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a  b  s  t  r  a  c  t

Silver-coated  orthopedic  implants  and  silver  composite  materials  have  been  proposed  to  produce  local
biocidal  activity at low  dose  to  reduce  post-surgery  infection  that  remains  one  of  the  major  contrib-
utions  to  the  patient  morbidity.  This  work  presents  the synthesis  combined  with  the  characterization,
colloidal  stability  in  biological  relevant  media,  antimicrobial  activity  and  handling  properties  of  silver
nanoparticles  (Ag-NP)  before  and  after  freeze  dry and storage.  The  nanomaterial  was  synthesized  in
aqueous  solution  with  simple,  reproducible  and  low-cost  strategies  using  bovine  serum  albumin  (BSA)
as the  stabilizing  agent.  Ag-NP  were  characterized  by means  of  the size  distribution  and  morphology
(UV–vis  spectra,  dynamic  light  scattering  measurements  and  TEM  images),  charge  as  a  function  of  the pH
(zeta potential  measurements)  and  colloidal  stability  in biological  relevant  media  (UV–vis  spectra  and
dynamic  light  scattering  measurements).  Further,  the  interactions  between  the  protein  and  Ag-NP were
evaluated  by  surface  enhanced  Raman  spectroscopy  (SERS)  and  the  antimicrobial  activity  was  tested  with
two bacteria  strains  (namely  Staphylococcus  aureus  and  Staphylococcus  epidermidis)  mainly  present  in  the
infections  caused  by implants  and  prosthesis  in orthopedic  surgery.  Finally,  the  Ag-NP dispersed  in aque-
ous  solution  were  dried  and  stored  as  long-lasting  powders  that  were  easily  reconstituted  without  losing
their  stability  and antimicrobial  properties.  The  proposed  methods  to stabilize  Ag-NP  not  only  produce
stable  dispersions  in media  of  biological  relevance  but also  long-lasting  powders  with  optimal  antimicro-

bial  activity  in  the  nanomolar  range.  This  level  is  much  lower  than  the  cytotoxicity  determined  in vitro  on
osteoblasts,  osteoclasts  and  osteoarthritic  chondrocytes.  The  synthesized  Ag-NP  can  be  incorporated  as
additive of  biomaterials  or  pharmaceutical  products  to confer  antimicrobial  activity  in  a  powdered  form
in  different  formulations,  dispersed  in  aqueous  and  non-aqueous  solutions  or  coated  on  the  surface  of
different  materials.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Numerous methods have been reported for the synthesis of
ilver nanoparticles (Ag-NP) [1,2] mainly due to their broad antimi-
robial properties and potential anticancer applications [3]. Ag-NP
ffer many distinctive advantages in reducing acute toxicity,
vercoming resistance, and lowering cost, when compared to con-
entional antibiotics [4]. Nowadays, implant infection remains one
f the most serious complications in orthopedic surgery with a

ajor contribution to the patient morbidity [5]. These types of

omplications account for more than half of all hospital acquired
nfections and are the most complex and costly to treat. In order to

∗ Corresponding author. Tel.: +54 3515353866; fax: +54 3514334188.
E-mail address: giacomel@fcq.unc.edu.ar (C.E. Giacomelli).

ttp://dx.doi.org/10.1016/j.colsurfb.2015.05.002
927-7765/© 2015 Elsevier B.V. All rights reserved.
reduce post-surgery infections, silver-coated orthopedic implants
[6,7] and silver composite materials [8] have been proposed to pro-
duce local biocidal activity at low dose [9].

Considering that human exposure to foreign materials
inevitable raises concerns on new health risks, Ag-NP have been
also the subject of extensive nanotoxicology studies using in vivo
and in vitro experiments [10–12]. The outcome is still limited
and somewhat contradictory, especially because the size, shape
and surface properties of Ag-NP strongly affect the antimicrobial
activity versus cytotoxicity response [13]. In addition, the toxic con-
centration varies greatly from different mammalian cells as well as
the inhibitory concentration changes for different bacteria strains.

