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Abstract

In the challenging quest for a solution to reduce the risk of implant-associated infections in
bone substitution surgery, the use of silver ions is promising regarding its broad spectrum on
planktonic, sessile as well as multiresistant bacteria. In view of controlling its delivery in situ
at the desired dose, we investigated its encapsulation in carboxymethyl cellulose (CMC)
microparticles by spray-drying and included the latter in the formulation of a self-setting
calcium phosphate bone cement. We implemented an original step-by-step methodology
starting from the in vitro study of the antibacterial properties and cytotoxicity of two silver
salts of different solubility in aqueous medium and then in the cement to determine the range
of silver loading able to confer anti-biofilm and non-cytotoxic properties to the biomaterial. A
dose-dependent efficiency of silver was demonstrated on the main species involved in bone-
implant infection (S. aureus and S. epidermidis). Loading silver in microspheres instead of
loading it directly inside the cement permitted to avoid undesired silver-cement interactions
during setting and led to a faster release of silver, i.e. to a higher dose released within the first
days combining anti-biofilm activity and preserved cytocompatibility. In addition, a combined
interest of the introduction of about 10% (w/w) silver-loaded CMC microspheres in the
cement formulation was demonstrated leading to a fully injectable and highly porous (77%)
cement, showing a compressive strength analogous to cancellous bone. This injectable silver-
loaded biomimetic composite cement formulation constitutes a versatile bone substitute
material with tunable drug delivery properties, able to fight against bone implant associated

infection.

KeyWOI'dS: silver salts, encapsulation, controlled release, bone cements, anti-biofilm

activity, injectability.



1. Introduction

The burden of implant-associated infections (IAls) in surgery has grown together with the
number of implanted medical devices [1-2]. IAls emergence involved bacterial adhesion and
then formation of a protective biofilm by microorganisms mainly introduced intra-operatively
but also post-operatively. Regarding orthopedic surgeries, the common microorganisms
associated with implant infections are Gram-positive bacteria such as Staphylococcus aureus,
Staphylococcus epidermidis (50 to 60%) then Enterococcus faecalis and to a less extent
Gram-negative bacteria, e.g., Pseudomonas aeruginosa, including bacteria with acquired
resistance [3]. Current clinical treatments of microbial infections rely on systemic antibiotics,
but the increasing tolerance to antibiotics [4-6] and biofilm formation with reduced
susceptibility to host defenses and antimicrobial therapies thus challenge IAls management
and leading failure in their treatment [7-9]. Control of infection on and around implants is
usually difficult and preventive measures are sought by the researchers to overcome implant-
related colonization then infection. Various approaches have been attempted to make implant
surface anti-adherent / antibacterial or to embedded antibacterial compounds inside the
implant [10-12].

Among antimicrobials tested for coating implants silver is considered promising regarding its
broad spectrum including planktonic and sessile Gram positive and Gram negative bacteria, as
well as multiresistant bacteria, including methicillin-resistant staphylococci [13-18].
Combination of various mechanisms of action including impact on the respiratory chain [19-
21] underlines the interest of using silver-doped bone substitute materials to prevent [Als.
Different studies support this hypothesis based on controlled release of Ag+, biodegradation
and antimicrobial activity [22-23].

In orthopaedics, silver-coated devices showed a trend toward reduction of infections [24-26].
In 2016, Kuehl er al. [27] demonstrated that silver-coated TiAINb alloy cages, alone or
associated to daptomycin or vancomycin, effectively prevented IAls by S. epidermidis in vivo.
Authors also observed no emergence of silver resistance in several strains of staphylococci
after 50 passages, thus concluded that silver coating is a promising strategy for lowering the
risk of TAIs.

