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Implant-associated infections are among the most serious post-surgical complications of
medical device implants, including prosthetic joints (e.g., hip, knee and shoulder) and
fracture fixation hardware.[2:2] Infection rates related to orthopedic implants have been
reduced to below 5% owing to strict hygienic protocols and intraoperative systemic
prophylactic treatment.[3] However, the overall number of such infections has been
continuously increasing with growing demands for surgical implantation as a result of
population aging and increasing participation in recreational activities.[*] Timely diagnosis
of implant-associated infections is a significant challenge, and established infections may
not be effectively treated with long-term systemic antibiotic therapy.[?] Therefore,
postsurgical infections often require complex additional surgical procedures such as
debridement, prosthesis removal and re-implantation. Even systemic antibiotic treatment
raises several concerns, such as systemic toxicity, low efficiency and need for
hospitalization. Given this context, extended delivery of antimicrobial agents at the site of
implantation is highly desirable to offer high local antibiotic concentration without systemic
toxicity and thereby prevent postoperative, implant-associated infections.

Calcium phosphate (CaP) mineral is the main inorganic component of vertebrate bone and
teeth. Hydroxyapatite (HAP), ftricalcium phosphate (4 TCP) and biphasic calcium
phosphate (BCP) represent typical examples of CaP minerals, which are known to integrate
well with surrounding bone tissue and facilitate bone tissue growth.[51 Therefore, CaP
biomaterials are commonly used in orthopedic and dental surgery as bone void fillers(®! or
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as a coating material on metallic implants.[”] Although various technologies have been
developed to produce CaP coatings, considerable attention has recently focused on
“biomimetic” coating processes using simulated body fluids.[8] These solution-based
processes are performed in conditions that mimic body fluids, and therefore can be applied
to three dimensional substrates with complex geometry and a broad range of materials
including polymer,[210] ceramicl!1.12] as well as metal.[13] Notably, recent studies
demonstrated that biomimetic CaP coatings can also deliver a range of therapeutic
molecules including biologically active proteinst®14] and plasmid DNA[9] in a controlled
manner. In view of the existing and emerging clinical prevalence of CaP coatings, we
hypothesized that local, sustained release of an antimicrobial agent from CaP-coated
implants could prevent the formation of biofilm and serve as an efficient anti-infection
strategy.

Silver has proven to possess excellent antimicrobial activity against a broad spectrum of
pathogens, including gram-positive and gram-negative bacteria.[16] This antimicrobial
activity is exerted mainly by deactivating respiratory enzymes, and in part by interfering
with DNA replication and disrupting the cell membrane. Silver nanoparticles and silver salts
are included within commercially available burn ointments,[1”] wound dressings(8] and
medical devices such as catheters,[19] vascular graftsl29] and endotracheal tubes(?!] to
effectively prevent infections. We reasoned that nanoparticulate silver crystals created on
the surface of CaP minerals would provide a broadly applicable strategy to prevent
orthopedic infections. Here we present a facile method to grow antibacterial silver particles
on CaP coatings and subsequently release silver species for a controllable timing and
dosage. The approach involves incubating CaP materials in silver nitrate solution with or
without citric acid pretreatment. We hypothesized that silver particles would be grown on
the CaP surface by reacting with phosphate and carbonate ions dissolved from the coating,
and that synthesized silver particles would be subsequently released in a sustained manner.
In addition, the non-toxic citric acid would suppress initial burst release of silver species by
strongly binding to the surface and reducing the dissolution rate of CaP coating.[2?]

We created CaP coatings on poly(o.-lactide-co-glycolide) (PLG) films by incubating in
modified simulated body fluid (mSBF) at pH 6.8, 37 °C for 7 days. The CaP coatings were
composed of spherical clusters with nanoporous plate-like structure (Figure 1a). The EDS
reveals that the obtained coatings consisted of calcium and phosphate with their ratio being
1.81 + 0.04 (Figure 1b). The FT-IR and XRD spectra of the coatings showed peaks
corresponding to carbonate and phosphate and characteristic peaks from hydroxyapatite,
respectively (Figure 1c,d). Collectively, the coatings created on PLG films comprised
carbonated hydroxyapatite with nanoporous structure.