In general, a significant dose-dependent effect has been observed;
clearly indicating that high efficacy at the lowest possible concen-
tration is a major requirement of antimicrobial NP-Ag to be used in
orthopedic related biomaterials [10,11].

dx.doi.org/10.1016/j.colsurfb.2015.05.002
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2015.05.002&domain=pdf
mailto:giacomel@fcq.unc.edu.ar
dx.doi.org/10.1016/j.colsurfb.2015.05.002
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Due to the large positive reduction potential of Ag+ ions, Ag-
P oxidation is thermodynamically unfavorable resulting in quite

table aqueous suspensions without the aid of capping ligands.
owever, biological relevant media strongly induce Ag-NP aggre-
ation due to the high ionic strength that reduces the electrical
ouble layer around the NP [14]. Therefore, capping agents such as
elf-assembled monolayers [15], surfactants [16], polymers [17],
endrimers [18] and proteins [19–21] have been employed to
rotect Ag-NP from aggregation. Protein molecules not only are
xcellent stabilizing agent but also create biofunctionalized Ag-NP
22–25]. Biofunctionalization is very important to achieve bio-
ompatibility, which is one of the primary criteria to use Ag-NP
n orthopedic implants. Further, NP adhesion to the surface of
iomaterials may  be improved by protein mediated interactions
26]. Finally, a critical but often overlooked drawback of Ag-NP
uspensions involves their short- and long-term storage due to
xidation and photoassisted reactions [27,28]. Hence, it is nec-
ssary to prepare long-lasting Ag-NP in terms of size, shape and
hysicochemical properties to formulate new types of safe and
ost-effective biocidal agents.

This work presents the synthesis combined with the characteri-
ation, colloidal stability in biological relevant media, antimicrobial
ctivity and handling properties of Ag-NP before and after freeze
ry and storage. The nanomaterial was synthesized in aqueous
olution with simple, reproducible and low-cost strategies using
ovine serum albumin (BSA) as the stabilizing agent. Albumin

s a versatile protein for NP biofunctionalization, which is non-
oxic, biocompatible and biodegradable [23,24,29]. Ag-NP were
haracterized by means of the size distribution and morphology
UV–vis spectra, dynamic light scattering measurements and TEM
mages), charge as a function of the pH (zeta potential measure-

ents) and colloidal stability in biological relevant media (UV–vis
pectra and dynamic light scattering measurements). Further, the
nteractions between the protein and Ag-NP were evaluated by sur-
ace enhanced Raman spectroscopy (SERS) and the antimicrobial
ctivity was tested with two bacteria strains (namely Staphy-
ococcus aureus and Staphylococcus epidermidis) mainly present
n the infections caused by implants and prosthesis in ortho-
edic surgery. Finally, the Ag-NP dispersed in aqueous solution
ere dried and stored as long-lasting powders that were eas-

ly reconstituted without losing their stability and antimicrobial
roperties.

. Experimental

.1. Material

AgNO3 were obtained from Carlo Erba, NaBH4 from Tetrahe-
ron, BSA from Sigma, the Mueller Hinton Broth (MHB) and Agar
rom Britania and trisodium citrate, NaNO3 and K2HPO4 from J.
. Baker. All reagents were of analytical grade and used without
urther purification.

Aqueous solutions were prepared in deionized water (Milli Q
ystem, Millipore). The pH adjustment were performed by adding
aOH or HNO3 solutions and the pH measurements carried out
ith a glass electrode and a digital pH meter (Mettler Toledo –

even Compact). All experiments were performed at room tem-
erature (25 ± 2 ◦C) unless otherwise stated.