Calcium phosphate cements (CPC) are well-known bone substitute materials that can be used
as drug delivery systems favoring local release on the implantation site [28-29] and different
strategies have been investigated to incorporate silver into CPC, especially as silver salts [30],

Ag doped mineral phases [31-34] or through the introduction of silver nanoparticles [35]. In



particular, Jacquart et al. showed that calcium carbonate-calcium phosphate cement loaded
with a silver salt either introduced in the liquid or the solid phase of the cement led to an
antibacterial and non-cytotoxic bone cement [30]. However a very high and non-optimized
concentration of silver (Ca/Ag = 10.3) was involved in the cement formulation. Moreover,
this formulation was not injectable whereas injectable formulations favors implementation of
mini-invasive surgery techniques which may be a decisive advantage to fight against IAls
compare to conventional bone cements implantation.

Loaded natural- or synthetic polymer-based microparticles [36-39] incorporation into the CPC
is of interest as it can combine drug release and cement properties optimization such as paste
injectability, cohesion, and resorption once implanted [28, 40-48].

Synthetic polymers, especially poly(lactic-co-glycolic) acid (PLGA), have been extensively
used for this purpose [38, 40-41, 44, 47, 49]. However, the acidic degradation of polyesters
remains problematic [47]. Other polymers can advantageously play the role of drug reservoir
[50], such as gelatin [39, 48, 51] and more rarely polysaccharides [36, 43, 52]. The
complementary contribution of the latter as rheological modifiers or cohesion promoters is
advantageous in cement formulation [45-46, 52-55], and our team has demonstrated their
interest in terms of drug release control [36, 43]. Among polysaccharides, cellulosic
derivatives are well-known release modifiers in pharmaceutical formulation, with a GRAS
status [56]. In particular, carboxymethyl cellulose (CMC) has gelling properties and is
adapted for microspheres elaboration [57]. However, it has never been tested in cement
formulation to improve its drug loading and release properties.

In this context, we decided to evaluate CMC as a candidate to formulate a microspheres-
loaded biomimetic bone cement whose Ag* dose and release properties could be adapted to
reduce the risk of infections at the implanted site. To reach this aim, the microspheres must
combine: 1) A high silver encapsulation efficiency; 2) Controlled release properties especially
regarding “race to the surface” of efficient Ag* quantities for the early control of adhesion and
biofilm formation by the main pathogens involved in those IAls and introduced during the
surgery (S. aureus and S. epidermidis); 3) Size distribution permitting to maintain or, even
better improve cements’ main properties, and more particularly its injectability and setting
ability. As a consequence, the choice of the silver dose, as well as the choice of the
encapsulation process and the operating encapsulation conditions are critical points in the

elaboration of such composite cement with antibacterial properties.



2. Materials and methods

2.1. Materials

Carboxymethyl cellulose CMC was kindly provided by Ashland Aqualon 7H4XF-PH
(France). Commercial silver nitrate salt (AgNOs 99.9%; Alfa Aesar®) and Tris
(Tris(hydroxymethyl)aminomethane Trizma® base BioXtra (Sigma, purity > 99.9%) were
used without further purification. Brushite (DCPD, CaHPOs4-2H>0) and vaterite (CaCOs) and
silver phosphate (Ag3zPO4) powders used for mineral cement formulations were synthesized as

previously published [30]. All other chemicals were analytical grade from Fisher Scientific.

2.2. In vitro methods for the evaluation of the cytotoxicity of a solution of the silver salts

The different methods associated to the in vitro cytotoxicity test were performed according to

the ISO 10993-12 standard.

2.2.1. Human bone marrow stromal cells (hBMSCs) culture

Human bone marrow mesenchymal stem cells (hBMSCs) were isolated from human bone
marrow samples (agreement with the Orthopaedic Department of Bordeaux Hospital (France)
for surgical wastes collection for research use only, approved by the Bioethics Committee), as
previously described [58]. Briefly, bone marrow was aspirated from the femoral diaphysis or
iliac bone after obtaining consent from patients undergoing hip prosthesis surgery after
trauma. Cells were separated into a single suspension by sequential passages through syringes
fitted with 16-, 18- or 21-gauge needles. After centrifugation for 10 min at 800g, the pellet
was resuspended in minimal essential medium (Alpha-MEM; Invitrogen) supplemented with
10% (v/v) fetal calf serum (FCS; Gibco) before cell seeding in standard cell culture plates.
Once 80% confluence was reached, the cells were subcultured for cytotoxicity study. All cell

cultures were performed at 37 °C in a humidified atmosphere of 5% COa.