We incubated CaP-coated PLG films sequentially in citric acid solution and silver nitrate
solution to produce silver nanoparticles and microparticles on CaP coatings. We changed the
concentration of solutions (1, 5 and 10 mw) and incubation time (0.5, 1 and 4 hour) to
investigate the effect of each incubation step on silver particle formation and silver release
kinetics. The FT-IR spectra of CaP coatings (Figure 2a) displayed the typical pattern
associated with phosphate (600, 1050 cm™1) and carbonate (850, 1450 and 1650 cm™1)
groups (Figure 2a, (i)). The spectra of CaP coatings after citric acid treatment showed an

Adv Mater. Author manuscript; available in PMC 2014 November 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lee and Murphy

Page 3

increased peak area at 1450 cm~ and new peak appearance at 800 cm~ and 1200 cm~!
(Figure 2a, (ii)-(iv)). Those peaks arose from carboxylic acid groups in citric acid molecules,
indicating the adsorption of citric acid molecules on CaP coatings. The 4-hour citric acid
incubation resulted in the appearance of another new peak at 1700 ~ 1800 cm™ (Figure 2a,
(iv)), which is likely due to the larger quantity of citric acid with extended incubation time.
On the contrary, changing the citric acid concentration did not affect the FT-IR spectrum
(data not shown), which implies that citric acid adsorption was not concentration-dependent
over the range of concentrations tested in this study. This lack of concentration dependence
may be attributed to the particularly strong interaction of citric acid molecules to CaP
materials, which is mediated by the interaction between carboxylic groups in citric acid and
calcium ions on the CaP surface.[?2] The crystallinity index calculated from the FT-IR
phosphate peaks (at 550 ~ 600 cm~1) was not influenced by citric acid treatment (Figure 2b),
suggesting that the inherent solubility of CaP coatings was not influenced by citric acid
treatment. However, the dissolution of CaP coatings, as measured by calcium dissolution,
was dependent on the citric acid treatment. When citric acid was adsorbed, calcium ions
were slowly released from CaP coatings with less “burst” release during day 1 (Figure 2c). It
indicates that citric acid adsorbed on CaP surface could delay the dissolution of CaP coating,
which concurs with the previous reports on the inhibitory effect of strongly adsorbed
molecules including citric acid on hydroxyapatite dissolution.[23]

The citric acid-treated CaP coatings were then transferred in silver nitrate solution to grow
silver particles. Silver particles covered the entire CaP substrate uniformly in all conditions
tested (Figure 3a). SEM images showed that the size of silver particles was in the range of
tens of nanometers (Figure 3b) to several micrometers (Figure 3c) depending on the
preparation conditions. Specifically, the size of silver particles was increased with longer
silver nitrate incubation time and higher silver nitrate concentrations, whereas citric acid
incubation time and concentration did not influence the silver particle size. The appearance
of a silver peak in EDS spectra after incubating in silver nitrate solution confirmed the
formation of silver particles (Figure 3c). The XRD pattern of CaP coating after silver nitrate
incubation revealed the characteristic peaks of silver phosphatel24] and silver carbonatel2]
in addition to those from hydroxyapatite (Figure 3d). It should be noted that silver particles
were synthesized on both citric acid-treated and non-treated CaP surfaces, and there was no
noticeable difference in the size and morphology of the silver particles between these two
groups. In addition, we could not observe any indication of silver particle formation in the
bulk solution (e.g., color/turbidity change) during incubation in silver nitrate solution
(Figure 3b, right inset). Collectively, the results indicate that silver carbonate and silver
phosphate particles were created locally on CaP surface by the reaction of silver ions with
carbonate or phosphate ions dissolved from CaP coating.

