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a b s t r a c t

To perform biosensing using nanoparticles in solution, silver particles were coated with bovine serum
albumin (BSA) and polyvinyl alcohol (PVA) as control stabilizer. The plasmon resonance (420 nm) of
the silver nanoparticles in solution was shifted slightly to longer wavelength (443 nm) when they were
coated with BSA. The biointeractions of these engineered nanoparticles were studied using a mouse
vailable online 12 March 2011

eywords:
ilver nanoparticles
VA/BSA stabilization of nanoparticles
iocompatibility study

model. No significant changes in behavior or toxicity were observed. The nanoparticles were detected
in all tissues including the brain. Antibody recognition was monitored via the change in light absorption
which accompanied binding, indicating that the particles can be used as a biosensor to gain more insight
into cellular mechanisms governing the function of organs in general, and the blood brain barrier (BBB)
and brain in particular.
ice
iosensor

. Introduction

Nanoparticles have been recognized as effective probes in the
eparation of analytes such as phosphopeptides, antigens, oligonu-
leotides, proteins, carbohydrates, and bacteria, etc., [1–13]; Chen
t al. [14] had already reported the use of negatively function-
lized magnetic gold nanoparticles as affinity probes in trapping
ositively charged species from aqueous solutions through the
lectrostatic force of attractions. Chou et al. (2005) [15] also
eveloped magnetic nanoparticles coated with cross linker (N-
ydroxysuccinimide ester) as affinity probes to isolate and pre
oncentrate target antigens from biological media through covalent
onding. Hydrophilic peptides are easily analyzed using the modi-
ed nanoparticles or other means of sample preparation techniques
16–19].

Among noble metal nanoparticles, silver nanoparticles have
eceived considerable attention due to their attractive physico-
hemical properties and the strong toxicity to a wide range of

icroorganism [20–22]. Nanosilver can be modified for better

fficiency to facilitate their diverse applications in Medicine and
ife sciences such as drug development, protein detection and
ene delivery [23,24]. Surface Plasmon Resonance (SPR) sensors

∗ Corresponding author. Tel.: +91 0452 2458905; fax: +91 04522458684.
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are widely used for biosensing, especially as affinity biosensors
[23,25].

Recently, polymer nanocomposites are the subject of increased
interest because of the unique properties that can be achieved
with these materials. Polymers are considered as a good host
material for metal [26–28] and semiconductor [29,30]. To pro-
vide longer circulation times, the particles are usually coated
with hydrophilic and biocompatible polymers/molecules, such as
polyethylene glycol (PEG), dextran, polyvinyl alcohol (PVA), poly
(acrylic acid), poly (lactide-co-glycolide) (PLGA), chitosan, pullulan,
and poly (ethyleneamine) (PEI) [31,32]. Polyvinyl alcohol has excel-
lent film forming, emulsifying, and adhesive properties. Coating
of particle surfaces with PVA prevents their agglomeration, giving
rise to monodisperse particles. Fabrication and characterization of
silver-polyvinyl alcohol nanocomposites were already reported by
Mbhele et al. [33]. Recent developments have improved the sen-
sitivity of optical sensors based on metal nanoparticle arrays and
single nanoparticles. Localized surface plasmon resonance sensors
are attempted to detect molecular binding events and changes in
molecular conformation.

The objective of this study was to develop a novel biosensor
with capability of probing protein with silver nanoparticle labels
using bovine serum albumin (BSA) as a selector and subsequent

signal amplification by silver enhancement. Understanding the
unique characteristics of engineered nanomaterials and their inter-
actions with biological systems is key to the safe implementation
of these materials in biomedical diagnostics and therapeutics and
hence the physical properties and cellular uptake of PVA and BSA

dx.doi.org/10.1016/j.colsurfb.2011.02.012
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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ssociated silver nanoparticles were studied. The resulting
anoparticles may eventually be utilized with proper modifications

or various biomedical applications.

