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Embedding silver (Ag) into CaPs one could expect the enhancement of the antimicrobial
performances of coatings for load bearing implants. The aim of this research was to
evaluate whether the cellular morphology is influenced by the variation of Ag content, as
well as by the solubility and morphological features of Ag-containing CaP coatings
obtained by combinatorial pulsed laser deposition technique. In this view, we developed
compositional libraries of either Ag and hydroxyapatite (HA) or Ag and β-tricalcium
phosphate (β–TCP). The Ag content along the length of the combinatorial CaP coatings
increased up to a maximum of ~1 at.%. SEM and AFM images evidenced the abundant
presence of particulates typical for CaP coatings deposited by PLD. AFM histograms
showed that the samples were rough with RMS values within 61-209 nm range. Ag
content values up to 0.6 at. % into HA coatings were found nontoxic for mesenchymal
stem cell (MSC) growth.
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1. Introduction
Calcium phosphates (CaPs) are the most widely used bone substitutes in tissue
engineering due to their similarity with the inorganic bone composition and excellent
biocompatibility. Because of their poor mechanical properties CaPs are frequently deposited as
coatings on metallic implants [1] combining the benefits of bioactive thin coatings and the
mechanical strength of the substrate [2-4] CaPs are characterized by different dissolution rates
given by the Ca/P ratios. Hydroxyapatite (HA) is the main inorganic compound in bone as well as
the most stable and the least soluble biocompatible calcium phosphate MCP>TTCP>αTCP>DCPD>DCP>OCP>β-TCP>CDHA> HA (with Monocalcium phosphate = MCP,
Tetracalcium phosphate = TTCP, α -Tricalcium phosphate = α-TCP, Dicalcium phosphate
dihydrate = DCPD, Octacalcium phosphate = OCP, β-Tricalcium phosphate = β-TCP, Calciumdeficient hydroxyapatite = CDHA, Hydroxyapatite = HA) [2, 5, 6]. β-tricalcium phosphate (βTCP) is a bio-resorbable material quite appropriate for bone augmentation in clinical situations [710]. Considered as a bone biodegradable substitute, once introduced within the body β-TCP is
gradually replaced by newly mineralizing bone avoiding fibrous tissue encapsulation [11, 12]. The
integration of implants within the surrounding bone strongly depends on bone - implant interface
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characteristics. Thus, a proper interaction results in a long term stabilization of implant. However,
bone healing process is prone to infections if bacteria colonies appear at the interface. This might
further lead to implant failure. In order to reduce the incidence of implant-associated infections,
different surface improvement strategies have been proposed. Among these strategies, the
antimicrobial drug delivery systems play a significant role [13-15]. On the other hand, metals
(such as Ag, Cu or Zn) were widely used in medicine as antimicrobial agents. Silver and silverbased compounds are known as medical agents with excellent antibacterial action [16-18]. These
properties are typical for heavy metals but, unlike them, silver is characterized by reduced toxicity
to human cells [19-21]. Therefore, the Ag-containing biomaterials are considered potential
candidates for wound repair applications [21-23]. It was confirmed that both ionic and metallic
forms of silver shows relatively low toxicity to human cells [21, 23]. Silver has been incorporated
into several biomaterials such as polyurethane [21], HA [19, 25] and bioactive glasses [26-28].
Most of results based on Ag-containing CaP coatings report antibacterial activity against a wide
variety of bacteria but just a few studies are devoted to the cellular response. Pulsed Laser
Deposition (PLD) is a versatile technique able to produce coatings with the same stoichiometry of
the initial raw material [4]. PLD was frequently applied to obtain calcium phosphate coatings with
good physico-chemical and biological properties [29-32]. An extension of PLD, Combinatorial
Pulsed Laser Deposition (CPLD), was proposed for the fabrication of thin films with gradual
modification of elemental composition along the substrate surface by simultaneous ablation of two
or more targets [4, 33]. We propose the extension of CPLD to biomaterials and, in particular, to
calcium phosphate coatings in order to produce complex gradient libraries of either Ag and HA,
Ag:HA or Ag and β –TCP, Ag:β –TCP. The aim was to evaluate the toxicity to human cells of HA
and β-TCP thin films containing different concentrations of Ag obtained by CPLD technique.
2. Material and methods
Combinatorial pulsed laser deposition
CPLD experiments were conducted into a UHV deposition chamber using a typical
combinatorial geometry illustrated in Figure 1 [33]. Two batches of combinatorial Ag:CaP
(Ag+HA or Ag+ β-TCP) samples were deposited on glass slides of 76x6.5 mm2 using two targets,
i. e. metallic Ag (99.95% purity) and either HA or β-TCP (Table I). HA and β-TCP targets were
manufactured by pressing the powders at 5 MPa and sintering in air for 6 hours at 400 oC and 1100
o
C, respectively. The coatings were deposited by simultaneous ablation of two targets (Ag and Ha
or β-TCP) using a KrF* (λ= 248 nm, τFWHM = 25 ns) laser source (model COMPexPro 205,
Lambda Physics-Coherent). The depositions were carried out at room temperature in a continuous
flow of O2 at 10 Pa dynamic pressure. Laser fluence was set at 1 Jcm-2 and frequency repetition
rate was 10 Hz. All coatings were grown at a target-substrate separation distance of 5 cm by
applying 5,000 subsequent laser pulses on each target. Prior to introduction inside the deposition
chamber, the substrates were successively cleaned into an ultrasonic bath with acetone, ethanol
and deionized water for 15 min and then dried in a jet of high purity nitrogen. In order to obtain
comparable results, the positions of the targets and substrates in respect to the laser beam focus
points were identical in all experiments. In our setup the separation distance between the
irradiation spots on targets is D =50 mm, equal to the distance between A and B points on
substrate (Fig. 1). We therefore consider “A” and “B” as the points of coordinates 0 and 50 mm
on substrate. We deposited films with a well-defined gradient of composition along the length of
the glass slide.
Table I. Deposition conditions of combinatorial Ag-doped HA and β-TCP coatings