Once we confirmed the formation of silver salt particles on CaP coatings, we measured the
time course release of silver which was prepared from different incubating conditions
(Figure 4a). The silver release from CaP coatings continued for time periods ranging from 3
days to over 30 days, and the total quantity of released silver species ranged from 0.7 ug to
75.4 ug per cm? of sample surface (Figure 4). Interestingly, the silver release occurred with
nearly linear release kinetics in all groups treated with citric acid, while the groups not
treated with citric acid showed an initial burst release during the first two days of release
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(Figure 4b and 4c). These release kinetics are likely dictated by the different dissolution
rates of CaP coatings in presence of adsorbed citric acid molecules. Burst release poses a
significant practical problem in the application of drug delivery systems, because it often
happens in an unpredictable manner and may cause negative side effects due to overdose of
the released drug.[26] Our results here suggest that citric acid treatment can help avoid burst
release of silver species, and thereby prevent any complications related to silver overdose.
The 4-hour incubation in citric acid solution led to more rapid release kinetics compared to
0.5 and 1 hour incubations (Figure 4b). On the other hand, the release behavior of silver was
not influenced by the citric acid concentration (Figure 4c). This trend was in good
accordance with the FT-IR data and dissolution results for citric acid-treated CaP coatings
(Figure 2), and suggested that the amount of released silver was dictated by the adsorbed
citric acid and thus dissolution of CaP coatings. As the incubation time in silver nitrate
solution was extended from 0.5 to 4 hours, a larger amount of silver was released for a
prolonged time period (Figure 4d). Similarly, higher concentrations of silver nitrate solution
during growth of silver particles led to larger quantities of silver released over longer release
periods (Figure 4e). Taken together, these results indicate that the dosage and timeframe of
silver release could be readily controlled by varying the conditions during growth of silver
salt particles on the CaP surface.

The antibacterial activity of released silver was evaluated against gram-positive
Saphylococcus aureus (Figure 5b,c) and gram-negative Escherichia coli (Figure 5d,e). The
majority of orthopedic infections are attributed to gram-positive Staphyl ococci, of which S
aureus is the leading pathogen causing implant-related infections.[27] We chose both gram-
positive and gram-negative bacteria to demonstrate the broad antibacterial activity of silver
delivered from CaP coatings. Briefly, we added media from silver-releasing CaP coatings to
bacterial suspensions in their exponential growth phase, and monitored bacterial growth by
measuring optical density at 600 nm (Figure 5a). We tested release media from a very early
time point, day-1 (Figure 5b,d) as well as a later time point, day-30 (Figure 5c,e). When
release media were added to bacteria suspension, the bacteria growth was delayed to an
extent which was proportional to the amount of silver present in the added release media
(Figure 5b,c). Importantly, these data demonstrate that the antibacterial activity of released
silver was similar against S. aureus and E. coli, and the silver released at a later time point
remained antimicrobially active. In addition, previous studies reported that citric acid is
effective to treat chronic wound infection by preventing colony formation of microorganism,
which is also beneficial to our purpose.[28]

Silver wound dressings currently used in clinical applications have been reported to contain
silver species with the range of tens to hundreds of ug cm=2, and to release up to ~ 30 pg
cm~2 in cell culture medium and ~ 100 pg cm~2 in water during the first day.[2% In contrast,
the first day silver release from CaP coatings in our study was less than 15 pg cm=2.
Therefore, the silver amounts released are likely to be within the clinically acceptable range.
Here we examined toxicity of released silver to mammalian cells in a “worst case scenario”
by incubating the most silver-loaded CaP coating, which eluted 14.3 pug cm=2 during the first
day in PBS, in a small volume (0.5 mL) of Dulbecco’s modified Eagle’s medium (DMEM)
for one day. The release medium was then used to culture NIH 3T3 mouse fibroblasts after
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diluting to varying extents with fresh DMEM. When cells were both seeded and cultured in
DMEM with released silver, significant cytotoxicity was observed only from 4-fold diluted
DMEM and further diluted solutions did not affect cell number at 24 or 48 hours (Figure
6a). When cells were seeded in fresh DMEM then exposed to silver-containing DMEM,
some limited cytotoxicity (78% cell viability) was observed only from the 8-fold diluted
DMEM (Figure 6b), with no cytotoxicity observed for any further dilution. These results
provide further evidence that silver species eluted from mineral coatings are unlikely to
cause significant cytotoxicity in clinical scenarios, as released silver species are likely to be
rapidly diluted in an implant site due to simple diffusion and fluid transport.

It is noteworthy that the method described here may be applicable to a range of CaP
biomaterials such as sintered HAP, B-TCP and BCP, which are also commonly used in
current orthopedic procedures. To demonstrate broader applicability of silver-releasing
coatings, we used our approach to form silver salt particles on sintered HAP and $-TCP
biomaterials. Results were similar to those observed for silver particle growth on CaP
coatings and the rate of particle growth was likely dependent on the dissolution rate of CaP
materials (Figure 7). Therefore, we can conclude that controlled release of antibacterial
silver can be achieved from a range of CaP-based devices used in current clinical settings,
which may efficiently suppress implant-associated infections.

