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Spherical 3.5 nm diameter silver nanoparticles (AgNP) stabilized in type I collagen (AgNP@collagen) were
prepared in minutes (5e15 min) at room temperature by a photochemical method initiated by UVA
irradiation of a water-soluble non-toxic benzoin. This biocomposite was examined to evaluate its
biocompatibility and its anti-bacterial properties and showed remarkable properties. Thus, while kera-
tinocytes and fibroblasts were not affected by AgNP@collagen, it was bactericidal against Bacillus meg-
aterium and E. coli but only bacteriostatic against S. epidermidis. In particular, the bactericidal properties
displayed by AgNP@collagen were proven to be due to AgNP in AgNP@collagen, rather than to released
silver ions, since equimolar concentrations of Ag are about four times less active than AgNP@collagen
based on total Ag content. This new biocomposite was stable over a remarkable range of NaCl, phos-
phate, and 2-(N-morpholino)ethanesulfonic acid concentrations and for over one month at 4 �C. Circular
dichroism studies show that the conformation of collagen in AgNP@collagen remains intact. Finally, we
have compared the properties of AgNP@collagen with a similar biocomposite prepared using a-poly-L-
Lysine and also with citrate stabilized AgNP; neither of these materials showed comparable biocom-
patibility, stability, or anti-bacterial activity.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Silver ions or salts and more recently, silver nanoparticles
(AgNP) have been used in a wide range of anti-bacterial and anti-
fungal applications from clothing and fabrics, washing machines,
water purification, toothpaste, fabrics, deodorants, filters, kitchen
utensils, toys, and humidifiers to a range of wound dressings [1].
Other proposed nanosilver applications in the biomedical area
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include: drug delivery [2], molecular imaging of cancer cells [3],
coated catheters for cerebrospinal fluids [4,5], inhibition of HIV-1
replication [6,7], anti-inflammatory activity [8], and as a coating
for pelvic reconstruction [9]. In regenerative medicine, nano-
crystalline silver has been clinically tested to promote healing of
chronic leg ulcers [10] as well as to provide bacterial resistance in
methacrylate-based bone cements used to secure prostheses in
joint replacements [11].

The term silver nanoparticles (AgNP) covers a wide range of
nanostructures produced using different methods, leading to
various sizes, morphologies and stabilities. The diversity has made
any conclusive documentation of the benefits vs. risks challenging
[1]. Recent laboratory toxicological studies have suggested that
AgNP can be toxic where, for example, clinical studies shown that
chronic exposure to silver could have adverse effects on several
organs including oral toxicity, liver and kidney damage [12e14].
However, most of these studies have been performed without
proper characterization of silver nanomaterial stability and
consideration of the preparation method [1,14].
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Silver nanoparticles can be produced through many methods
[14]. These synthetic routes are frequently based on complex
protocols involving harsh conditions, making them impractical for
large-scale production [11,15e18]. In recent years, the Scaiano
group has developed an easy methodology for the synthesis of Au,
Cu, and Ag nanoparticles involving ion reduction by ketyl radicals
derived from benzoin photoinitiators upon UVA exposure [19e25].
The metal nanomaterials are stable for months or even years, as is
the case of Ag and Au nanoparticles, respectively [20,22], and offers
excellent control of nanoparticle morphology and size [20,26,27].

Silver nanoparticles have been stabilized by capping with
a range of materials including the sacrificial oxidation of
Tryptophan-containing peptides [28]. Thus, our aimwas to develop
AgNP with high biocompatibility while retaining potent anti-
microbial properties using a robust biocompatible matrix as pro-
tecting agent. To stabilize AgNP using type I collagen, the most
abundant protein found in the human body, would be a significant
achievement, since we have previously demonstrated the capacity
for collagen-based hydrogels to regenerate corneal tissues and
nerves in animal models [29] and, most recently, in clinical trials
[30]. In cases of bacterial or viral keratitis in the eye or ulcerated
skin, an effective anti-microbial or anti-viral, such as AgNP, agent
that shows biocompatibility and capacity to induce regeneration
would be of great benefit [5e7,11,31]. Here, we report the photo-
chemical synthesis, characterization, in vitro biocompatibility and
anti-bacterial performance of collagen-coated AgNP as a potential
anti-microbial agent. For comparison, we also examined a-poly-
lysine and citrate stabilizers, as well as ionic silver. To the best of our
knowledge, AgNP-based composite synthesis has not been repor-
ted by using either type I collagen or poly-L-Lysine as an integral
part of the composite material.
2. Materials and methods