Combinatorial
PLD sample
Ag-HA
Ag-β-TCP

Target
1
Ag

Target
2

Laser Fluence
Target 1 (J/cm2)
1

HA
Ag

Laser Fluence
Target 2 (J/cm2)
1

1
β -TCP

1

No. of
pulses
5000
5000
5000
5000
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Table II. RMS values of combinatorial Ag-containing HA and β-TCP coatings estimated
from different areas between d= 0 mm and d= 50 mm

Position d (mm)
Sample
RMS (nm)
Sample
RMS (nm)

0 (“A”)
Ag-HA
61
Ag-β-TCP
55

10
Ag-HA
133
Ag-β-TCP
66

20
Ag-HA
124
Ag-β-TCP
92

30
Ag-HA
118
Ag-β-TCP
87

40
Ag-HA
155
Ag-β-TCP
133

50 (“B”)
Ag-HA
209
Ag-β-TCP
169

Morphological studies
The morphological features of the films were examined by Atomic Force Microscopy
(AFM) in tapping mode with a Nanonics MV 4000 Microscope. AFM images were recorded on
20x20 μm2 areas. Scanning Electron Microscopy (SEM) investigation was performed with an
EVO 50XVP Carl Zeiss microscope with LaB6 filament and a maximum accelerating voltage of
10kV. Because the samples were electrically nonconductive the coatings were capped with thin Au
films. An energy dispersive X-ray spectroscope (EDX) model Quantax Bruker 200 with Peltier
cooled X-ray detector was used to determine the Ag atomic content (at.%) profile and 2D mapping
of elemental composition.
Biocompatibility assays
All tested materials were sterilized by incubation in a solution of 1% penicillin /
streptomycin for 2 h, followed by two washes in phosphate buffer saline (PBS) prior to cell
culture. Mesenchymal stem cells (MSCs) were cultured in Dulbecco’s Modified Eagle’s Media
(DMEM) supplemented with 10% FCS (Biochrom AG), 1% Glutamax, 50 U / mL penicillin, and
50 mg / mL streptomycin (Gibco). They were split 1:2 every 10 days and cultured in a 5% CO 2
humid atmosphere at 37 °C. For the biocompatibility experiments, 110000 cells were seeded per 1
mL warm media per slide in 10 cm Petri dishes (TPP). Samples were left stand for 30 minutes to
allow cells to attach to the biomaterial surface and then warm media was added to cover them (5
mL/dish). MSCs were incubated for the indicated time periods. Cells were fixed at 3h, 6h and 24h
after seeding using 4% p-formaldehyde (PFA) solution in PBS for 10 min at room temperature
(RT). Plates were washed with PBS and stored at 4°C before use. MSCs were stained for 3 hours
at RT with 0.4% crystal violet solution in 20% ethanol and kept in dH2O until analysis. Cells
distribution and spreading along the combinatorial samples were investigated using a Nikon
Eclipse E600W epifluorescence microscope in the bright field setting. Pictures were taken using a
Nikon digital light DS-SM camera and NIS-Elements BR Software. Statistical estimations of MSC
perimeters and areas were evaluated using ImageJ Software.
3. Results and discussion
Morphological results
Sample properties were analyzed along the AB direction (Fig 1). AFM and SEM analyses
revealed differences in surface topography along this direction, with distinctive features specific to
each combinatorial Ag:CaP system. The morphology is generally characterized by irregular and
granular structures consisting of particulates with dimensions in the sub- micrometer and
micrometer range (Figs. 2-3) and grains with tens or hundreds of nanometers in size (Figs. 4-5).