2.2.2. Samples preparation

Solutions of AgzPO4 or AgNOs salt were prepared with 5 mg of silver salt in 1 mL of alpha
MEM without FCS and then diluted at 1:10, 1:100 and 1:1000 (v/v) ratios with the same
medium. Due to the lower solubility of AgzPOs salt in water (6.4 mg.L™! at 20°C) compared
with that of AgNO; (2160 g.L'! at 20°C), AgNOs was fully dissolved in this aqueous medium
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whereas some Ag3POs particles remained in suspension except for the 1:1000 v/v diluted
sample.

The effect of these different conditions with six replicates for each solution on the viability
and the metabolism activity of the hBMSCs was evaluated using neutral red assay and MTT
assay respectively [59-60].

In order to perform the cytotoxicity assays, cells were seeded in 96-well plates at a density
2 x 10% cells per well and incubated overnight at 37 °C before experiment up to semi-
confluency (80% confluence). Then when culture cells were semi-confluent, they were
exposed for 24 hours to a prepared medium with the different silver salt solutions and the
culture medium without additional treatment was used as the control. Cell cultures were

maintained under standard methodology.

2.2.3. Neutral red assay

After overnight incubation, plates were washed with PBS and 100 pL of medium
supplemented with 10% (v/v) FCS with neutral red (5 mg/mL in distilled water) was added
into each well. The cells were incubated with neutral red for 3 h at 37 °C and the dye was
extracted with 200 puL of a mixture of 1% acetic acid: 50% ethanol, and the absorbance was
measured using a spectrophotometer at A = 550 nm with plate reader (PerkinElmer). The

results were calculated as a percentage in relation to the untreated cells in control wells.

2.2.4. MTT assay

The MTT assay was employed to assess hBMSCs cell activity after treatment with the
different Ag-containing solutions. Cells were seeded in 96-well plates at a density
2 x 10* cells per well and incubated overnight at 37 °C before experiment. Subsequently, Ag-
containing solutions were added to each well except the well with control solution and
incubated for 24 h. After incubation the cells were rinsed with PBS, then 125 pL of reaction
solution containing methyl thiazolyl diphenyl tetrazolium bromide solution (0.5 mg/mL) in
culture medium without phenol red was added to each well. The plates were incubated for 3 h
at 37 °C, and then the formazan crystals were extracted with 200 uL. DMSO and the
absorbance was measured at 550 nm with plate reader (PerkinElmer). Cell activity was
calculated as a percentage of that of the untreated cells.

The intensity of the colors obtained (red and blue respectively) is directly proportional to the

viability and metabolic activity of the cell population and inversely proportional to the



toxicity of the sample. The results were expressed as a percentage of the negative control
(plastic without treatment) tested during the same experiment.

The Gaussian distribution of the data has been checked by Kolmogorov-Smirnov test.

2.3. In vitro evaluation of the antibacterial activity of aqueous solution of silver salts and of
cement pellets
The antibacterial properties of AgNO3 and AgzPOg salts and reference and composite cements

have been evaluated.

2.3.1. Bacterial strains

S. aureus CIP 4.83, S. epidermidis CIP 6821T, S. aureus CRBIP 21.18 (MRSA and
multiresistant) (Institut Pasteur Collection, Paris, France) and S. aureus ATCC 33591
(MRSA) (American Type Culture Collection) were tested for MICs and MBCs determination.
The two first strains were selected for assays on biofilm formation. Strains were preserved at -
80°C according to the EN 12353 (2017) and subcultured on trypcase soy (Biomérieux,
Craponne, France) under aerobic conditions at 36°C. Only subcultures 2 and 3 on trypcase
soy agar (Biomérieux, Crapone, France) were used for assays. Before each assay, suspensions

were prepared in distilled sterile water at a concentration of 5x10” CFU/mL.