2.1. Chemicals

a-Poly-L-Lysine 0.01% solution (Product numbers P4707, pLL-1, MW range
75e150 kDa and P4832, pLL-2, MWrange 150e300 kDa) and AgNO3were purchased
from SigmaeAldrich. 2-Hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-
propanone (I-2959) was a generous gift from Ciba Specialty Chemicals. 4-(2-
hydroxyethoxy)benzoic acid (4-HEBA) was synthesized according to a reported
procedure [32]. Briefly, 13.9 g of 4-hydroxybenzoic acid and 15.0 g KOH were added
to 50 mL (1:2.3) H2O:ethanol. Once dissolved, the mixture was heated under
constant stirring to 80 �C and 7.4 mL of 2-chloroethanol in 4.0 mL of ethanol added
dropwise in about 2 h. The resultant solution was refluxed overnight with constant
stirring. This solution was concentrated by rota-evaporation and the residue was
dissolved in 100 mL of water, washed twice with ether and acidified with HCl to
obtain a white solid precipitate, which was filtered and dried under vacuum. Finally,
the solid was recrystallized from ethanol to obtain white crystals. 1H and 13C-NMR
spectrawere recorded in a 400MHz-Brucker; 1H NMR (DMSO-d6, d in ppm): 3.74 (m,
2H), 4.06 (t, 2H), 4.87 (broad,1H), 7.02 (d, 2H, J¼ 8.8 Hz), 7.90 (d, 2H, J¼ 8.8 Hz,12.65
(broad, 1H); 13C NMR (DMSO-d6, d in ppm): 167.5, 162.8, 132.0, 131.8, 123.3, 115.6,
114.6, 70.2, 59.9. Type I medical grade porcine collagen (TheraCol�) was obtained as
a 10 � 1 mg/mL (z33 mM) acidic aqueous solution and stored at 4 �C until used.
2.2. Synthesis and characterization of AgNP@Collagen and Poly-l-Lysine@AgNP
nanocomposites

Aqueous solutions containing 0.2 mM AgNO3, 0.2 mM I-2959 and different
concentrations of a-poly-L-lysine (0.4e96 mg/mL) were deoxygenated by purging
with N2 for 30 min followed by exposure to UVA irradiation at 25.0 � 0.5 �C in
a temperature controlled Luzchem CCP-4V photoreactor as previously described
[25]. Two different molecular weight ranges of a-poly-L-lysine (pLL) were employed
as 70e150 kDa and 150e300 kDa, designated as pLL-1 and pLL-2, respectively. The
same irradiation setup was employed to prepare collagen-based nanocomposites.
Briefly, aqueous solutions containing 0.2 mM of AgNO3 and I-2959 under N2 and
different aliquots of type I collagen stock solution 10 � 1 mg/mL (z33 mM) were
added into the reactionmedia and purged for another 20min before irradiation. The
reaction evolution was monitored at the plasmon absorption band. Spectra were
acquired with a 1515 nm/min scan rate at room temperature in a Cary-100-Bio
UVeVisible spectrophotometer by using 0.7 cm pathlength cuvettes.
Please cite this article in press as: Alarcon EI, et al., The biocompatibility
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Silver nanoparticles were also characterized by scanning electron microscopy
(SEM) in a JSM-7500F FE-SEM from JEOL. Samples for microscopy were prepared by
delivering ca. 5 mL of solution on carbon-coated copper grids (400 mesh) and
allowed to evaporate overnight in a vacuum system prior to imaging. X-ray photo-
electron spectroscopy (XPS) was carried out in a Kratos analytical model Axis Ultra
DLD, using monochromatic aluminum Ka X-rays at a power of 140 W. Nanoparticle
sizes were calculated from SEM imaging by using ImageJ software [33] and in all
cases the reported values correspond to the average sizes from at least four different
regions in a single grid. Finally, zeta potential (z) and hydrodynamic sizes (HS) were
measured in a Malvern Zetasizer Nano ZS. HS measurements were carried out at
20 �C using 1.0 cm pathlength disposable cuvettes, while disposable 0.5 mL folded
capillary cells (from Malvern) were employed for zeta potential (z) measurements.

2.3. Type I collagen and Poly-L-Lysine secondary conformational changes promoted
by nanoparticle formation

In order to elucidate possible biopolymer conformational changes accompa-
nying AgNP formation, circular dichroism (CD) measurements were carried out in
a Jasco J-810 spectropolarimeter (1.0 nm data pitch, continuous scanning mode,
20 nm/min scan rate). CD measurements (25 � 0.2 �C) were performed in a 1.0 and
0.1 cm pathlength quartz cells for PLL and collagen, respectively. For collagen
denaturation experiments, solution temperature was varied from 20 to 50 �C (1 �C/
min) by using a Peltier temperature-controller.

2.4. Biocomposites stability over-time experiments

The stability of our nanocomposites over time was evaluated as follows: 2.0 mL
samples were stored at 4.0 �C in darkness in a 0.70 cm optical pathlength quartz
cuvettes (Luzchem Inc.) and the absorption spectra measured for up to 39 days for
Poly-l-Lysine@AgNP and 68 days for citrate@AgNP and collagen-based AgNP. In
addition, 0.1 mL samples were incubated at 37 �C, 5.0% CO2, 100% humidity and
darkness in a 96 well plate for 0.5, 3, 6 and 20 h and their absorbance measured at
405 nm in a SpectraMax 5 plate reader from Molecular Devices. These experiments
were performed in different media as follows: (i) in aqueous solution containing
different types of AgNP without any additives; (ii) in Dulbecco buffer pH 7.4 in the
absence or presence of different calf serum concentrations (from 0.156% to 10%), and,
(iii) in keratinocytes serum free medium (KSFM) 5% and 50% v/v.

2.5. Protein peroxides content evaluation

Peroxide formation in type I collagen before and upon UVA irradiation in the
presence or absence of AgNO3 and I-2959 was evaluated after 15 min irradiation by
using Peroxo-Quant (from Thermo). This method, also called FOX assay, is based on
the Fe(II) to Fe(III) oxidation promoted by water-soluble peroxides that produces
Xylenol orange/Fe(III) complex, strongly absorbing at 550 nm [34].

