate for
the desired material. BSA imparts greater flexibility to this method
by allowing the complexation of metal ions with opposite charges
simultaneously at its isoelectric point. BSA along with albumin and
casein are also known to be some of the best foaming [19] proteins.
We found that stable foam could be obtained when both Ag+ and
PtCl6− ions are taken simultaneously or separately in the BSA aque-
ous mixture. The formation of metal alloy nanoparticle by action of
hydrazine in aqueous foam of BSA can be easily proved by the com-
bination of optical absorbance, TEM, XRD and selected area electron
diffraction patterns.

We have observed that the platinum ions are not reduced by
hydrazine hydrate in BSA aqueous foam while silver ions get easily
reduced [14]. More specifically, when silver ions alone are present
in the foam matrix hydrazine exposure leads to yellow color for-
mation [14]. In contrast, no color change is observed when similar
experiment is carried out with Pt4+ ions immobilized in the foam
matrix. XRD measurements carried on the solution after rupturing
the foam matrix did not reveal any discernible peaks supporting this
claim. Thus, we can conclude that hydrazine vapors are not capable
of reducing Pt4+ while they can reduce Ag+ to Ag0. Most interest-
ingly, when silver and platinum salts were carried into the BSA foam
matrix simultaneously and allowed to react with hydrazine hydrate
vapors, the colorless foam matrix turned to dark grayish. The nature
of nanoparticles formed when Ag+ and Pt4+ ions are simultaneously
taken was characterized by UV–vis, XRD and TEM techniques and
are described in the following. First, the optical spectra for Ag–Pt
alloy NPs are shown in Fig. 1A along with the spectrum of silver
nanoparticles alone produced under similar conditions to those of
alloy NPs. The silver nanoparticles alone display a peak at 418 nm
(curve 1) while for Ag–Pt alloy NPs a peak at 400 nm (curve 2) is
observed. Aqueous dispersions of silver nanoparticles are known
to absorb in the vicinity of 420 nm [20], while platinum particles
show only a monotonous increase in absorbance as the wavelength
decreases [21]. It is known in the literature that in the alloy NPs of
two metals a peak in absorbance is observed between those of the
individual nanoparticles [13]. Thus, the clear blue shift in curve 2
with respect to silver NPs suggests the formation of alloy NPs by
optical characterization [22]. These alloy dispersions were allowed
to reflux for few min. Refluxing is known to facilitate alloy nanopar-
ticles formation even if there are few individual nanoparticles [23].
The absorbance curve after reflux shows further blue shift and a
narrower peak compared to as synthesized alloy NPs (Fig. 1A, curve
loy nanoparticles in aqueous bovine serum albumin foam and their
nterfaces (2009), doi:10.1016/j.colsurfb.2008.11.021

3). The narrow peak may indicate a narrower size distribution (vide
infra) and the blue shift suggests a better alloy formation. For further
confirmation of alloy formation, the X-ray diffraction characteriza-
tion for silver (curve 1) and silver platinum alloy NPs (curve 2) were
carried out and results are shown in Fig. 1B. Pure silver NPs show

dx.doi.org/10.1016/j.colsurfb.2008.11.021
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ig. 1. (A) UV–vis spectra of silver nanoparticles (curve 1) and Ag–Pt alloy nanopar
oam. The curves have been shifted vertically for clarity. (B) X-ray diffraction patter
t are shown as vertical lines.

wo strong scattering peaks at d values ∼2.37 and ∼2.05 Å that can
e assigned to the (1 1 1) and (2 2 2) planes respectively (JCPDS 04-
783). The reported d values for fcc phase pure Pt are 2.26 and 1.96 Å
hat are shown as vertical lines in Fig. 1B (JCPDS 04-0802). Ag–Pt
lloy NPs (curve 2) show two peaks, a sharp peak corresponding to
he d value 2.33 Å and another broad peak at 2.03 Å. However, the
eaks at 2.33 and 2.03 Å that are in between those corresponding
o pure silver and pure platinum strongly supporting the alloy for-

ation [22] and are in full accordance with Vegards law [24]. The
g–Pt alloy formation observed here could be happening via a dif-

erent mechanism as compared to the previously reported Au–Ag
lloy formation [14]. From the sequence of events it can be deduced
hat the silver ions are first reduced to Ag0 which in turn reduce the
t4+ ion, through a galvanic exchange reaction [15]. The reasons for
he requirement of higher platinum as compared to the silver ions
s not clear at this moment. One possible reason is that silver ions
ind to BSA little better than Pt ions through thiol containing amino
cids and also owing to their smaller size necessitating higher plat-
num concentrations for better alloy formation. We hasten to add
ere that these are intuitive explanations and better studies are
eeded to substantiate them further.