.1.1. Bacterial strains
S. aureus (ATCC 29213) and S. epidermidis (ATCC 12228) were
indly provided by Dr. Claudia Sola (CIBICI-CONICET, Univer-
idad Nacional de Córdoba, Córdoba, Argentina) and Dr. Paola
eriana (INEI ANLIS Instituto Malbran, Buenos Aires, Argentina),
espectively.
aces B: Biointerfaces 132 (2015) 71–77

2.2. Methods

2.2.1. Synthesis of Ag-NP
Ag-NP (Ag-NP/citrate) samples were synthesized following the

procedure described by Lok et al. [30] with some modifications.
Briefly, 1 mL  of 0.1 mol  L−1 AgNO3 was  added with vigorously
stirring to 100 mL  of 7 × 10−4 mol  L−1 trisodium citrate solu-
tion. Afterwards, the reduction step was performed with 1 mL  of
0.13 mol  L−1 NaBH4 which was added slowly. The resulting sus-
pension was stirred until no changes in the color were observed.
BSA was  incorporated in two different stages of the Ag-NP syn-
thesis: after (Ag-NP/BSA1) and before (Ag-NP/BSA2) the reduction
of Ag+ ions. In the first case, 10 mL  of 1% (w/v) of BSA solution in
0.05 mol  L−1 phosphate buffer pH 8.0 were added to the as prepared
Ag-NP/citrate dispersion. In the second one, 10 mL  of BSA solution
(1%, w/v in 0.05 mol  L−1 phosphate buffer pH 8.0) were added to
the reaction medium before the reduction step by NaBH4. Finally,
Ag-NP/BSA1 and Ag-NP/BSA2 were freeze-dried over a 24 h period.

Powdered Ag-NP/BSA2 were added to the solid component
of either bone cement (Simplex P – Stryker) or bone substitute
(Hydroset – Stryker) to prepare the corresponding biomaterials
using the nanoparticles at a ratio of 5% of the solid components of
the samples. The samples were prepared following the indications
of the manufacturer using 1 g of the solid component to obtain 8
cylindrical samples of 6 mm diameter and 3 mm height. The release
amount of Ag-NP was calculated from the concentration of Ag+ ions
potentiometrically determined assuming that ions were released
from spherical 4 nm nanoparticles.

2.2.2. UV–vis spectroscopic measurements of Ag-NP samples
UV–vis spectra were obtained in the 320–800 nm range using

a UV-1700 PharmaSpec Shimadzu spectrophotometer at a spectral
resolution of 0.5 nm.  All Ag-NP samples were diluted twenty times
with deionized water before collecting.

2.2.3. Transmission electron microscopy (TEM)
Imaging of Ag-NP was  performed by using a JEOL EXII Transmis-

sion Electron Microscope. Aliquots of sonicated Ag-NP dispersions
were placed on carbon coated copper grid, air-dried and employed
for imaging purpose.

2.2.4. Dynamic light scattering (DLS) and zeta potential
DLS and zeta potential measurements were performed using a

Beckman Coulter Delsa Nano C equipment. It may  be mentioned
here that BSA itself has a hydrodynamic diameter around 7 nm [31].
However, the scattering from BSA in absence of Ag-NP was  found to
be insignificant compared to that from NP. DLS measurements were
performed with the as prepared dispersions. Zeta potential mea-
surements were performed at different pH values in the 2.5–10.5
range. In the control experiment with BSA alone no measurable
zeta potential was  possible at the maximum concentration of the
protein (100 �M).

2.2.5. Colloidal stability studies
To study the colloidal stability of Ag-NP in media of high ionic

strength, 1 mL of Ag-NP dispersion was diluted with different
volumes of NaNO3 or MHB  in order to reach different ionic concen-
trations (between 0.2 M and 1.15 M).  All the spectra were corrected
by dilution.

2.2.6. Surface enhanced Raman spectroscopy (SERS)
The SERS spectra were obtained with a Horiba – Jobin Yvon spec-
trometer (LABRAM-HR). A liquid-nitrogen-cooled charge coupled
device (CCD) detector (Jobin Yvon, model CCD3000) was used in
these measurements. A spectral resolution of 1 cm−1 was used. The
632 nm line of a He/Ne laser was used as the excitation sources in
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ig. 1. (A) UV–vis spectra of Ag-NP/citrate (solid line), Ag-NP/BSA1 (dashed line) 

middle) and Ag-NP/BSA2 (bottom) dispersed in the reaction medium (solid line), i

he 200–1500 cm−1 range. The laser power at the sample was set at
.5 mW.  Special care was taken to monitor whether the laser power
amaged the sample. The original spectra were smoothed using the
avitsky–Golay 5 points smoothing procedure.