2.6. Biocompatibility and cytotoxicity assays

The biocompatibility and cytotoxicity of AgNP and their precursors was evalu-
ated in vitro on two human primary cell lines, dermal fibroblast and epidermal
keratinocytes (ATCC, USA) at low passage number (between 1 and 5). The fibroblasts
were grown in Dulbecco’s modified eagle’s medium (DMEM, Gibco) containing 10%
fetal calf serum and penicillin/streptomycin (Lonza Walkersville), and cultured at
37 �C, 5.0% CO2 in a humidified incubator. The keratinocytes were cultured in ker-
atinocytes serum free medium containing L-Glutamine (KSFM, Gibco). Biocompati-
bility was evaluated by using CellTiter 96� Aqueous MTS (3-(4,5-dimethyl-2-tiazol)-
2,5-diphenil-2H-tetrazolium bromide; tiazol blue) colorimetric viability assay
(Promega) [35] and employed as a measure of cell survival after 14 h of incubation.
Briefly, from confluent cell cultured, 5�104 cell/mL (cell counting was carried out in
a Scepter 2.0 handheld automated cell counting from Millipore�) were seeded in
a 96-well plate followed by incubation for 6 h, prior to addition of nanoparticles or
precursors at various dilutions. The samples were incubated for 14 h after which the
well contents were replaced by fresh medium (100 mL), and 20 mL of MTS solution
added followed by incubation at 37 �C, 5.0% CO2 and 100% humidity for 2 and 4 h for
fibroblasts and keratinocytes, respectively. The absorbance was then recorded at
490 nm in a Victor well plate reader, at 20 �C.

Dead-live measurements: Viability/Cytoxicity Kit for mammalian cells (Invi-
trogen L-3244, Carlsbad, CA). Human fibroblasts were seeded as described previ-
ously for MTS assay and after 14 h of incubation the cells were washed out with PBS
and incubated in 4 mM ethidium, 2 mM calcein solution for 30min. Fluorescent images
were captured with a Zeiss LSM 700 confocal microscope.

2.7. Antimicrobial activity

We evaluated the anti-microbial activity of the AgNP prepared here, against the
gram (þ) bacteria Bacillus megaterium (Strain Bm11) and Staphylococcu epidermis
(Strain Se4) as well as the uropathogenic strain of the gram (�) bacterium Escherichia
coli (CFT073).
and antibacterial properties of collagen-stabilized, photochemically
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Fig. 1. Absorption spectra for colloidal AgNP prepared by using different stabilizers;
1.0 mM sodium citrate (black line), 1.0 mM type I collagen (blue line), and 96 mg/mL pLL-
1 (red line) upon 1.03 mW/cm2 UVA irradiation for 5 min. Vertical dashed lines
included in the plot indicate maximum absorption wavelength for each AgNP. All
measurements were carried out at room temperature in N2 saturated solutions.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Minimal inhibitory concentration (MIC):The MIC of each compound:bacteria
combination was determined by broth microdilution method, slightly modified
from the standard Clinical and Laboratory Standards Institute (CLSI) protocol [36], in
cation-adjusted Muller Hinton II (CAMHII) and Luria Bertani broth (LB). Briefly, an
overnight culture from a single colony was diluted to a cell density of w5 � 105

colony forming units (cfu) permL in either broth containing two-fold dilutions of the
test compounds. The absorbancewas estimated at 600 nm (OD600) measured at time
0 and after 18 h of incubation at 37 �C. The lowest concentration of test-substance at
which the absorbance of the bacterial inoculum did not increase substantially
(DOD600 < 0.03 OD units/18 h) was taken as the MIC. The MIC was determined as
that concentration at which no net increase in absorbance was observed and
designated as MICLB or MICCMH for LB-estimated and CAMHII-estimated values. All
measurements were carried out by triplicate in two independents days and median
results reported.

Time kill assay (TK): Exponentially growing cultures of the three test bacteria
were exposed for 3 h in 6-well plates (FALCON�), to 1x and 2xMICLB concentrations
of each test-substance while constantly stirred at 37 �C. Intermittently, over 3 h,
survivor population density was estimated by plating saline-diluted samples on LB
agar and allowing for growth at 37 �C for 24e48 h. The enumeration of survivors was
by manual count or using a BioRad gel documentation system combined with the
colony counting module of the commercial Quantity One� software. All results are
expressed as the mean of three to five replicates per timepoint � SE (standard error)
and each experiment was repeated at least once on a different day with essentially
the same results.

Growth inhibition of AgNP@collagen biocomposites: E.coli, S.epidermidis and
B.megaterium overnight cultures were diluted 250x in LB and allowed to acclimatize
at 37 �C fro 1 h prior to inoculating into 96-well plates containing two-fold dilutions
(in LB) of each test compound. The inoculum size was approximately 5 � 105 cfu/mL
in assay volumes of 100 ml per well. Growth was monitored at 37 �C in a Biotek�
scanner by measuring the absorbance (OD600) of each well while the plate was
vigorously agitated over 18 h. Each experiment was carried out at least two more
times on different days and by duplicate on each test 96 well plate. Each curve
represents an average of two replicates from one such representative assay.