. Methods

.1. Preparation of silver nanoparticles

The conventional reduction method was used for the synthe-
is of silver nanoparticles. Silver nanoparticles were prepared by
educing 1 mM silver (I) to silver (0) by using sodium borohydride.
oly(vinyl alcohol) was first employed both as a dynamic buffer
dditive and as a physically adsorbed coating as described by Karger
nd Goetzinger [34] the described procedure leads to the formation
f Ag particles with average diameter of 20 nm.

To prepare the Ag–BSA, the Ag(0) combined in an appropriate
atio (parts) (28:1) with 1% BSA dissolved in water. The reaction
as allowed to proceed for 1 h, and the product was used for further

tudies.

.2. Characterization of Ag–PVA and Ag–BSA

Absorption spectra of Ag–PVA and Ag–BSA colloids were mea-
ured in the wavelength ranging from 300 to 700 nm using a
nicam UV–vis spectrophotometer. AFM characterization was
one by Advanced Physics and Engineering Research Aloo SGS AFM.
TIR spectroscopic analyses were carried out using a Jasco Fourier
ransform Infrared Spectrometer 410. FTIR spectrophotometer was
onnected to a photoacoustic cell in the spectral range from 4000
o 400 cm−1.

.3. Animal studies

Ag–PVA and Ag–BSA nanoparticles were administered intra-
eritoneally in to a group of three mice for each sample and
hosphate buffered saline (PBS) was given to control mice. All the
ice were maintained in standard cage and fed with standard diet.
fter four days animals were sacrificed, blood and tissue samples
ere pooled for further studies.

.4. Toxicity tests

.4.1. Anti-oxidant parameters
Blood biochemistry analysis such as alkaline phosphatase activ-

ty, Na+K+ATPase activity, GSH level, Catalase assay and LPO activity
ere done following the methods of Ronner et al. [35]; Beutler et al.

36]; Beers and Sizer [37] and Ohkawa et al. respectively [38].

.5. Biological distribution pattern

In order to study the tissue distribution pattern in mice, ani-
als (after X-ray detection) were dissected after 4 days of Ag–PVA,
g–BSA injection. All tissues were homogenized in saline solution
nd the quantities of silver nanoparticles present were calculated
rom the UV–visible absorption spectra at 420 nm specific for sil-
er nanoparticles. The background absorption was corrected using

ontrol tissues homogenate.

.5.1. Immunoprecipitation of Ag–PVA and Ag–BSA
The various tissue samples were incubated with antiBSA anti-

ody raised in rabbit for one hour at 37 ◦C and 4 ◦C overnight. The
mmuno precipitate after centrifugation at 10,000 rpm for 5 min

as dissolved in PBS and quantified.
Fig. 1. UV–visible spectrum of Ag–PVA and Ag–BSA nanoparticles.

2.6. Statistical analysis

Statistical analysis was performed using the statistical package.
The data were analyzed using STDEV (Microsoft Excel, Microscoft
Corporation, USA.). The data are expressed as Mean ± SD.

3. Results

The nanocomposite was prepared by mixing a colloidal solu-
tion consisting of silver nanoparticles with a solution of PVA and
BSA in appropriate ratios. The nanoparticles were predominantly
spherical in shape and poly dispersed with diameters in the range
20–60 nm. Composite films with different contents of inorganic
phase were obtained after solvent evaporation.

3.1. Optical and structural characterization of the Ag–PVA
nanocomposites

The absorption spectra of the colloidal solution containing Ag
nanoparticles are shown in Fig. 1. The surface plasmon absorp-
tion band of the Ag–PVA colloid was sharp, peaking at 420 nm.
This result indicated narrow size distribution of the Ag nanopar-
ticles with average diameter of 20 nm. After adsorption of BSA, an
enhancement of the particle plasmon absorption at a wavelength of
443 nm was observed (Figs. 1 and 6). The plasmon absorbance was
found to change and shift to a higher wavelength after the affinity
binding. More specifically, an increase by 25% its initial absorption
value was observed when the absorbance spectrum shifted from
420 nm to 443 nm with BSA and 447 nm with BSA: anti BSA up on
BSA/anti BSA binding.