The analysis of AFM histograms revealed that the combinatorial Ag:HA coatings are rather rough,
with RMS values varying within the 61-209 nm range (Table I). The lowest and the highest values
correspond to the boundaries, i.e. “A” and “B” points (Fig. 3a and Fig. 3f). In-between these
positions the RMS values varied within a relatively narrow range (118-155 nm) (Figs. 3b-e). In the
case of combinatorial Ag-containing β-TCP coatings we observed a gradual increase of RMS
values between “A” and “B” (Figs. 5a-f) from 55 nm to 169 nm (Table I). However, particulates'
density and RMS roughness values measured for Ag-β-TCP coatings were in this case slightly
lower (Figs. 4-5). SEM and AFM images show similar nanometer and micrometer features but
with different topographies characteristic for each CaP system deposited by PLD [29-32]. In
general, one observes an increase of particulates' density between “A” and “B”, which is more
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pronouunced in the case of com
mbinatorial A
Ag-HA samp
ples. An Ag coating
c
obtai
ained by PLD
D under
the connditions appllied in these CPLD expeeriments had 8 nm RMS roughness. T
Thus, we con
ncluded
that the nano- and micro-rough
hness and thee topography
y of combinattorial samplees are dominated by
the moorphology of
o CaP coatiings obtaineed by PLD [29-32]. Miicrometer sppherical-partiiculates
characcteristic to metallic
m
PLD coatings aree also visiblee on the surfface or partiaally embedd
ded into
the coatings (Figs.. 2a-b and Figs.
F
3a-c). N
Nevertheless, Ag particu
ulates' density
ty was signifficantly
lower than those of
o CaP. Morreover, in thhe AFM imaages (Figs. 5a-c)
5
of Ag-ββ-TCP samp
ples we
noticedd the presennce of holess with diam
meters in sub
b-micrometerr range. Theese holes co
ould be
formedd by the pennetration of small Ag part
rticulates witth high kinetic energy intto the softer β-TCP
coatinggs. CaP parrticulates vissible on thee coating su
urface are fllat with irreegular shapees. The
distribuution of partticulates’ den
nsity is a ressult of plasm
ma plume exp
pansion geom
metry characcteristic
to laseer ablation, where
w
most of the evapporated species are conffined inside a limited an
nd well
definedd volume [44]. It is wo
orth mentionning that su
uch topologiees were prooved beneficcial for
adhesion and prolifferation of osteoblast cellls [30, 32, 34
4].

Fig.1 Com
mbinatorial PL
LD scheme.
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a)

d)

b)

e)

c)
Fig. 2 Typical SEM micrographs of Ag:HA film surface between A and B points at : 0 mm
a), 13 mm b), 25 mm c), 38 mm d) and 50 mm e), respectively.
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a)

d)

b)

e)

c)
Fig. 3 Typical SEM images of Ag-β-TCP film surface between A and B points at: 0 mm a),
13 mm b), 25 mm c), 38 mm d) and 50 mm e), respectively.
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a)

d)

b)

e)

f)

c)
Fig. 4 Typical AFM images of Ag-HA film surface between A and B points: a) 0 mm, b) 10
mm, c) 20 mm, d) 30 mm, e) 40 mm and f) 50 mm, respectively.
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d)

a)

e)

b)

c)

f)
Fig. 5 Typical AFM images of Ag- β-TCP film surface between A and B points: a) 0 mm,
b) 10 mm, c) 20 mm, d) 30 mm, e) 40 mm and f) 50 mm, respectively.