Solid anti-bacterial activity (SAA):The anti-bacterial activity of AgNP was also
explored by using halo formation in agarose gel containing 1.0 � 107 cfu/mL. Briefly,
3.0 mm diameter holes were punched into a 1% agarose gel containing the bacte-
rium at approximately the above cell density and 5.0 mL of AgNP solutions at
different concentrations added, followed by overnight incubation at 37 �C. Where
observed, inhibitory halos (if observed) were measured and the anti-bacterial
performance estimated from the diameter of the zone of inhibition compared to
what is observed with streptomycin.
3. Results and discussion

3.1. Photochemical synthesis of silver nanoparticles

Several metallic ions, i.e. Auþ3, Cuþ2 and Agþ, can be efficiently
reduced upon UV radiation in the presence of benzoin compounds
such as Irgacure-2959 [22e25]. Specifically, AgNP have been
synthesized in aqueous and organic media by this procedure (see
Scheme 1) [21,25], usually in the presence of stabilizing agents such
as citrate to prevent particle aggregation or oxidation. In fact,
aqueous citrate stabilized AgNP (vide infra) exhibit a negative zeta
potential of z�40 mV, consistent with their stability.
Scheme 1. Photoreduction of Agþ by ketyl radicals produced by I-2959 UVA e

Please cite this article in press as: Alarcon EI, et al., The biocompatibility
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3.2. Photochemical synthesis of biomolecule-stabilized silver
nanoparticles

Once Ag0 has formed, nucleation forms Ag clusters and even-
tually colloidal AgNP. As mentioned before, AgNP need a protecting
agent, otherwise particle oxidation or aggregation occurs readily.
Sodium citrate is a common stabilizing agent, however, an impor-
tant shortcoming for medical applications is its anticoagulant
activity, more powerful than heparin [37]. Thus, we decided to
replace this protecting agent for a more biocompatible one such
that it would possess: (i) Water solubility (up to mM); (ii)
Biocompatibility (low toxicity or biodegradable), and (iii) Trans-
parent in the 315e400 nm range (UVA).

Several UVA transparent L-aminoacids, such as Lys, His, Met, and
Cys were tested; however, onlymarginal or no AgNP protectionwas
afforded (in the best case L-Lys; AgNP were stable for<30 min, data
not shown). This lack of stability is probably due to poor interac-
tions between the metallic surface and the aminoacid. Thus, we
tested two common biopolymers, structures that can improve the
protection of the metallic surface, such as type I collagen (Col-I) and
a-poly-L-Lysine (pLL). Both polymers are transparent to UVA light
and do not have any oxidable aminoacidic residues, i.e., Trp, Tyr, or
Phe [28]. After UVA exposure of samples containing either Col-I or
pLL in the presence of I-2959 and Agþ, stable AgNP (vide infra) with
xcitation. Stabilizing agent has been omitted from this scheme (see text).

and antibacterial properties of collagen-stabilized, photochemically
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a surface plasmon band (SPB) w390e410 nm were observed (see
Fig. 1). The SPB maximum for AgNP prepared in the presence of pLL
is slightly red shifted to 408 nm when compared with citrate
stabilized AgNP (lmax 397 nm) [25]. Similar results have been
observed for other AgNP prepared using biomacromolecular
stabilizers [17]; further, when Col-I is employed, the SPB is at
z390 nm, probably due to the presence of relatively small parti-
cles. We have not noted any evidence for nanoparticle morphology
changes for Col-I or pLL, since the additional absorption bands, that
are expected for other AgNP shapes, were absent [25]. Both mate-
rials showed a single Ag oxidation state (most likely Ag0) as
revealed from XPS measurements with peaks centered at binding
energies of 366.0 eV and 367.7 eV for Col-I and pLL, respectively
(see Fig. S1). The optimal UVA dose to make the smallest pLL-
protected AgNP, z10 nm diameter, was determined as 1.03 mW/
cm2 (see SI for details; Figs. S2eS4 and Table S1); we employed that
dose to prepare AgNP using Col-I.

Collagen forms more than 30% of the human body, and type I
collagen is the most abundant in connective tissue and skin [38].
Fig. 2 shows the SPB increase as a function of irradiation time by
using 1.03 mW/cm2 UVA dose in the presence of 1.0 mM collagen.
Importantly, the initial slope of the integrated SPB, between 350
and 600 nm, shows an inverse dependence with the protein
concentration becoming smaller with increasing protein concen-
tration (inset Fig. 2). Additionally, the decrease in the I-2959
absorption band at 280 nm that stops after 7.5 min irradiation (see
Fig. 2) indicates complete initiator photodecomposition compatible
with total silver reduction (confirmed by XPS). Similar results were
observed for pLL (see Figs. S5 and S6). Remarkably, the SPB inten-
sities when using 96 mg/mL pLL-1 decrease to approximately 60%
compared with citrate stabilized AgNP (Fig. 1 and page S8), some-
thing not observed when Col-I is the protecting agent.

In addition, scanning electron microscopy measurements
carried out for AgNP prepared by using 0.5 mM Col-I (AgNP@
collagen) reveal the presence of spherical AgNP (z3.5 nm),
Fig. S7. However, when the protein concentration is increased the
image quality deteriorated due to the excess of organic material
that burns easily under our conditions (data not shown). Despite
this, the presence of AgNP plasmon absorption in all cases shown in
Fig. 2. Absorption spectra for colloidal AgNP prepared by using 1.0 mM type I collagen
as stabilizing agent upon 1.03 mW/cm2 UVA irradiation for up to 15 min (see arrow).
Inset: Dependence of the area under the curve (see text) obtained at different protein
concentrations from 0.1 to 5.0 mM; in this plot the initial slope region is denoted by an
arrow (area under the curve for citrate@AgNP time profile has been also included for
comparison). All measurements were carried out at room temperature in N2 saturated
solutions; error bars of 15% have been included in the plot.
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Figs. 1 and 2 is conclusive evidence for AgNP formation in the
presence of Col-I at all the protein concentrations used.