Further, the alloy NPs were subjected to TEM characterization.
he resulting TEM micrographs are shown in Fig. 2A and B indicat-
ng that the NPs are mostly polydisperse in nature with an average
ize of 10–15 nm and few alloy particles tends to from irregular
ggregates evident as larger particles in TEM images (Fig. 2B). Inset
n Fig. 2B shows selected area electron diffraction (SAED) that can
e indexed to 1 1 1, 2 0 0, 2 2 0, and 3 1 1 planes appearing from
ragg reflections of the alloy. The diffuse ring pattern in SAED sug-
ests that formed alloy NPs is polycrystalline in nature. The TEM
icrographs (Fig. 2C and D) observed from the samples subjected

o reflux show the formation of spherical particle with a slightly
arrower size distribution as compared to as prepared sample. The
elative size and shape uniformity in the refluxed sample explains
he narrower and more defined peak (Fig. 1A, curve 3) in the opti-
al spectra. The selected area electron diffraction for these sample
gain showed diffraction corresponding to the planes (1 1 1, 2 0 0,
2 0, and 3 1 1; as shown in inset of Fig. 2D) and strongly indi-
Please cite this article in press as: A.V. Singh, et al., Synthesis of Ag–Pt al
cytocompatibility against human gingival fibroblasts, Colloids Surf. B: Bioi

ate that there is no significant change in crystal pattern of alloy
Ps upon heating. The spot pattern observed suggests increased
rystallinity upon refluxing.

Auxiliary confirmation for the presence of metals in the reduced
tate comes from X-ray photoelectron spectroscopy. The pellet sam-
before refluxing (curve 2) and after refluxing (curve 3) synthesized in BSA aqueous
ilver (trace 1) and Ag–Pt alloy nanoparticles (trace 2). The expected peaks for pure

ple was drop coated on copper strip and the core level spectra’s were
recorded. The Ag 3d core level spectrum is shown in Fig. 3A while
the Pt 4f core level spectrum is shown in Fig. 3B. The general spectra
of the above sample was also recorded and showed the presence of
C 1s, N 1s, S 2p, O 1s, core level spectra. The charging correction in
all the core level spectra were effected by taking the C 1s binding
energy to be 285 eV. The spectra in Fig. 3(B) could be deconvoluted
in to two-spin–orbit pairs one corresponding to Pt 4f7/2 (BE 72.1 eV
and spin-orbit coupling 3.35 eV) characteristic of Pt in the sample
and the other corresponding to Cu 3p3/2 (BE 76.6 eV and spin-orbit
coupling 2 eV) that could be coming from substrate. The Ag 3d core
level spectrum could be resolved into a single spin orbit (spin–orbit
splitting 6 eV) with 3d5/2 BE of 368.2 eV (Fig. 3A). This BE is charac-
teristic of Ag in fully reduced state. The fact that the spectrum could
be deconvoluted into a single spin–orbit pair indicates the complete
reduction of Ag ions by the hydrazine. Above observations recorded
in XPS are in good agreement with reported values [25].

3.2. Cytotoxicity studies in vitro

Biomedical applications of noble metal nano-alloys necessitate
their cytocompatiblity and capacity to restore natural morphol-
ogy of the tissue in contact without triggering immunogenecity
and alteration of tissue morphology. Therefore, prior to in vivo
applications, an in vitro method to evaluate cytocompatibility is
a prerequisite. In order to deduce the biological applications of
Ag–Pt alloys, we studied proliferation kinetics and viability of cells
exposed to alloy NPs at different concentrations. In addition how
the present alloy effects the cell shape and morphology were eval-
uated by SEM. The purpose of aforementioned studies was to make
a case for the usage of synthesized alloy for dental and prosthetic
applications.