.2.7. Antimicrobial activity
To determine the minimum inhibitory concentration (MIC) and

he minimum bactericidal concentration (MBC) of Ag-NP (freshly
repared and reconstituted in water after 6 months of storage in
owder form) and Ag+ ions, the procedure described by P. Sanpui
t al. [32] was followed. Briefly, an overnight culture of S. aureus or S.
pidermidis was inoculated into MHB  medium supplemented with
ifferent concentrations of Ag-NP or Ag+ ions and grown overnight
t 37 ◦C. The bacterial concentration was 103 CFU/mL. The mini-
um  concentration of the Ag-NP or Ag+ ions which gave cultures

hat did not become turbid was taken to be the MIC. The cultures
hat were not turbid were reinoculated in Mueller Hinton Agar and
ncubated overnight at 37 ◦C. The minimum concentration of Ag-
P or Ag+ ions in the initial cultures that gave cultures that did not
row when reinoculated into Mueller Hinton Agar was  taken to be
he MBC. All the experiments were realized by triplicate.

These experiments were also carried out with commercially
vailable bone cement and bone substitute loaded with Ag-
P/BSA2. In this last case, the antimicrobial activity was also
hecked from the amount of Ag+ ions released to the medium by
otentiometry using H2O2 to assure the complete oxidation of Ag-
P.

. Results

.1. Synthesis and characterization of Ag-NP
Ag-NP were synthesized using three different methods based
n the reduction of Ag+ ions by NaBH4: (1) the well-known citrate
rocedure (Ag-NP/citrate); (2) adding BSA after the reduction
tep (Ag-NP/BSA1); and (3) adding BSA before the reduction step
g-NP/BSA2 (dotted line). (B) Size distribution of Ag-NP/citrate (top), Ag-NP/BSA1
 M (top) or 1.15 M (middle and bottom) NaNO3 (dashed) and MHB  (dotted line).

(Ag-NP/BSA2). It has been well documented [14] that citrate ions
act as a capping agent to prevent Ag-NP aggregation. Further, BSA
added after the reduction step was  already studied regarding the
protein–NP interactions and their consequences on the particle
size [20] and colloidal stability [14]. On the other hand, protein
addition before the reduction step was  performed with keratin as
the stabilizing agent [19]. The used strategies are simple (mixing
the reactants at room temperature), reproducible and low-cost.

Fig. 1A shows the UV–vis spectra of the three samples which are
characterized by a single and intense peak corresponding to the Ag-
NP surface plasmon resonance (SPR) band at around 400 nm [19].
Broadening and red-shifting of the SPR bands are observed for Ag-
NP/BSA1 and Ag-NP/BSA2 compared to Ag-NP/citrate (see Table 1).
Ag-NP/BSA2 SPR band presents a more significant broadening
together with a stronger decrease in the intensity. Broadening, red-
shifting and lower intensity of the SPR bands were also observed
with other proteins added to the Ag-NP synthesis medium after
the reduction step [20] and with keratin added before the reduc-
tion step [19]. TEM images (Supplementary information, Fig. S1)
reveal individual entities for Ag-NP/BSA1 whereas NP dispersed in
a protein matrix for Ag-NP/BSA2. Fig. 1B shows the number parti-
cle size distribution of Ag-NP/citrate, Ag-NP/BSA1 and Ag-NP/BSA2
obtained by DLS (see Supplementary information for the inten-
sity particle size distributions, Fig. S2). The median hydrodynamic
diameter of Ag-NP/citrate and Ag-NP/BSA1 is about 2 nm,  while
this value increases up to 4 nm for Ag-NP/BSA2. These values are in
agreement with those reported in the literature for Ag-NP prepared
in the absence and presence of proteins [19,20]. Ag-NP smaller than
10 nm are desirable to favor antimicrobial activity and nontoxic
effect [33].