Atomic force microscopy (AFM) was employed to characterize
the size of the silver and was found to vary between 20–60 nm
(Fig. 2). Aggregation and increase in size was observed in Ag–BSA.
The prepared nanoparticles were stored as thin biofilms which
prevented aggregation and can be dissolved in water for fur-
ther use. To determine the change in chemical bonding between
the Ag–PVA and Ag–BSA, FTIR measurements of both nanocom-
posites were performed (Fig. 3). Change in the IR spectrum of
the Ag–PVA nanocomposite was observed for the band peak-
ing at 1386 cm−1 and Iin Ag–BSA, this band was at 1384 cm−1.
The C–H wagging vibration frequency occurred at 1652 cm−1 for
the Ag–BSA while it occurred at 1637 cm−1 in the silver alcohol
couple.

3.2. Evaluation of the in vivo toxicity of the silver nanoparticles
In order to evaluate the toxic effect, silver nanoparticles sta-
bilized with PVA and BSA were injected into mice and various
biochemical parameters were analyzed. During the study period
(4 days), treatment with silver nanoparticles did not cause any
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Fig. 2. AFM of Ag–PVA (top

dverse effect on the growth, no significant differences in the body
eight were observed between the silver nanoparticle treated mice
nd control mice. No abnormal clinical signs and behaviors that
ere investigated in this study were detected in both the control

nd treated groups.

Fig. 3. FT/IR pattern of Ag–PVA and Ag–BSA.
AFM of Ag–BSA (bottom).

3.2.1. Biochemical antioxidant parameters
Table 1 shows the level of different biochemical factors in blood.

In the current study, the LPO activity decreased 1.04 than con-
trol. But all the other activities increased. In the experiment with
BSA stabilized silver nanoparticles when compared with normal
mice, the LPO and Catalase activities decreased. Elevated levels of
Na+K+ATPase and alkaline phosphatase activities were observed in
BSA coated silver nanoparticles than the PVA stabilized (Table 1).

3.3. Distribution of silver nanoparticles in various organs

Silver nanoparticles were detected in the brain, liver, lungs, kid-
neys, spleen and heart (Fig. 4). High concentration of Ag–PVA was
seen in liver followed by kidney and intestine. Ag–BSA showed
maximum concentration in brain followed by spleen and kidney.
The glutamine synthase activity was increased (data not shown) to
show the increased neural transmission. Immuno precipitated sil-
ver nanoparticles with rabbit anti BSA showed in contrast to the
above increased more concentration in liver than brain. (Fig. 5)
Shift in the absorption spectrum was also observed in the range
400–450 nm for both the preparations with and without antibody
binding (Figs. 6 and 7).

Whole body X-ray imaging was used to detect the metastasis of
silver nanoparticles (Fig. 8). A marked increase in silver penetration
was observed in all tissues especially in lungs and brain compared
with the control. The intensity of X-ray imaging was in correlation
with the percentage distribution of Ag–PVA and Ag–BSA. The inten-
sity in all organs especially in brain was more in Ag–BSA injected
mice than Ag–PVA injected mice.

4. Discussion
Due to their ultra fine size, biocompatibility, and plasma res-
onance properties, silver nanoparticles are emerging as promising
candidates for various biomedical applications. A bifunctional cova-
lently bound polymer coatings for protein analysis have received
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Table 1
The fold difference of various biochemical factors analyzed in Ag–PVA nanoparticles and Ag–BSA nanoparticles injected mice compared with control mice.