Compositional results
In order to establish the Ag content profiles we performed energy dispersive spectrometry
(EDS) measurements along the “AB” line (Figs. 6a and b). As expected, for both combinatorial
samples, Ag content was the highest in position “A” (0 mm) with values of 0.88 at. % and 0.94 at.
% for Ag-HA and Ag- β-TCP, respectively. Ag content linearly decreases from “A” to B” down to
0.14 at. % (Ag-HA) and 0.16 at. % (Ag- β-TCP). The optical spectrum recorded in the case of
simple Ag deposition indicated a Surface Plasmon Resonance (SPR) behavior evidenced by the
presence of the absorption peak centered around 440 nm (see Fig. 7), characteristic to Ag clusters
or very thin films (few tens of nm) [35-37]. The typical thickness profile of PLD films is generally
described by a nonlinear function [33, 38]. Consequently, Ag elemental composition profiles
should follow the same dependence with the thickness variation. However, the presence of large
Ag particulates of sub-micronic or micronic size strongly influnces this profile which becomes
quite linear. The effect is visible in Figs 6 a, b because, most probably, the fraction of Ag in
particulates is larger or comparable to that in film.
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Fig. 6 Ag content profiles determined by EDS for film areas between A and B points of AgHA (left) and Ag-β-TCP (right) mm, c) 20 mm, d) 30mm, e) 40mm and f) 50 mm,
respectively.

Fig. 7 Typical optical absorption spectrum of Ag film deposited on glass.

Multi-element X-ray mapping images acquired by EDS were used to identify the
elemental distribution along the surface. We give in Figs. 8 and 9 selected areas from SEM
micrographs and corresponding element mapping images at boundaries, “A” and “B” positions,
where Ca, P and Ag in Ag-HA and Ag- β-TCP samples were clearly put into evidence. Several
similarities and peculiarities characteristic to each sample are visible in Figs 8 and 9. Because at
“A” position (Figs. 8-9 left columns), the size and density of particulates are smaller, the
distribution of Ca, P and Ag elements looks rather homogenous over the investigated area. At “B”
position (Figs. 8-9 right columns) the increase in size and density of CaP particulates stay at the
origin of the elemental distribution variation along surface. Thus, the surface and the shape of the
large particulates which are visible in the SEM micrographs are reflected by the element mapping
images. Ca and P distribution in the elemental mapping images of Ag-HA samples recorded at “B”
position (Fig. 8 right column) show an increased abundance in the areas where the particulates are
located. We thus could conclude that the mass density of HA particulates is larger than that of the
homogeneous part of the coating. Unlike Ag-HA samples, in the case of Ag- β-TCP films, the
elemental mapping for Ca and P elements (Fig. 9 right column) showed that besides their different
contour, the particulates have similar or slightly lower mass density than that of the homogeneous
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film. The increase of the mass density at the particulates boundary is a result of densification by
accumulation of material from the craters, due to deep penetration into film. The densification
effect of craters' walls was more evident in the case of Ag- β-TCP samples because these coatings
were softer and/or less dense than HA films. The fraction of particulates which are embedded into
the coatings does not generate craters because they were transferred during the early stage of the
film formation [39, 40]. Ag abundance (Figs.8-9) in the areas around “A” and “B” was uniformly
distributed for both types of samples. Ag particulates were not visible in the elemental mapping
images because their dimensions were under the pixel resolution.

Fig. 8 SEM images and EDS maps of Ag-HA film areas corresponding to A (left column)
and B (right column) positions.
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Fig. 9 SEM images and EDS maps of Ag-β-TCP film areas corresponding to A (left
column) and B (right column) positions.
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A

B

Fig.10 A -top and -bottom panels shhow the optica
al images of MSCs
M
grown oon Ag-HA
recorded at
a a magnitudee of 100 x andd 500 x, respecctively. B - Qu
uantification of cell areas
and periimeters for MS
MSC visible in A at 24h afterr seeding.