Experimental Section

Calcium Phosphate (CaP) Coating Formation

Poly(o.-lactic-co-glycolide) (PLG, lactide:glycolide = 85:15) films were prepared by
solvent-casting PLG-dissolving chloroform solution on polytetrafluoroethylene plates. The
PLG films were cut into 1cm x 1cm and subsequently coated with CaP minerals. The CaP
coatings were created by incubating PLG films in modified simulated body fluid (mSBF;
141 mm NaCl, 4 mu KCI, 0.5 mm MgSOy, 1.0 mu MgCly, 4.2 mvu NaHCO3, 5.0 mm CaCly,
2.0 mm KH2POy4, 20 mwm Tris base) as described elsewhere [9,11]. The incubation was
continued at 37 °C, pH 6.8 for 7 days under mild agitation, and mSBF was refreshed daily.
The resulting PLG films were rinsed with deionized water and lyophilized. The CaP
coatings on PLG films were characterized using field emission scanning electron
microscopy (FE-SEM; LEO 1530, Zeiss, Germany) equipped with energy dispersive X-ray
spectroscopy (EDS). The chemical and phase characteristics of the CaP coating scraped
from PLG film were identified by Fourier transform infrared spectroscopy (FT-IR; Equinox
55, Bruker AXS, Germany) and X-ray diffraction spectroscopy (XRD; Hi-Star 2-D, Bruker
AXS, Germany) with CuK« radiation, respectively.

Synthesis and Characterization of Silver Particles on CaP Coating

CaP coatings were incubated in silver nitrate solution in deionized water (pH 7.0, 5mL) to
synthesize silver particles on the surface of coating. In a set of experiments, CaP coatings
were pre-treated by incubating in citric acid solution in deionized water (pH 7.0, 5mL) prior
to silver nitrate incubation. The concentrations of both solutions were changed to 1, 5, and
10 mwm, and incubation times were also varied to 0.5, 1 and 4 hour. After citric acid pre-
treatment, the resultant CaP coatings were characterized using FT-IR, and crystallinity index
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was calculated from Shemesh’s method [30]. The calcium released from citric acid-treated
CaP coating in PBS at 37 °C was quantified by colorimetric assay using Arsenazo Il (MP
Biocehmicals, USA). At predetermined time points, the release medium was collected to
quantify calcium ions and fresh PBS was added for further incubation. The silver particles
on CaP coatings were imaged using FE-SEM and elemental analysis was carried out using
EDS. The silver particles scraped from CaP coatings were characterized using XRD.

Silver Release from CaP Coating

The treated CaP coating was incubated in 5 mL of PBS (pH 7.4) at 37 °C. At each time
points (1, 2, 3, 5, 9, 15, 20 and 30 day), the release media were collected and CaP coatings
were transferred in a fresh PBS for further incubation. The silver species in release media
was quantified using inductively coupled plasma optical emission spectrometry (ICP-OES;
Optima 4300DV, Perkin Elmer, USA) at 328.07 nm.

Antibacterial Activity of Released Silver

The release media collected at day 1 (where CaP coatings were incubated for day O to 1) and
day 30 (where CaP coatings were incubated for day 20 to 30) were used to test the
antibacterial activity of released silver against S. aureus (ATCC 25923) and E. coli (ATCC
25922). All bacterial culture was performed in Luria-Bertani (LB) broth. The 50 pL of
release media were added to 150 pL of bacteria suspension (108 CFU mL™1) in exponential
growth phase in a 96-well plate and incubated at 37 °C. The bacterial growth was monitored
by measuring optical density of bacterial suspension at 600 nm.