The photochemical preparation of metal nanoparticles leads to
the generation of substituted benzoyl radicals, which in the pres-
ence of traces of oxygen produce peroxyl radicals that could attack
the protein promoting oxidation. For this reason, we decided to
measure peroxide content in the protein prior and after AgNP
formation in the presence of Col-I (see Fig. S8). No detectable
peroxides were observed (see page S11 for more details). Never-
theless, this does not guarantee the absence of conformational
changes in the protein secondary structure after AgNP formation as
documented for other systems [39e41]. Thus, UV-CD measure-
ments of the protein secondary conformation in the presence of
AgNP were carried out.

Fig. S9A shows that in collagen UV-CD spectra neither position
(195.5 and 220 nm) nor intensity (see inset Fig. S9A), are affected by
the presence of AgNP, which suggests collagen’s conformation is
preserved. Indeed, no changes were observed for the Rpn param-
eter (an indicator of triple helix conservation in collagen expressed
as 220 and 195.5 nm ratio), even 16 days after AgNP preparation
(see Fig. S9B), for all the protein concentrations, except for the
0.1 mM sample. Thus, our findings indicate that AgNP does not
modify the right handed triple helix of type I collagen [42] in
contrast to pLL (Fig. S10). Furthermore, zeta potential (z) values
smaller than z �20 mV are insufficient to generate the required
Coulombic repulsion and promotes nanoparticle aggregation [43].
Interestingly, the negatively charged nature of our citrate@AgNP
(�40 mV) turns into a positively stable particles (Col-I > 0.5 mM
and pLL > 30 mg mL�1) indicating that both polypeptides protect
the surface of AgNP (Figs. S11 and S12). This effect is notably
enhanced in pLL nanocomposites reaching values close to þ70 mV
(see Fig. S12) probably due to the multiple pLL chains on the
surface.

We also found that all Col-I capped nanocomposite formulations
were stable under a wide range of NaCl concentrations (Fig. S13A)
while only at pLL > 60 mg mL�1 stabilized pLL@AgNP (Fig. S13B) as
comparedwith citrate@AgNP (aggregated> 30mMNaCl, Fig. S13A).
Similar results were observed for AgNP in phosphate (pH 7.4,
Fig. S13C) and MES buffer (pH 5.0, Fig. S13D); where only Col-I
nanocomposites showed a remarkable stability. Differences in
nomenclature (pLL@AgNP vs. AgNP@collagen) reflect observed
differences in protection and the fact that in Col-I AgNP are believed
to be fully encapsulated by the protein structure.

3.3. Stability of AgNP@collagen and PLL@AgNP role of
biomacromolecular conformation on the nanoparticle stability

Silver nanoparticles prepared by using pLL-1, pLL-2, and
collagen concentration between 0.5 and 2.5 mM are stable in
aqueous solutions for over 30 days (see SI page S17 and Fig. S14 for
more details). Thus, collagen-based AgNP synthetized outside the
stability range (i.e., with 0.1 or 5.0 mM collagen) will be excluded in
the following sections. Colloidal AgNP solutions exist only in the
presence of a dispersant media. However, if there is an efficient
stabilizing agent surrounding the nanoparticle, plasmonic absor-
bance is anticipated even when the solvent has been removed. In
our case, Fig. S15 shows representative pictures of polystyrene
weighting boats where 5.0 mL drops of aqueous solutions contain-
ing collagen-based AgNP, pLL-1@AgNP, pLL-2@AgNP, and citrate@
AgNP were delivered and evaporated for 12 h at 8 �C.

The results shown in Fig. S15 for particles prepared in the
presence of Col-I support incorporation of AgNP within the
protein, and agree with the higher stability of the nanocomposite
in NaCl, phosphate buffer and MES aqueous solutions (Fig. S13).
Thus, we use AgNP@collagen to label the collagen-based
and antibacterial properties of collagen-stabilized, photochemically
rials.2012.03.033
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nanocomposites prepared. Moreover, variation in the media
temperature will affect the protein conformation differently
depending on the type of macromolecule employed. For example,
in very structured proteins such as Col-I, which conformation is
controlled mainly by the coexistence of triple Gly-X-Y chains,
a temperature increase will cause intrachain disruption and irre-
versible denaturation [38]. In contrast, for biopolymers poorly
structured, as poly-L-Lysine, a temperature decrease will produce
a more organized structure.