S.no. Biochemical factor Comparison (in folds) between

Control & Ag–PVA Control & Ag–BSA Ag–PVA & Ag–BSA

1 LPO activity ↓1.04 ± 0.03 ↓1.20 ± 0.07 ↓1.15 ± 0.04
2 GSH content ↑2.20 ± 0.05 ↑1.44 ± 0.01 ↓1.57 ± 0.01
3 Na+K+ATPase activity ↑0.80 ± 0.05 ↑1.50 ± 0.15 ↑1.25 ± 0.02
4 Alkaline phosphatase activity ↑1.00 ± 0.10 ↑3.00 ± 0.15 ↑3.00 ± 0.21
5 Catalase activity ↑1.30 ± 0.05 ↓1.30 ± 0.04 ↓1.80 ± 0.05

Fig. 4. The distribution pattern of Ag–PVA (violet) and Ag–BSA (brown) nanopar-
ticles in 1.Liver 2.Kidney 3.Spleen 4.Lungs 5.Heart 6.Intestine 7.Brain 8.Blood of
mice as per the UV–visible absorption pattern. Statistical analyses of the values
for all experiments are expressed as mean − standard deviation of three indepen-
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more [40–42]. Bovine serum albumin is a single polypeptide chain

F
t

ent experiments (n = 3): Ag(0)–PVA ( ); Ag(0)–BSA ( ). (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
he article.)

ore attention from researchers over the past two decades. The
ssembly or surface modification was done on silver nanoparticles
sing BSA protein. This could probably lead to a better coverage
f the nanoparticles surface with the protein than PVA reported
ere and other materials reported elsewhere [11,44] making them
better candidate for biological applications. Polyvinyl alcohol is

n emulsion stabilizer and has been demonstrated as a dynamic

dsorbed coating as well as a covalent coating [39]. The increase
n viscosity and hydrophobicity of the cross linked PVA causes it to
eposit in a uniform layer on the any surface. The PVA binding can
ffect hydrophobicity and digestibility of the particle surface.

ig. 6. UV–visible absorption pattern of 1.Ag–PVA and Ag–BSA with (pink line) and witho
o color in this figure legend, the reader is referred to the web version of the article.)
Fig. 5. Concentration of immuno-precipitated Ag–BSA nanoparticles with rabbit
antiBSA antibody in 1. Liver 2.Kidney 3.Spleen 4.Lungs 5.Heart 6.Intestine 7.Brain
8.Blood of mice as per the UV–visible spectrum pattern. The data are expressed as
Mean ± SD (n =3).

To demonstrate the biosensing ability of the silver nanoparti-
cles, bovine serum albumin was directly adsorbed onto the silver
nanoparticles surface. BSA imparts greater flexibility to this method
by allowing complexion of metal ions with opposite charges simul-
taneously. From the protein structure of serum albumins it can be
found easily that the ionic groups are spatially well spread across
the protein molecule and hence allow the proximity for Ag+ ions or
composed of 583 amino acid residues. Several residues of BSA have
sulfur-, oxygen-, and nitrogen-bearing groups that can stabilize the
nanoparticle surface. The strongest interactions with silver likely
involve the 35 thiol-bearing cysteine residues. By using sodium

ut (blue line) antiBSA binding at 400–450 nm. (For interpretation of the references
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Fig. 7. UV–visible absorption pattern of Ag–BSA with (pink) and without (blue line)
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ntiBSA in the visible region (400–450 nm) indifferent tissue samples 1. Liver 2.Kid-
ey 3.Spleen 4.Lungs 5.Heart 6.Intestine 7.Brain 8.Comparitive pattern of all tissues
.Positive control. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)

orohydride, a strong reducing agent, BSA stabilizes nanoparticles
ia direct bonding with these thiol-bearing cysteine residues, and
rovides steric protection due to the bulkiness of the protein.