MTT [3-(4,5-dimethylthiazoyl-2-yl)-2,5-diphenyltetrazolium
bromide] assay is used to demonstrate the viability of cells through
the reduction of the pale yellow MTT dye to a dark blue formazan
product by the activity of succinate dehydrogenase present in the
mitochondria of living cells. The amount of formazan formed is
thus directly correlated to the number of living cells present and
loy nanoparticles in aqueous bovine serum albumin foam and their
nterfaces (2009), doi:10.1016/j.colsurfb.2008.11.021

is recorded as an absorbance at 570 nm by dissolving the formed
produced in a suitable organic solvent [26]. The results of the
cytotoxicity of Ag, Pt salt precursors and Ag–Pt alloy nanoparticles
for HGF cells are shown in Fig. 4A. Untreated and cells treated with
only BSA served as control experiments. After 48 h of treatment,

dx.doi.org/10.1016/j.colsurfb.2008.11.021
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ig. 2. (A and B) TEM micrograph of Ag–Pt as prepared nanoparticles. The inset in (B
C and D) TEM micrograph of Ag–Pt alloy nanoparticles after refluxing the as-prepar
o the alloy phase and indexed to 1 1 1, 2 0 0, 2 2 0, and 3 1 1 planes.

ells exposed to 50 �M silver salt show more than 75% cell viability
here as 100 �M salt reduces viability to ∼15%, suggesting that

ilver salt beyond 50 �M concentration may be toxic. This toxicity
ecomes more apparent in case of H2PtCl6 salt that shows conspic-
ous mortality to cells at both 50 and 100 �M of salt concentration.
Please cite this article in press as: A.V. Singh, et al., Synthesis of Ag–Pt al
cytocompatibility against human gingival fibroblasts, Colloids Surf. B: Bioi

ratifyingly, the results with BSA capped Ag–Pt alloy NPs are
ery encouraging with viability of 100% at both, 50 and 100 �M
oncentrations. Additionally, since viability was negligible in Pt
alt precursor, we choose silver salt precursor and Ag–Pt alloy
anoparticles for comparative study of proliferation kinetics at

ig. 3. (A) X-ray photoelectron core level spectra for Ag 3d for single pair spin–orbit coup
he solid lines corresponds to Pt 4f7/2 and dashed lines corresponds to Cu 3p. The Cu sign
s the selected area electron diffraction indexed to 1 1 1, 2 0 0, 2 2 0, and 3 1 1 planes.
persion. The inset in (D) shows the selected area electron diffraction corresponding

50 �M concentrations. Cells were inoculated with suitable seeding
density and counted after every 24 h (Fig. 4B). The results indicate
that cells proliferate better in BSA capped Ag–Pt environment
compared to control (cells without any salt precursor or alloy NPs)
and silver salt environment. This may occur due to size depen-
loy nanoparticles in aqueous bovine serum albumin foam and their
nterfaces (2009), doi:10.1016/j.colsurfb.2008.11.021

dent faster uptake of protein capped alloy nanoparticles and the
protein uptake subsequently may activate certain growth factors
that are necessary for cell proliferation in vitro. It is note worthy
that after 6 days of kinetics proliferation differences increases
clearly.

ling. (B) X-ray photoelectron core level spectra of Pt 4f7/2 spin-orbit coupling pair.
als are form the substrate.

dx.doi.org/10.1016/j.colsurfb.2008.11.021
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ig. 4. (A) Cytotoxicity studies of alloy NPs on HGFs cells. MTT assay shows dose de
ingival fibroblast after 24 h of exposure. (B) Cell proliferation assay performed dur

We also addressed another important issue regarding inher-
nt detoxification mechanism of cells in vitro that may explain
he results observed above. The primary fibroblast culture that we
tarted our experiments with, are expected to have some degree of
nherent detoxification mechanism to the toxicity of metals [27].