Fig. 3 shows the effect of temperature decrease at 1.0 �C/min for
AgNP@collagen (1.0 mM), pLL-1@AgNP, and citrate@AgNP. This
figure shows that sample freezing affects differently AgNP SPB for
each system. In the first case SPB appears to be still present (Fig. 3A
and C), but the presence of new additional yellow “sticks”
surrounding the solid in the center of the tube was observed
(showed more clearly in TOC), probably due to a more organized
structure formed by AgNP decorating the biomacromolecule in the
solid state. Nevertheless, after total sample thawing there was only
a minor effect on the SPB of the nanoparticle (Fig. 3C) as well as in
the protein conformation (data not shown). Interestingly, for pLL-
1@AgNP the original yellow color turns reddish suggesting
sample aggregation (Fig. 3D and E). In fact, Fig. 3F shows the pLL-1@
Fig. 3. Effect of sample freezing (rate ¼ �1.0 �C/min) on AgNP plasmonic absorbance for Ag
taken at room temperature at different times (0.1 and 5.0 min) after start of thawing using a
condensation on the tube a gentle N2 flow was employed in all cases.
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AgNP absorption spectra for the sample before and after freezing
indicating particle aggregation due to the new red shifted absorp-
tion at z600 nm. In fact, AgNP HS size increases from 15 nm to
140 nm (similar trends were observed for pLL-2, data not shown).
Surprisingly, citrate@AgNP SPB is apparently bleached after
freezing (Fig. 3G), and gradually recovers when thawing starts (see
Fig. 3H), attributable to a change in the medium refractive index
during-water solidification with a minimal effect on the SPB (see
Fig. 3I).

In order to evaluate how a temperature increase can affect
nanoparticle stability, absorption spectra for citrate@AgNP, pLL-1@
AgNP and AgNP@collagen were measured over a temperature
range (within 20 and 50 �C, 1.0 �C/min), Fig. S16. Interestingly, only
for AgNP@collagen, a temperature increase above 45 �C modifies
both shape and intensity of plasmonic absorption in an irreversible
way (see SI8 for more details). Thus, CD measurements for collagen
alone or in the nanocomposite were also carried out in the
20e50 �C range employing 1.0 �C/min rate (Fig. S17A and B for
collagen alone or in the presence of AgNP, respectively). Two
distinct regions on Rpn values were observed when increasing the
temperature. The first one, between 20 and 39 �C, where almost no
changes are observed, and, a second region, from 39 to 50 �C
NP@collagen 1.0 mM (AeC), pLL-1@AgNP (DeF), and citrate@AgNP (GeI). Pictures were
Nikon D7000 using a Lens: Sigma 105 mm F2.8 EX DG Macro. In order to prevent water
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Fig. 4. Cell viability measurements carried out by using MTS� colorimetric assay (see experimental section) of human fibroblasts (left column) and human keratinocytes (right
column) after 14 h incubation (A, B) in the presence of different concentrations of 4-HEBA, I-2959, and AgNO3; (C, D) AgNP@collagen prepared by using 0.5, 1.0, and 2.5 mM collagen
or citrate@AgNP; and finally (F, E) type I collagen cytotoxicity at different concentrations (0.5, 1.0, and 2.5 mM). Silver concentration has been expressed as the total in each
experiment, independently particle aggregation/size (top blue). Error bars correspond to the average of three independent measurements (triplicate experiments) calculated by
using error propagation methodology in all cases p > 0.10 from one-way ANOVA analysis carried out in KaleidaGraph� version 4.2. Asterisks in Figure D indicate particle spon-
taneous aggregation in KSFM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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denaturation region, where this value decreases with a slope
z0.018 and 0.020 Rpn units/�C for collagen alone and in the
presence of AgNP, respectively. From the intersection point of both
regions we obtained a value close to 40 �C for protein denaturation
with or without AgNP, which agrees with the value for dermal
bovine type I collagen [42].

In summary, AgNP@collagen present excellent stability over
a range of different conditions that could facilitate their biomedical
applications, i.e. human skin scaffold where type I collagen has
been employed in hydrogel scaffold [29]. Specifically, the potential
anti-bacterial properties of AgNP [4,5,11,14,31] should be of interest
for the treatment of chronic leg ulcers [10]. With these applications
in mind, we examined the cytotoxicity in human fibroblasts and
keratinocytes as well as the anti-bacterial activity against Staph-
ylocous Epidermis, Bacilus Megaterium and Eschericha Coli of AgNP@
collagen and compared with the activity of pLL-1@AgNP, pLL-2@
AgNP, and citrate@AgNP.

3.4. Biocompatibility and cytotoxicity of AgNP@collagen, pLL@AgNP
and citrate@AgNP

Incubation of various NP samples in cell-free media showed that
10% FSC in DMEM prevented the aggregation of pLL-1@AgNP and
citrate@AgNP (see Fig. S18), while AgNP@collagen showed no
serum-dependent response, consistent with the incorporation of
AgNP into the collagen structure. Further, in KSFM, either citrate or
pLL-protected AgNP spontaneously aggregate (see Fig. S19A and B)
and only Col-I nanocomposites were stable (Fig. S19C). Thus, in
order to evaluate the biocompatibility and potential cytotoxicity of
our materials, their toxicity in human fibroblasts (varying FCS
concentration, or keeping it constant at 10% no significant differ-
ences were observed, only data obtained using 10% FCS has been
included here) and keratinocytes (grown in free FCS media) was
evaluated using the MTS assay [35] (Note: Similar results were
obtained for human fibroblasts if the incubation keeping 10% FCS
was carried out using PBS or DMEM; data not shown). Non-toxicity
for I-2959 (photoinitiator) or 4-HEBA (photoproduct) was estab-
lished in all cell-cultured lines employed here (see Fig. 4AeB).
Although, AgNO3was toxic at dilution factors lower than 4 and 2 for
fibroblasts and keratinocytes, respectively. Additionally, pLL-1 and
pLL-2 (Fig. S20A and B) appear to be equipotent cytotoxic than their
respective pLL@AgNP at dilutions lower than 8 (see Fig S20C and D).