2.3.2. Determination of MIC (minimal inhibitory concentration) and MBC (minimal

bactericidal concentration)

According to CASFM and EUCAST as previously described [61-62] each silver salt solution
under assay was diluted using two-fold steps in microtiter plates in Muller Hinton (MH) broth
(Biomérieux, Craponne, France) from column 1 to column 10. Concentration ranges
expressed in ppm of silver were 4.95 - 0.01 for AgsPOs regarding its low solubility in water
and 404 - 0.79 ppm for AgNOs. Columns 11 and 12 were for sterility control (without product
and without microorganism) and growth control (without product and with microorganisms),
respectively. Inoculation was performed using a multipoint inoculator (Denley) under a
volume of about 1.5 uL of each suspension. Then microplates were incubated at 36°C for 24

hours.

After incubation, minimal inhibitory concentration (MIC) was defined as the concentration of
silver ions at which no macroscopic sign of cellular growth was detected in comparison to the

control (without silver salt). Minimal bactericidal concentration (MBC) was determined after



transfer from each well to MH agar (multipoint inoculator) then incubation in conditions
previously described. MBC was defined as the concentration of silver ions at which no
macroscopic sign of cellular growth was detected in comparison to the control (without silver

salt).

All experiments were carried out in duplicate.

2.3.3. Evaluation on biofilm formation

Preliminary experiment:

In an attempt to define the interest of silver incorporation in the composite cement and the
range of concentration to be considered, the antibacterial activity was firstly investigated
considering the ability of S. aureus CIP 4.83 to adhere and colonize microplate surfaces when
Ag3PO4 was added at t = 0 with inoculation or 2 h after inoculation (to promote the adhesion
step without silver). S. aureus CIP 4.83 was grown in 24-well microplates with/without silver
(the silver concentration ranged from 0.0025 to 2.5 ppm of Ag, under the limit of solubility of
AgsPOy salt) and 2 cm?® of biofilm broth (BB) as previously described by Campanac et al. [63]
(composition: MgS0O4-2H,0 (0.2 g/L), FeSO4-7H>0O (0.0005 g/L), NaHPO4 (1.25 g/L),
KH>POy4 (0.5 g/L), (NH4)2SO4 (0.1 g/L), glucose (0.05 g/L), Sigma Aldrich). The model has
been chosen considering that the composition of BB and the renewal of the medium promote
adherent but not planktonic cells growth with a biofilm structure. After initial inoculation with
10> CFU (low inoculum chosen to mimic limited contamination risk during surgery), the
adhesion step was considered at 2 h for S. aureus. The BB medium alone or supplemented by
silver at the defined concentrations was renewed at 2, 4, 6, 20, 24 and 48 h for S. aureus of
incubation at 37°C after two gentle rinses with sterile distilled water (2 cm?). Biofilms were
grown for 48 hours. After the period of growth the wells were rinsed and 2 cm?® of distilled
water were added. Adherent bacteria were removed by scrapping with a sterile spatula and the
presence or not of adherent cultivable bacteria was checked by incorporating the solution in
trypcase soy agar (Biomérieux) (incubation 48 h at 37°C). Assay was performed in duplicate.
Experiment on cement pellets:

S. aureus CIP 4.83 and S. epidermidis CIP 68.21 were grown in 24-well microplates
containing pellet of cement with/without silver (the silver concentration ranged from
0.000375% to 3.75% (w/w) of Ag in the cement solid phase) and 2 cm® of BB. In such
conditions, bacteria were in contact with the cement and with the surrounding solution. After

initial inoculation with 10> CFU, the adhesion step was considered at 2 h for S. aureus and 6 h



for S. epidermidis. The BB medium was renewed at 2, 4, 6, 20, 24 and 48 h for S. aureus and
6, 20, 24 and 48 h for S. epidermidis of incubation at 37°C after two gentle rinses with
sterilized distilled water (2 cm®). Biofilms were grown for 72 hours. After the period of
growth (72 h), the wells and pellets were rinsed and 2 cm?® of distilled water were added.
Adherent bacteria were removed by scrapping with a sterile spatula. Then suspension was
homogenized and 10 fold dilutions were performed. One hundred pL of the initial suspension
and 1 mL of each dilution were poured in trypcase soy agar (Biomérieux). Plates were
incubated at 37°C during 48 h before CFU counting. Results were expressed in log of

CFU/mL of recovery solution. Each experiment was performed in triplicate.

2.4. Preparation and rheological characterization of CMC and CMC-Ag solutions

Polymer solutions in water, with CMC concentration ranging from 2 g/L to 10 g/L were
obtained by stirring for 30 minutes at room temperature. The rheological behavior of CMC
solutions was studied using a controlled stress rheometer (Haake Rheostress RS 75) equipped
with a cone plate geometry (6 cm in diameter; 1° angle). Measurements were obtained with
imposed shear rate ranging from 0 to 2000 s™.

According to the target Ag* concentration and the maximum microsphere load in the cement,
an Ag* concentration of 0.8 g/L. was obtained by dissolving AgNOs3 in the polymer solution
used for the preparation of spray-dried silver-loaded microspheres. We first checked that the
presence of silver and nitrate ions in the polymer solution did not alter the rheological

properties of the polymer solution to be spray-dried.

2.5. Production of CMC and CMC-Ag microspheres using spray-drying process and
microparticles characterization

In order to guarantee a high silver loading and homogeneous silver distribution within the
CMC microparticles, silver was spray-dried in solution; silver nitrate was preferred as it was

fully soluble in the range of CMC solutions studied.

2.5.1. Production of CMC and CMC-Ag microspheres

Microparticles were produced using a Buchi spray dryer model B290 (Buchi, Germany).
Briefly, the polymer solution, with CMC concentrations ranging from 2 g/L to 8 g/L and a
fully dissolved amount of AgNOs, was fed into the instrument at controlled rate using a
peristaltic pump and sprayed with a 0.7 mm nozzle in the drying chamber of the apparatus,

using a flow of compressed air. Heated air aspirated by a pump induced the quick evaporation
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of the liquid part of the drops, allowing the formation of solid microparticles. The spray-
drying experiments were performed with an inlet temperature of 120 °C, an air flow rate of
410 L/h, a liquid feed rate of 0.23 L/h and an aspirator rate of 90%. The obtained
microparticles (UCMC-Ag), after separation from the exhausted air cyclone, were collected

and kept in sealed tubes at ambient temperature prior use.

2.5.2. CMC and CMC-Ag microspheres characterization

The as-synthesized CMC microparticles were characterized in term of morphology, particle
size distribution and encapsulation efficiency.

Morphology: Dried microspheres were observed by scanning electron microscopy (SEM)
with a LEO 435VP microscope.

Farticles size distributions were assessed with a laser particle sizer Mastersizer 2000
(Malvern, UK) based on a laser light scattering technique. Each sample was measured in
triplicate. The volume moment mean diameters, D[4,3] and D(0.5) were used to describe the
particles size. The polydispersity was evaluated by calculation of samples polydispersity
index PI = [D(0.9) — D(0.1)] / D(0.5).

Ag content of microparticles: encapsulation efficiency

The amount of encapsulated silver (Ag*) per mg of dried microspheres was determined by
high-resolution continuum source atomic absorption spectrometry (HR-CS AAS, ContrAA®
300 instrument, Analytik Jena), after complete degradation (i.e. after 72 hours) of 100 mg of
microspheres into a Tris buffer 0.1 M pH 7.4 solution under stirring at room temperature.
Encapsulation efficiency was calculated by the ratio between this titrated Ag* amount to the
Ag* amount initially incorporated in the polymer solution prior spray-drying. An

encapsulation efficiency over 90% was obtained for each batch of Ag-loaded microspheres.