Fig. 2 shows zeta potential as a function of the pH for the
different samples. For Ag-NP/citrate, the particles are negatively

charged at pH higher than 4, with a nearly constant value at
around −20 mV.  Particle aggregation hampers zeta potential deter-
minations at lower pH values due to the partial neutralization of
the citrate ions which caused the flocculation of the aggregates.
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Table 1
SPR band parameters of Ag-NP dispersed in different reaction media (as prepared), NaNO3 solution, MHB  and reconstituted (6 months storage) in water after freeze-drying.

SPR band Ag-NP/citrate Ag-NP/BSA1 Ag-NP/BSA2

As prepared 0.20 M NaNO3 MHB  As prepared 1.15 M NaNO3 MHB  As prepared 1.15 M NaNO3 MHB  Reconstituted

Maximum (nm) 387 402 (510sh) 403 (sh) 395 395 398 415 415 406 419
74
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eter of the Ag-NP/citrate (Fig. 1B, top) and the diminution of the
Half  width (nm) 59 98 230 65 

h: shoulder; ND: non-determined.

his process also produces a diminution of the SPR band intensity
ogether with an increment in the absorbance at higher wavelength
alues (Fig. S3). Ag-NP/BSA1 and Ag-NP/BSA2 samples show com-
letely different behaviors compared to Ag-NP/citrate. The zeta
otential values strongly depend on the pH, showing negative
harge at pH higher than 5 and positive charge at lower pH. The
soelectric point (IEP) of Ag-NP/BSA1 and Ag-NP/BSA2 coincides

ith that of BSA-coated gold and silver nanoparticles [34] and BSA
tself [14,35]. On the other hand, both samples present differences
n the colloidal stability as a function of the pH. For Ag-NP/BSA1 a
ecrease of the intensity of the SPR band and an intense increase

n a shoulder at 500 nm (Fig. S3) indicates a diminution in the col-
oidal stability at pH = IEP. This process is reverted by lowering the
H. On the other hand, the colloidal stability of Ag-NP/BSA2 is kept
onstant in the whole pH range (Fig. S3). BSA molecules strongly
nteract with NP surface and therefore, stabilize them particularly

hen BSA is added before the reduction step.

.2. BSA–Ag-NP interactions

Fig. 3 shows the SERS spectra of native BSA, Ag-NP/BSA1 and
g-NP/BSA2. The bands of these spectra can be divided into three
roups corresponding to: sulfide containing bonds (S S, S C,

 Ag), secondary structure (C C, C N) and aromatic residues, such
s tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe), related
o the tertiary structure. The spectrum of native BSA displays the
haracteristic vibration of S S bond around 500 cm−1 arising from
he multiple disulfide bonds in the protein [36]. In the presence of
g-NP, a new band at 250 cm−1 appears due to the Ag S bond [37]

nd the S S band shifts to lower wavenumbers [37,38]. Moreover,
ther two new bands are present in the spectrum of Ag-NP/BSA2 at
32 and 694 cm−1 assigned to the S C bond [39]. The characteris-
ic vibrations of the second group are observed in the three spectra

ig. 2. Zeta potential as a function of the pH of Ag-NP/citrate (circles), Ag-NP/BSA1
triangles) and Ag-NP/BSA2 (squares).
 133 108 117 ND 108