Human keratinocytes were affected by these compounds as
depicted in Fig. 4F. In addition, mostly independently of the cell-
line employed here, low toxicity was detected at dilutions higher
than 2.0 when AgNP@collagen (Fig. 4C and D) or type I collagen
alone as shown in Fig. 4E and F. Citrate@AgNP seems to be more
toxic for human keratinocytes (Fig. 4D). However, no direct
comparison between the toxicity observed in keratinocytes and
fibroblasts, by Citrate@AgNP, can be obtained since these particles
Table 1
EstimatedMICs (in mM Ag content) in Lysogeny broth (LB) and cation-adjustedMuller Hint
[36].

LB

E. coli B. megaterium S. ep

AgNP@collagen 0.5 mM 25 3.13 12.5
AgNP@collagen 1.0 mM 25 3.13 12.5
AgNP@collagen 2.5 mM 12.5 1.56 6.25
AgNO3 25 6.25 12.5
Citrate@AgNP 50 6.25 12.5
pLL-1@AgNP 12.5 1.56 3.13
pLL-2@AgNP 25 1.56 3.13
pLL-1 100 3.13 6.25
pLL-2 50 3.13 3.13
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spontaneously aggregate in keratinocytes culturemedium (Fig. 4D).
More interestingly, AgNO3 toxicity only resembles to Citrate@AgNP
if they are aggregated as shown in Fig. 4C and D.

There is an important point related with the toxicity of AgNP
and their stability as well as the understanding of cell nanoparticle
interaction, specifically when comparing two different nano-
materials. Thus, in addition to the completely different nature of
both cell lines (metabolism, cell membrane, and morphology) the
aggregation state and stability of the biomaterial needs to be
considered i.e. only for AgNP@collagen no aggregation was
observed in either fibroblasts (PBS or DMEM) and keratinocytes
media (see Figs. S18 and S19), but when citrate@AgNP was
employed total aggregation of the nanoparticle takes place in the
absence of FCS. Similar survival fibroblasts populationwas obtained
from live-dead fluorescence protocol as displayed in Fig. S21 (see
Page S22 for more details).

3.5. Antimicrobial properties

Three bacterial species were chosen in order to assess the anti-
bacterial activity of AgNP composites. They are representative of
sporulating and non-sporulating gram (þ) bacteria (B.megaterium
and S.epidermidis, respectively) as well as the pathogenic gram (�)
enteric bacterial strain of E.coli, CFT073. Testing for growth inhibi-
tion by the broth-microdilution MIC assay, we observed that for
each bacterium, mM concentrations of total silver were at least as
growth inhibitory as AgNO3 controls. This was the case for both
pLL-, (not shown) and AgNP@collagen nanoparticles although in
the former, the conjugate molecule alone was as anti-microbial as
the conjugated one, but notably only collagen-based composites do
not aggregate (see Table 1 for MIC values). Table 1, shows the role of
test medium and concentration on MIC values. In almost all cases,
the estimatedMIC was higher in the cation-adjustedMHII medium.
Notably, the AgNP in their conjugated formwere at least as effective
as AgNO3 at inhibiting the growth of the bacteria tested. These data
were corroborated in our growth inhibition assays carried out in
96-well plates and summarized in Fig. 5. This Figure shows that the
collagen-based silver nanocomposite (at 1.0 mM in collagen) has an
improved activity with increasing lag time for bacterium growth at
much lower concentrations than those employed for either citrate@
AgNP or ionic silver as AgNO3; similar trends were observed for the
other two AgNP@collagen formulations (data not shown) con-
firming that collagen is more than a simpler stabilizing agent for
these nanocomposites.

MICs and growth inhibition experiments alone cannot differ-
entiate between bactericidal and bacteriostatic activity, otherwise
discernible under time-kill conditions [44,45]. Further, there is
a profound density related effect on the efficacy of most antibiotics
for at the very least staphylococci [46]. Thus, short-term (3 h) time-
killing studies were performed for each of the collagen-conjugated
on broth (MHII). Assaywas carried out according to CLSI brothmicrodilution protocol

MHII

idermidis E. coli B. megaterium S. epidermidis

50 12.5 25
50 6.25 12.5
25 12.5 12.5
12.5 6.25 12.5
50 6.25 25
12.5 6.25 12.5
25 12.5 12.5
50 6.25 12.5
50 6.25 12.5
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Fig. 5. Bacteria growth inhibition profile for B. megaterium (left column), E.coli (middle column), and S.epidermidis (right column) up to 18 h in the presence of different concen-
trations, as indicated in each figure, of (AeC), AgNP@collagen 1.0 mM, (DeE), citrate@AgNP (F-H), and AgNO3 (MeO). Dashed colored lines indicate the time where a 50% of the
maximal OD at the plateau level is reached. Thus, as a result product of the addition of compounds into LB medium there was an increase in this time that is indicated by the
horizontal arrows inserted there. An additional black dashed horizontal arrow is also included that indicates that longer lag times are expected for all the other concentrations that
did not show up at times shorter than 18 h.
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nanoparticles and for pLL-1@AgNP. Each species was challenged at
low density (w5 � 105 cfu ml�1), with 1x and 2x MIC concentra-
tions of each of thematerials. These results are shown in Fig. 6 for B.
megaterium, and in E. coli, and S. epidermidis respectively. For
B. megaterium and E. coli, there is a net decline in cell density as
a result of exposure to 1x and 2x MIC concentrations for 1.0 mM
collagen-conjugated NP see Fig. 6A and B, similar results were
obtained for the other formulations (data not shown). For AgNO3
only for E.coli a net decline in the bacteria population was observed
(see Fig. 6H). In the case of S.epidermidis however, no significant
decline is observed in cell density during the course of the assay
and the AgNP as well as AgNO3 are effectively bacteriostatic (Fig. 6
right column).