Biologicall results
Biological studies weere perform
med in orderr to test ho
ow human MSCs respond to
biomatterial coatinggs. As known
n, while osteeosarcoma an
nd transform
med osteoblassts are directtly used
in in vvitro biocomppatibility asssays, MSCs come in closse contact with
w the implaant and givee rise to
bone-fforming cellls. Based upon
u
a stattistical anallysis it wass determineed whether MSCs
morphhology (perim
meter or areaa of cells) w
was altered by
b the variattion of Ag ccontent and surface
morphhological feaatures along
g the “AB
B” direction of Ag-con
ntaining CaaP coatings.. Cells
morphhology on eaach sample was
w assessedd by quantify
ying cells arrea and perim
meter between “A”
and “B
B” points. Thhus, the surfface of sampples was diviided in regio
ons of equal areas startin
ng from
“A” (00 mm) to “B” (50 mm) positions.
p
Fivve separated regions werre consideredd: Region I (0
( mm10 mm
m), Region III (10 mm-20 mm), Regioon III (20 mm
m-30 mm), Region
R
IV (300 mm-40 mm
m) and
Regionn V (40 mm--50 mm), resspectively (ssee Fig. 10). Due to know
wn differencces between the
t two
CaP’s solubility, thhe bone cellss attachmentt was investig
gated after 3h, 6h and 244h of incubattion for
the moore soluble Ag-β-TCP coatings
c
or 224 h for mo
ore stable Ag-HA coatinngs. Represeentative
imagess of bone cellls grown on Ag-HA werre collected by
b bright fielld microscoppy and are sh
hown in
Fig. 100A – top pannel. Details of
o cell morphhology are magnified
m
in Fig 10A – bbottom panel. Also,
statistiics of cell areas
a
and perimeters frrom differen
nt regions of combinatoorial samplees were
represeented as bar graphs (Fig.10B).
One observves that afterr 24 h, the ceell attachmen
nt parameters at the contaact with the surface
of Ag--HA samples (Fig.10B) exhibit largge values. Th
he cells areaa varied withhin 2000-400
00 µm2
range w
whereas the cells perimeeter was meaasured in a narrow
n
interv
val between 4480-600 µm
m. In the
Regionn I, where the
t maximum
m Ag contennt was foun
nd, the ratio between areea (2000 µm
m2) and
perimeeter (580 µm
m) is the smaallest of all aanalyzed regions. Such morphology
m
iis characteriistic for
elongaated cells orr with multip
ple cellular extensions. The cells behavior
b
in R
Regions III--V was
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similar but their area and perimeter values were typical for cellular morphologies with a more
compact and regular shape. Moreover, the number of cells constantly increased from Region I to
Region V (Fig.10A– top panel). At variance, in the case of Ag-β-TCP coatings we observed at 3h,
6h and 24 h partial cell attachment, but MSCs-coating interaction was not sufficiently stable to
support cell growth and proliferation (data not shown). At the surface of β-TCP coatings a
morphological and chemical instability develops due to the greater solubility which could stay at
the origin of the poor cellular attachment. We consider that the reduced biological response of Agβ-TCP samples after 6h and 24h of incubation is a consequence of the fast β-TCP dissolution in
the surrounding cellular solution. From the above results one may conclude that Ag from the
calcium phosphate coatings is not toxic for MSCs in concentrations up to ~ 0.6 at. % (Regions IIIV). The topological features of CaP coatings deposited by PLD and their solubility properties (HA
vs TCP) drastically influenced the cellular attachment and morphology.
4. Conclusions
The specific topology of CaP coatings deposited by PLD, consisting of grains with tens or
hundreds of nanometers in size and combined with the presence of irregular particulates with
dimensions in the sub- micronic and micronic ranges, proved beneficial for adhesion and
proliferation of MSCs. We observed that the solubility of CaP coatings deposited at room
temperature has a drastic influence on the adhesion and cellular morphology of MSCs. Thus, the
more soluble β-TCP coating was not sufficiently chemically stable to support cell growth and
proliferation. We demonstrated that Ag content of up to 0.6 at. % into HA coatings deposited by
PLD could be considered nontoxic for MSCs.
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