e tried to understand the detoxification mechanism both at pro-
ein and mRNA level. In general, expression of metallotheonein,
Please cite this article in press as: A.V. Singh, et al., Synthesis of Ag–Pt al
cytocompatibility against human gingival fibroblasts, Colloids Surf. B: Bioi

low molecular weight, cysteine rich, metal binding protein is
nown to facilitate biocompatibility of various metal ions to cells in
itro [17] though the precise mechanism is yet to be explored. It is
ypothesized that MT binds to metal precursors in medium bring-

ig. 5. (A) ELISA showing MT expression after cell exposure to salt precursor and alloy N
nd 7 respectively). Plots 2, 4 and 6 correspond to 50 �M and 3, 5, 7–100 �M concentratio
s loading control; lower panel: Mr M, molecular marker; C, control; 1, 3 and 5 correspon
rom cells exposed to 100 �M silver salt and alloy NPs respectively.
nt (50 and 100 �M) response of Ag–Pt alloy NPs and their salt precursor on human
ays on cells in vitro with alloy and salt precursor.

ing a reduction in the toxic potential of metals. We evaluated the
expression of metallotheonein protein in cell culture experiments
by ELISA in presence of salt precursor and alloy NPs. It is observed
that neither the control cells (untreated) nor the cells exposed to
platinum salt precursor in 50 and 100 �M concentrations express
MT (Fig. 5A, columns 4 and 5 respectively). This is to be expected to
some extend because silver ions are known to be toxic. Luckily the
loy nanoparticles in aqueous bovine serum albumin foam and their
nterfaces (2009), doi:10.1016/j.colsurfb.2008.11.021

expressed MT is probably reducing their toxicity and making them
biocompatible. What is interesting is that Pt4+ ions, which are prob-
ably not as toxic as that as Ag+ ions, do not elicit the MT expression
and the cell viability is significantly low in this case. On the other

Ps (C: control; Pt salt: 2 and 3; silver salt: 4 and 5; alloy NPs correspond to plots 6
ns. (B) RT-PCR data showing production of MT at mRNA level (upper panel: �-actin
d to 50 �M and 2, 4, 6–100 �M concentration respectively). (C and D) SEM images
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and, both silver salt and Ag–Pt alloy NPs (columns 4 and 5: Ag
alts; columns 6 and 7: alloy NPs) elicit significant MT expression
hat probably make them biocompatible. However, these results are
ittle more complex to be explained in simple term and probably
eed to be studied at much detailed level. These will be addressed

n our future work.
In addition, we evaluated expression of MT genes in relation

ith protein profile studies as above. Interestingly, mRNA expres-
ion data obtained by RT-PCR supports the above observations in
LISA test (Fig. 5B). Untreated cells taken as control and cells treated
ith Pt salt precursor show no expression of mRNA, as MT expres-

ion at protein level is absent. MT expression is vivid in wells with
broblast exposed to silver salt precursor. Moreover, since there is
ominal MT expression in cells treated with BSA capped Ag–Pt alloy
Ps, in mRNA profile an under expressed faint band is observed.
hus ELISA result are in reasonably good agreement with the RT-PCR
esults corroborating that Ag–Pt alloy NPs do not elicit toxic effects
ven at concentrations up to 100 �M though their counter part plat-
num salt precursor imposed severe toxicity. Also, it is gratifying to
ee that the cell proliferation is significantly higher in the presence
f alloy NPs. These results demonstrate that alloy NPs synthesized
n BSA foam is promising candidates for dentistry and prosthetic
pplications in vivo. Also, SEM images (Fig. 5C and D) demonstrate
hat cells remain intact showing survival after incubation with alloy
Ps while the cells loose surface integrity with the Pt salt.

In conclusion, the unique foam forming properties of BSA protein
as been adeptly exploited to synthesize Ag–Pt alloy nanoparticles.

n addition, we presented detailed study regarding cytocompatibil-
ty and detoxification of these alloy NPs to HGFs that suggest NPs do
ot alter cell morphology and rate of proliferation of cells in vitro.
he tissue permeability and nontoxic nature of alloy demonstrate
heir promising applications in as dental prosthetic/restorative

aterials. We believe that the biocompatible alloy NPs using BSA
rotein foam template will raise sufficient interest as novel mate-
ials for dentistry and prosthesis applications. Further work in this
irection is currently in progress.
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