It is well known that the optical absorption spectra of metal
anoparticles are dominated by surface plasmon resonances (SPR),
hich shift to longer wavelengths with increasing particle size [43].

n general, the number of SPR peaks decrease as the symmetry of
he nanoparticle increases. The Ag–PVA nanocomposite exhibits a

road surface plasmon absorption band peaking at approximately
20, 431 and 447 nm. This result is in agreement with the opti-
al absorption spectra of Ag nanoparticles embedded in different
olymer matrixes: polyethylene, nylon [11], polystyrene, styrene-
o-acrylonitrile, and polyacrylonitrile [44]. In Figs. 6 and 7 after

ig. 8. The whole body X-ray of Control mice (A), Ag–PVA nanoparticle (B) and
g–BSA nanoparticle injected (C) mice.
: Biointerfaces 85 (2011) 138–144

adsorption of BSA, an enhancement of the particle plasmon absorp-
tion at a wavelength of 443 nm was observed. Kalyuzhny et al.
[45] also noticed a similar phenomenon for thiols on gold parti-
cles. The shift to the longer wavelengths and broadening of the
surface plasmon absorption band upon incorporation of BSA onto
Ag nanoparticles can be induced by agglomeration and/or change
of the dielectric properties of the surrounding environment and it
is in agreement with previous results [42,46].

To probe the nature of binding of PVA and BSA with Ag+ ions,
FTIR measurements of both nanocomposites were carried out. It
should be emphasized that the band attributed to the out-of-plane
O–H vibrations in alcohols was quite broad (from 550 to 750 cm−1).
Change in the IR spectrum of the Ag–PVA nanocomposite was
observed for the band peaking at 1385 cm−1 (see Fig. 3). In alcohols,
this band is the result of the coupling of the O–H in-plane vibrations
(strong line at 1637 cm−1) with the C–H wagging vibration [47].
Therefore, the decrease in the ratio between the intensities of this
band and the band at 1637 cm−1 with an increase in the content of
the inorganic phase indicates, coupling between the correspond-
ing vibrations due to interaction between the Ag nanoparticles
and the O–H groups originating from the PVA chains and BSA. The
–NH asymmetric and symmetric stretching frequencies from –NH2
are also expected around 3400–3500 cm−1 regions, but are a little
weaker than the –OH stretching frequencies and thus are proba-
bly masked. The intensity loss above 3200 cm could be attributed
to the formation of carboxylates as they are bonded with Ag+ ions
and the absence of free carboxylic acids as observed by Singh et al.
[42].

4.1. Animal studies

During the period of study, the mice did not show any significant
changes in the behavior indicating that there was no neurotoxic
effect. Hainfield et al. [48] had indicated that mice injected with
gold particles survived longer than one year with no signs of illness.
Similar results were reported by Daniel et al. [49,50] with silver
nanoparticles in mice and rat.

The pathophysiological consequences of the intra or extracel-
lular oxidative stress rendered on cells depend on the functional
balance of the pro- and antioxidant pathways [51]. To study the role
of lipid peroxidation (LPO) at early stages of liver regeneration and
to evaluate the balance between apoptosis and cell proliferation
during this process, we studied the various antioxidant parameters.
Our results showed reduced level of LPO activity in both PVA and
BSA stabilized silver nanoparticles (Table 1). Increased concentra-
tion of GSH content was similar to elevated cellular glutathione and
an increased capacity to maintain glutathione in the reduced state
which play an important role in LPS-stimulated macrophages and
endothelial cells in the detoxification of H2O2 and thus in the pro-
tection against oxidative stress. Maintenance of cellular GSH could
be the result of elevated activity of catalase and glutathione reduc-
tase or of augmented supply of NADPH. Elevated GSH may protect
cellular proteins or could also directly interact with ROS generated
by activated Kupffer and endothelial cells [52].

The Na+K+ATPase helps to maintain resting potential, avail
transport and regulate cellular volume. It also functions as signal
transducer/integrator to regulate MAPK pathway, ROS, as well as
intracellular calcium. For most animal cells, the Na+K+ATPase are
responsible for 1/3 of the cell’s energy expenditure. For neurons,
the Na+K+ATPase are responsible for 2/3 of the cell’s energy expen-
diture. Maximum of 1.5 fold increase in Na+K+ATPase activity was

observed in BSA stabilized silver nanoparticle injected mice [52].