In Vitro Cytotoxicity of Released Silver

Mouse fibroblast NIH 3T3 cells were used to assess the cytotoxicity of silver released from
silver-incorporated CaP coating prepared by incubating in 5 mw citric acid solution for 1
hour and subsequently in 10 mw nitric acid solution for 4 hours. The cells were cultured in
cell culture Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% cosmic
calf serum and a mixture of penicillin (100 U mL™1) and streptomycin (100 pg mL™1) at
37°C in with 5% CO,. The release medium was collected after silver-incorporated CaP
coating was incubated in 0.5 mL of cell culture medium for 24 hours at 4 °C. After serially
diluted with fresh cell culture medium, 25 pL of silver-containing release medium was
mixed with 75 pL of cell suspension and seeded in a 96-well plate (5000 cells/well). In
another set of experiment, serially diluted silver-containing cell culture medium was added
to the cells 24 hours after the cells were seeded in a 96-well plate (5000 cells/well). The cell
viability was determined using CellTiter Blue cell viability assay (Promega, USA) and was
normalized to the values from non-treated condition.
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Figurel.
CaP coatings created on PLG films via biomimetic coating method. (a) SEM images of CaP

coatings and (b) EDS, (c) FT-IR and (d) XRD spectra of CaP coatings. * and " in FT-IR
spectra represent characteristic peaks of phosphate and carbonate, respectively. # in XRD
pattern denotes the characteristic peaks associated with hydroxyapatite.
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(@) FT-IR spectra of CaP coatings (i) before citric acid treatment and (ii-iv) after incubating
in 5 mw citric acid solution for different time periods: (ii) 0.5, (iii) 1 and (iv) 4 hours. The
structural formula of citric acid is shown on the bottom. (b) Crystallinity index calculated
from FT-IR spectra based on Shemesh’s method. (c) Calcium release from CaP coatings
treated differently with citric acid.
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Figure 3.
(a) Photographs of silver-incorporated, CaP-coated PLG films during the course of

incubation in silver nitrate solution. The CaP-coated films were incubated in 5 mw citric acid
solution for 1 hour and subsequently in 5 mw silver nitrate solution for 0, 0.5, 1, 2 and 4
hours (from left to right). (b) SEM image of nano-sized silver particles synthesized on CaP
coating. Silver nanoparticles were synthesized by sequentially incubating in 5 mw citric acid
solution for 1 hour and 5 mw silver nitrate solution for 0.5 hour. Lower right inset is a
photograph of silver nitrate solution where a citric acid-treated CaP-coated PLG film was
incubated on the bottom. (¢c) SEM image of micrometer-scale particles on CaP coating (left)
and EDS spectra of distinct regions (right). They were created from 5 mw citric acid solution
for 1 hour and 5 mw silver nitrate solution for 4 hours. (d) XRD spectra of (i) untreated CaP
coating and (ii) CaP coating after silver particle formation. # and * in spectra denote the
characteristic peaks from hydroxyapatite and silver phosphate or silver carbonate,
respectively.
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Cumulative silver release from CaP coating. (a) Schematic of experiment. (b,c) The CaP
coatings were incubated (b) in 5 mw citric acid solution for different time periods or (c) in
citric acid solution of different concentrations for 1 hour. The coatings were then incubated
in 5 mw silver nitrate solution for 1 hour. (d,e) The CaP coatings were pretreated in 5 mwu
citric acid solution for 1 hour, and subsequently incubated (d) in 5 mw silver nitrate solution
for different time periods or (e) in silver nitrate solution of different concentrations for 1

hour.
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Antibacterial activity of released silver. (a) Schematic of experiment. (b-e) Growth curve of
S aureus (b,c) and E. coli (d,e) upon the addition of release media. The release media were
collected from CaP coatings which were incubated sequentially in (b,c) 5 mw citric acid
solution for 1 hour and 5 mw silver nitrate solution for different time periods, and (d,e) 5 mw
citric acid solution for different time periods and 5 mw silver nitrate solution for 1 hour. The
release media collected (b,d) at day 1 where CaP coatings were incubated for the first day
and (c,e) at day 30 where the coatings were incubated from day 20 to day 30, were added to
S aureus (b,c) and E. coli (d,e). Lower plots in (b) and (c) show the concentration of silver
in the bacteria solution tested.
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Normalized NIH 3T3 cell number when exposed to silver-containing cell culture medium.
(@) Cells were seeded and cultured in silver-containing DMEM and (b) attached cells were

exposed to silver-containing DMEM.
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Figure7.
SEM images of silver particles created on sintered (a) hydroxyapatite and (b) ftricalcium

phosphate. The hydroxyapatite and ftricalcium phosphate were incubated in 5 mw citric
acid solution for 1 hour and subsequently in 5 mw silver nitrate solution for 1 hour.
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