Based on the kinetics of killing, B.megaterium is more suscep-
tible to the 1.0 mM (Fig. 6A) and 2.5 mM collagen-conjugated AgNP
than to equivalent concentrations of the positive control. Impor-
tantly, this contrasts with the growth inhibition results where 0.5
and 1.0 mM concentrations inhibited growth better than 2.5 mM
AgNP@collagen at equivalent concentrations. The reason for this is
as yet unclear although differential killing efficacy has been
observed in several cases of quinolone and fluoroquinolone
Please cite this article in press as: Alarcon EI, et al., The biocompatibility
prepared silver nanoparticles, Biomaterials (2012), doi:10.1016/j.biomate
antibiotics [46,47]. However, as reduced sensitivity is noted for the
0.5 mM collagen-conjugated NP (not shown) in the time-killing
assay, collagen is implicated in either stabilization of, or other-
wise increasing the efficacy of the nanoparticles.

This view is enhanced by the observation that citrate@AgNP
(these particles aggregated spontaneously in the cell culture
medium) are consistently more similar to the AgNO3 (Fig. 6DeG)
controls than the conjugated nanoparticles. Consistent with the
noted differential efficacies of antibiotics, a different scenario is
observed for E.coli: Firstly, collagen nanocomposites are all notably
more bactericidal at this concentration (Fig. 6B) than citrate@AgNP
(which are aggregated); particles that are only slightly bactericidal
at 1xMIC (Fig. 6E) while ionic silver as AgNO3 is highly toxic at these
concentrations (see Fig. 6H). Differences between the two conju-
gated nanoparticles are not discernible as the bacterial culture is
rapidly cleared at 1x and 2x MIC. No significant difference is noted
between the observed killing profiles for all collagen nano-
composites within the time frame of the assay, 3 h (Fig. 6). Lastly,
S.epidermidis susceptibility was primarily bacteriostatic at the
concentrations tested (right column Fig. 6). This was the case when
we looked at higher AgNP concentrations (data not shown).
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Fig. 6. Bacteria time-kill profiles for B. megaterium (left column), E.coli (middle column), and S.epidermidis (right column) up to 180 min in the presence of AgNP@collagen 1.0 mM

(AeC), citrate@AgNP (DeF), and AgNO3 (GeI) at either 1xMIC or 2xMIC (see Table 1). Data reported here correspond to the average of three independent measurements (by
quadruplicate each experiment), error was lower than 10% of the mean in all cases.
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Insignificant differences were observed between the activity of the
AgNP, Agþ and even pLL-conjugated AgNP. Note that for all bacteria,
the pLL-conjugated NP and pLL controls were equivalently inhibi-
tory to growth implying that the bactericidal efficacy of such
conjugated NPwasmostly dependent on the conjugant (Table 1 and
data not shown). Additionally, in order to explore AgNP activity in
semisolid state, we assessed their efficacy on bacterial populations
embedded in 1% agarose as previously described in the testing of
anti-microbial peptides [48]. These studies were inconclusive as no
apparent inhibition zones were observed in any of the test cases,
whether Agþ or conjugated/unconjugated AgNP were used.

Thus, our anti-microbial cumulative data point to the efficacy of
AgNP is strongly affected by conjugation as showed for silver nano-
particles conjugated to type I collagen, where the macromolecule
may be the source of improved efficacy compared to the ‘seed’ AgNP.

4. Conclusions

In summary, we report the synthesis, characterization, in-vitro
biocompatibility, and anti-bacterial activity against B. megaterium,
E. coli, and the highly clinically relevant staphylococcu epidermis
bacteria of a new type I collagen “coated” AgNP nanocomposite
material prepared using a photochemical approach in 5e15 min at
room temperature. Comparisonwith the results obtainedwith poly-
Please cite this article in press as: Alarcon EI, et al., The biocompatibility
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L-Lysine as capping agent. We showed that biomacromolecular
conformation impacts on AgNP stability; poly-L-Lysine capped
nanoparticles suffer from spontaneous aggregation at higher ionic
strengthor lower temperature. In contrast, AgNPpreparedwith type
I collagen, displayed extraordinary stability.More importantly, these
collagen-based nanocomposites seem to be stable in cell culture
media showing non-toxic effects even at dilutions 2x against both
human fibroblasts and keratinocytes. Moreover, we have found that
the presence of fetal calf serum in the cell-cultured media prevents
the formation of aggregates of citrate capped AgNP and less effi-
ciently of AgNP conjugated with poly-lysine (pLL). Finally, collagen-
stabilized AgNP were bactericidal against B. megaterium and E.coli
but only bacteriostatic against S.epidermidis, however this was not
longer observed in solid phase assays. Our findings concerning the
action of AgNP suggest that thebacterialmode of killing byAgNP can
be influenced by the stability of the particle itself.
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