In humans, alkaline phosphatase is present in all tissues
throughout the entire body, and diseases may lead to reduced levels
of alkaline phosphatase. Our study showed a very high level (3 fold
increase) alkaline phosphatase activity revealing the advantages of
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ilver nanoparticles in maintaining the body physiology and health.
nder conditions of oxidative stress, cells increase the levels of

ome of these antioxidant enzymes, most commonly MnSOD and
atalase [53]. Decreased level of catalase activity in the present
tudy indicates the less oxidative stress condition of the animal
ecause of the presence of silver nanoparticles in the body.

In the present study, silver nanoparticles were distributed to
ll organs including liver and spleen that contain phagocytic cells
imilar to that observed by Briley-Saebo et al. [54] and Quan-Yu Cai
t al. [55] in the case of iron oxide nanoparticles and AUNP–PEG
anoparticles respectively, Daniel et al. [49,50] in the case of silver
anoparticles in mice and rat. Silver nanoparticles were seen in
he kidney but not in the urine (data not shown) because of the
bsence of renal excretion. As the diameter of silver nanoparticles
eveloped was approximately 20 nm, it was difficult for the mice
o excrete through the kidney by glomerular filtration because of
he comparatively large size of the particles.

The nanoparticles were detected in the brain indicating that
uch nanosized silver materials can penetrate blood brain barrier
BBB) without producing apparent toxicity. A very high concen-
ration of the particles was observed in brain both with normal
pectroscopic and immunoprecipitation studies and X-ray analysis
onfirming the earlier findings of Daniel et al. [49,50] in mice and
at with clay and starch stabilized silver nanoparticles. Albumin
s not only a high-abundance protein in plasma, but also a major
omponent of most extracellular fluids including interstitial fluid,
ymph, and cerebrospinal fluid (CSF)

Increased uptake of silver nano particles to mice brain may
e because of intentional modification of bovine serum albu-
in molecules which increased their absorption to the surface of

ndothelial cells (ECs) and consequently facilitated uptake (endo-
ytosis) and eventual transport (transcytosis across the wall of
rain blood microvessels (capillaries, arterioles and venules) [25].

Finally, immunoprecipitation sensing experiments performed
n mouse model clearly showed the potential application of this
ensing method for real biosensor applications. As shown in Fig. 6,
he molecular recognition of antiBSA and BSA can be achieved as
change in the plasmon absorption probability and a change in

he resonance frequency. Surface plasmon resonance (SPR) sen-
ors are widely used for biosensing, especially as affinity biosensors
uch devices are based on the high sensitivity of the surface plas-
on resonance of a thin metal film to refractive index changes
hen a coating is applied onto the metal surface. Metal-enhanced
uorescence (MEF), a phenomenon where the quantum yield
nd photostability of weakly fluorescing species are dramatically
ncreased, is becoming a powerful tool for the fluorescence-
ased applications of drug discovery high throughput screening,

mmunoassays and protein–protein detection [23,25,56–60].
The albumin was chosen as a model protein because it is one of

he normal components of blood plasma. Albumin is the principal
ransporter of plasma fatty acids, binds to majority of the drugs
ngested, traps oxygen radicals and has potent anti-oxidant actions
nd it can be chemically modified. Thus, it meets all requirements
s a tracer for molecular study, enabling one to gain insight into
ellular mechanisms governing the function of all organs in broad,
he BBB and brain in particular.

. Conclusion

In this study silver nanoparticles stabilized with PVA was used

nd these nanoparticles were functionalized with bioreceptors
BSA) for biosensing applications. Upon binding of proteins to
he silver particles, changes in both the intensity and the wave-
ength of the particle were observed. It can be used for biosensing
sing silver nanoparticle coated with protein, based on a resonant

[

[
[

[

: Biointerfaces 85 (2011) 138–144 143

enhancement. Furthermore, this novel approach is promising as
an alternative for conventional biosensing techniques. Research
on the modification for sensitivity and versatile application are in
progress.
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