2.6. Preparation of the reference and silver-loaded cements

The reference cement paste was prepared by mixing the appropriate amount of liquid phase
(deionized water) with a powder mixture of synthesized brushite (dicalcium phosphate
dihydrate: DCPD CaHPOs-2H>0) and vaterite (CaCO3), as previously published [30]. In the
present study the powder and liquid phases were mixed using a liquid/solid weight ratio of 0.7
leading to the corresponding reference mineral cement (C-REF’). In view of evaluating the
effect of the cement formulation on drug (silver ions) release ability, silver ions were

incorporated in the cement powder mixture according to two protocols: by adding synthetic
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Ag3PO4 powder or AgNOs-loaded CMC microspheres (MLCMC-Ag) as described above,
leading to the C-Ag and C-uCMC-Ag types of cement, respectively.

For the preliminary in vitro anti-biofilm test, we prepared C-Ag cements including different
ratios of Ag (from 0.000375% to 3.75 % of Ag (w/w) in the solid phase) to determine the
concentration of silver able to impact biofilm formation. For the lowest Ag ratios (i.e.
0.000375% and 0.00375% Ag (w/w)) it was too difficult to introduce accurately such a low
amount of Ag3PO4 powder into the cement formulation; we thus decided to introduce silver
via the cement liquid phase by using a solution of AgNO3 which was easily diluted to lower
the amount of Ag included in the cement down to 0.000375% Ag (w/w).

For the in vitro release study, we formulated both C-Ag and C-uCMC-Ag types of cement in
order to obtain the same weight % of Ag (0.375% Ag (w/w) in the solid phase) introduced
either as AgsPO4 powder or as Ag-loaded CMC microspheres, respectively. This silver ratio
of 0.375% Ag (w/w) of the solid phase was selected based on the in vitro anti-biofilm results
for C-Ag cements including different ratios of Ag. In the case of microspheres-loaded
cements, the required amount of silver-loaded microspheres (UCMC-Ag) to reach 0.375% of
Ag (w/w) in the solid phase (as in C-Ag) is 10 % (w/w) of the solid phase. Indeed the ratio of
Ag in the synthesized microspheres (i.e. the loading efficiency) was determined to be 3.75%
Ag (w/w). The Ag-loaded microspheres were added to the reference paste after 1 minute of
manual mixing. The pastes were then filled into silicone moulds, placed in sealed containers
and let at 37°C in a water saturated atmosphere for 48 h, for setting and hardening. Then the
set cement pellets were unmoulded and dried at 37°C for two additional days.

In addition, before the biological testing, the surface of each cement pellets (10 mm in

diameter) was polished with sand paper (P1200) and gamma sterilized (25 kGy).

2.7. Characterization of cement pastes and hardened blocks

2.7.1. Structural and microstructural characterization

The synthesized powders (DCPD, vaterite and silver phosphate) and the set and dried silver-
loaded composite cements was analyzed by X-ray diffraction using a CPS 120 INEL
diffractometer with a Co anticathode (Aco = 1.7903 A) and scanning electron microscopy
using LEO 435 VP microscope. The total porosity of the composite cements were measured

by mercury intrusion porosimetry (Autopore IV 9400 Micromeritics Instruments).
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2.7.2. Injectability and setting time of the cement paste

The injectability of the C-REF’ and C-uCMC-Ag cement pastes was measured at room
temperature using a TAXT?2 texture analyzer (Stable Micro Systems) equipped with a specific
syringe system, including a 2.5 mL syringe (inner diameter of the syringe body was 9 mm and
the opening/exit diameter was 2 mm) without a needle according to a protocol previously
published [64]. In addition for C-uCMC-Ag we tested the potential effect of the amount of
HCMC-Ag microspheres on the injectability of the paste: 2 or 10% (w/w) of HCMC-Ag were
introduced in the cement solid phase. We thus specified the weight ratio in the sample name
only for the injectability, total porosity and mechanical properties measurements: C-2HCMC-

Ag and C-10pCMC-Ag, respectively.