at 960 (native BSA) and 930 (Ag-NP) cm−1 due to the C C bond
and at 1240 cm−1 corresponding to the amida III band. These vibra-
tions are related to �-helix secondary structure [37,38]. Finally,
native BSA shows the characteristic vibrations of Trp (750 and
1340 cm−1), Tyr (860 cm−1) and Phe (1000 cm−1) residues [38,39].
These bands are shifted, split and enhanced in the presence of
Ag-NP, in agreement with the ability of Ag-NP to quench the intrin-
sic fluorescence of BSA [40]. These spectral features indicate that
disulfide bonds are cleaved to form new ones with the surface of
the nanoparticle, which partially modifies the tertiary structure
around Trp, Tyr and Phe residues while the secondary structure is
marginally altered. It is worth mentioning that some spectral fea-
tures depend on the stage of the synthesis in which the protein is
added to the reaction medium. The spectrum of Ag-NP/BSA1 shows
more intense bands in the third group (tertiary structure) whereas
Ag-NP/BSA2 one displays new bands related to the sulfide bonds.
Enhanced bands are due to the surface effect produced by the Ag-
NP suggesting that Trp, Tyr and Phe residues are closer to the Ag
surface in Ag-NP/BSA1. On the other hand, the effect on the pro-
tein conformation is more severe when BSA is added before the
reduction step, mainly affecting the multiple disulfide bonds of the
protein.

3.3. Colloidal stability of Ag-NP in biologically relevant conditions

Figs. 1B and 4 compare the number particle size distribution and
the UV–vis spectra, respectively, of the three samples dispersed in
NaNO3 or MHB  at pH 8.0. The increase in the hydrodynamic diam-
SPR band intensity together with the presence of a shoulder at
600 nm (Table 1) indicate that a 0.20 M NaNO3 solution induces
the NP aggregation. This behavior was observed in the whole range

Fig. 3. SERS spectra for native BSA (bottom), Ag-NP/BSA1 (middle) and Ag-NP/BSA2
(top) in powder form. Conditions for the spectra: 632 nm excitation, 10 s integra-
tion × 10 accumulations.
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Fig. 4. UV–vis spectra of Ag-NP dispersed in NaNO3 and MHB  solutions. Top: Ag-
NP/citrate dispersed in 0.20 M NaNO3 (solid line) and in MHB  (dashed line). Middle:
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Table 2
MIC  and MBC  values of BSA stabilized Ag-NP and Ag+ ions (�M),  freshly prepared
and after 6 months of storage in powder form and reconstituted in water.

Ag-NP/BSA1 Ag-NP/BSA2 Ag+ ions

As prepared As prepared Reconstituted

ticle size distribution and antimicrobial properties as indicated in
Table 1 (see also Supplementary information, Fig. S4). As a mat-
ter of fact, powdered Ag-NP were incorporated into commercially
g-NP/BSA1 and bottom: Ag-NP/BSA2 dispersed in 1.15 M NaNO3 (solid line) and in
HB  (dashed line).

f NaNO3 concentration studied (0.20–0.85 M)  as well as in MHB.
hese results do not agree with the reported behavior of commer-
ially available 20 nm Ag-NP, suggesting that the NP size plays a
ole in determining the stability at high ionic concentration [41].
he unchanged NP diameter and SPR spectra clearly indicate that
SA stabilizes Ag-NP even in the presence of higher ionic concen-
rations than physiologic conditions. It is important to note that
he spectral changes caused by MHB  are due to modifications in
he optical properties of the dispersant medium, since NP aggrega-
ion is discarded from both macroscopically visual inspection and
LS measurements in a wide diameter range. These results further
mphasize that BSA enhances the stability of Ag-NP in media with
igh ionic strength. Moreover, the colloidal stability conferred by

SA to the NP enables studying the antimicrobial properties while
he lack of stability of Ag-NP/citrate dispersed in MHB  hampers this
etermination.
S. aureus 2 0.1 0.1 200
S. epidermidis 1 0.1 0.1 200

3.4. Antimicrobial activity of BSA stabilized Ag-NP

Table 2 compares the MIC  and MBC  values of BSA stabilized
Ag-NP and Ag+ ions, indicating that the presence of BSA does not
prevent antimicrobial activity. The concentration values for Ag-NP
were calculated assuming that 100% of the added Ag+ ions reacted
to form spherical Ag-NP (2 and 4 nm diameter of Ag-NP/BSA1 and
Ag-NP/BSA2, respectively) during the reduction reaction [23]. Both
Ag-NP and Ag+ show bactericidal behavior (MIC = MBC) against S.
aureus and S. epidermidis which is more effective with BSA stabi-
lized NP (the NP concentration is 100–1000 times lower than the
ions concentration). S. aureus and S. epidermidis seem to be more
susceptible to Ag-NP/BSA2 than Ag-NP/BSA1, since a lower con-
centration of the first sample is necessary to reach the bactericidal
effect.

It has already been reported a change from micromolar to
nanomolar concentrations when comparing the bactericidal effect
of Ag+ ions to Ag-NP (smaller than 10 nm)  [1]. On the other hand,
Ag-NP prepared through an organometallic method tested against
E. coli, S. aureus and L. monocytogenes leaded to MIC  and MBC  val-
ues between 12.5 and 25 �g mL−1 [42]. Therefore, BSA stabilized
Ag-NP are indeed extremely efficient as antimicrobial agents. In
vitro cytotoxicity studies showed that 65 nm Ag-NP appeared to
be harmful for human osteoarthritic chondrocytes only at high
concentrations (160–250 �M)  [10]. On the contrary, antibacterial
effects of polyvinylpyrrolidone (PVP) stabilized Ag-NP against S.
epidermidis occurred at higher concentrations than those induc-
ing cytotoxicity in primary osteoblasts and osteoclasts [11]. Finally,
BSA stabilized Ag-NP were freeze-dried and stored as powders for
at least six months and reconstituted in deionized water. These
processes did not cause any change in the colloidal stability, par-
Fig. 5. Release profile of Ag-NP from bone cement (triangles) and bone substitute
(squares). The inset shows the antimicrobial activity against Staphylococcus aureus
by  bone substitute in the presence and absence of Ag-NP incubated for 24 h.
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vailable bone cement and bone substitute as antimicrobial addi-
ives. Fig. 5 shows the release profile for both biomaterials together
ith the antimicrobial activity. Ag-NP released from the cement
as lower than the CIM while it was higher for the substitute
uring the first day. The observed difference may be due to the
tructural properties (hydrophobicity, porosity, roughness, etc.)
f each one of the biomaterials. The release profile suggested a
urface-controlled mechanism of Ag-NP from bone substitute [43].
herefore, the proposed methods to stabilize Ag-NP not only pro-
uce stable dispersions in media of biological relevance but also

ong-lasting powders with appropriate antimicrobial activity when
ncorporated to biomaterials.

. Discussion

The SPR band intensity depends on the surface morphology, size
f the NP, dielectric environment and the refractive index of the
edium [19,20]. Interaction of protein at the metal–water inter-

ace changes the local refractive index and dielectric properties
nd, therefore, SPR signal results as a sensitive measure of the
rotein–NP interaction [20]. The changes in the SPR band observed
or both BSA stabilized Ag-NP, clearly indicate that these differ-
nces are due to the interaction between the protein molecules
nd the NP. Moreover, the SERS band at 250 cm−1 evidences the
ormation of Ag S bonds in the presence of the protein. However,
EM, SERS and zeta potential results show that the properties of
g-NP, the stabilization mode and the colloidal stability depend
n the stage of the synthesis in which the protein is added to the
eaction medium. These different behaviors can be traced from
he interactions between BSA and Ag-NP caused by each one of
he synthesis route. When the protein is added after the reduc-
ion step (Ag-NP/BSA1), these interactions mostly produce changes
round the Trp, Tyr and Phe residues which are in the vicinity
f the NP surface. Ag-NP/BSA1 are prepared in two  steps, the
rst one involves the Ag-NP/citrate crystallization mechanism, fol-

owed by the exchange between the capping citrate anions and
he protein molecules. Anchored BSA molecules stabilize individ-
al NP, which strongly modifies the electrokinetic behavior of the
g-NP. In this case, the stabilization is mainly electrostatic as it
epends on the protein charge in agreement with the reported
SA adsorption mechanism at intermediate protein/Ag-NP ratio
20].

On the other hand, when BSA is added before the reduction step
Ag-NP/BSA2), the NP are formed in the presence of the protein

olecules that undergo a severe change, especially in the disulfide
otif of native BSA. Ag-NP formation in the presence of a protein

tabilizer has been modeled with a recognition-reduction mech-
nism [19,44] in which the Ag+ ions electrostatically attached to
he protein backbone are reduced to form Ag nuclei together with
he cleavage of some disulfide bonds. This mechanism may  also
pply with BSA stabilized Ag-NP that exhibit a high colloidal sta-
ility even at the IEP. Hence, the perturbed conformation of the
rotein causes Ag-NP to be remarkably well stabilized by the BSA
atrix.
Regarding to the colloidal stability of Ag-NP, the differences are

vident when comparing citrate and BSA coated NP. When sur-
ace molecules stabilizing the Ag-NP provide colloidal stability only
hrough electrostatic means, as in the case of citrate, the electrolyte
oncentration at biologically relevant conditions leads to rapid
ggregation of the NP. When bulky ligands are employed instead,
s in the case of BSA, the added contribution from steric repulsion
ncreases the colloidal stability in biologically relevant electrolyte

oncentrations. BSA imparts colloidal stability to Ag-NP by both
lectrostatic (depending on the pH) and steric interactions. How-
ver, the stability provided by steric interactions is more evident
or Ag-NP/BSA2 since the dispersion remains stable even at the IEP.
aces B: Biointerfaces 132 (2015) 71–77

Therefore, electrostatic repulsion from BSA partially contributes to
the colloidal stability mechanism when BSA exchanges previously
capping citrate ions. This effect determines the pH conditions at
which Ag-NP/BSA1 can be used as antimicrobial agent. According to
ASTM (American Society for Testing and Materials) standard for sta-
bility of colloidal suspension, a positive or negative zeta potential
between 30 and 40 mV  is indicative of a substance with moder-
ate stability while absolute values above 40 mV are associated to
high stability [45]. However, the colloidal stability of Ag-NP/BSA2
presents an extra contribution given by the steric repulsion which
results in stable suspensions at lower zeta potential values (even
at the IEP).

Considering that Ag-NP smaller than 10 nm can interact bet-
ter with bacteria [11], the pronounced antimicrobial effect of
Ag-NP/BSA1 and Ag-NP/BSA2 may  be related to the narrow size
distribution combined with the small particle size. If diffusion of
Ag-NP into the inner side of the bacteria is indeed helpful, smaller
NP with higher surface areas will have an advantage [19]. In the
particular case of the activity against S. aureus and S. epidermidis,
Ag-NP may  be added to the biomaterials used as implants and pros-
thesis to produce a local effect to control orthopedic post-surgery
infections. On this regard, the little amount of BSA stabilized Ag-NP
needed to reach bactericidal effect is a great advantage to minimize
any other toxic effect. In fact, the nanomolar level reached with Ag-
NP/BSA2 is much lower than the cytotoxic dose determined in vitro
on osteoblasts, osteoclasts and osteoarthritic chondrocytes [10,11].
Hence, the application of Ag-NP/BSA2 to medical implants may  be
nonhazardous to human health. Finally, the possibility of drying
BSA stabilized NP as stable powders with the ability to be reconsti-
tuted without changing the stability and antimicrobial properties
is also of great importance. In fact, the solid can be incorporated
as additive of biomaterials or pharmaceutical products to confer
antimicrobial activity in a powdered form in different formulations,
dispersed in aqueous and non-aqueous solutions or coated on the
surface of materials [23].

5. Conclusions

Antimicrobial activity can only be attained with strongly stabi-
lized Ag-NP to be successfully employed in contact with medium of
high ionic strength, as culture and extracellular media. BSA behaves
as an excellent stabilizing agent when used during the NP synthe-
sis or just after it. The different modes of Ag-NP stabilization by the
action of BSA determine the nature of the interaction with the NP,
control the aggregation behavior of the NP in media of biologic
relevance and determine the concentration required to achieve
antibacterial action. BSA used during the NP synthesis produced
extremely efficient antimicrobial agent with bactericidal effect in
the nanomolar range. The powdered biocidal agent is stable under
storage and versatile, as it can be used in different forms.
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