The setting time of the cement paste (C-REF’ and C-uCMC-Ag) was evaluated by the
Gillmore needle method (standard ISO 9917-1:2007).

2.7.3. Mechanical properties of the hardened cements

The reference or composite cement paste was introduced into cylindrical moulds (10 mm in
diameter and 20 mm in height), which were then placed in sealed containers saturated with
water at 37°C for setting and hardening. After 2 days, the hardened cement was withdrawn
from the mould and left to dry for 1 week at 37°C. Five cements were prepared for each of the
tested cement formulations. The compressive strength of the cylindrical cement blocks was

evaluated using a Hounsfield Series S apparatus.

2.8. In vitro release study

2.8.1. Silver release test

The release of Ag* from C-Ag and C-uCMC-Ag cements both including 0.375% of Ag (w/w)
in the cement solid phase (as described in 2.6 section) was evaluated using a dissolution
USP Paddle Apparatus 2 (Sotax AG, Switzerland). In vitro release tests were carried out at
37.0 £ 0.5 °C with a rotation speed of 100 rpm in 1 L of 0.1 M Tris buffer pH 7.4. The
experiments were conducted under sink conditions, as recommended in European
Pharmacopoeia guidelines [65]. A block of hardened cement (C-Ag and C-uCMC-Ag type
cement) of about 1.5 g was placed in each vessel. Periodically (from t = 3h to day 13), 15 mL

of release medium were collected and replaced by a same volume of fresh Tris buffer in order
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to maintain sink conditions. After 13 days, the cements were crushed and a high rotation
speed applied during a week in order to determine the maximum (100%) silver able to be
released from both cements. The silver released concentration in Tris was determined by
high-resolution continuum source atomic absorption spectrometry (HR-CS AAS, ContrAA®
300 instrument, Analytik Jena). The in vitro release studies were performed in triplicate for
each cement type tested. The % of Ag* released was expressed as:

% Ag* released at T time = amount of Ag* released in dissolution medium (in ppm) at T time
/ the maximum (100%) silver amount able to be released from the cement in dissolution
medium (in ppm) *100.

Tris buffer was chosen as a buffer for this study as it does not content any calcium or

phosphate ions that could influence cement dissolution and/or silver release results.

2.8.2. Silver ions release data analysis

The experimental release data were then fitted to the following semi-empirical equations
respectively (i) Higuchi model, which is adapted to solid drugs dispersed in solid granular
matrices [66] and diffusion-controlled matrix systems [67], (ii) Weibull model, which is
adapted to heterogeneous systems [68] and dissolution release mechanism from
microspheres [69].

In Higuchi model, the ratio Q(t)/Qo between the cumulative percentage of drug released at
time t and at infinite time is:

Q(t)/Qo =K . (t - tiag)'? (1)

Where Ky is the dissolution constant, coefficient calculated by plotting the linear forms of
the Higuchi equation.

In Weibull model, Q(t)/Qo is:

Q(t)/Qo = 1 - exp[-(t - tiag)P/tscale] (ii)

where tsale is indicative of the time scale for the release process and [3 characterizes the shape
of the release curve.

In both equations, tisg is the lag time before drug release takes place.

The release data up to 80% released silver ions were used to produce theoretical release
curves. DDSolver Add-in program [70] was used for modeling and comparing drug release

data.

2.9. Statistical analysis
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Results are expressed as mean + standard deviation. Statistical comparison of the data was
performed using the t-test for comparison between two groups or one-way ANOVA and post
hoc Bonferroni’s test for comparison of more than two groups. A value of p < 0.05 was
considered significant. For the comparison of silver release profiles, the similarity factor {2
was estimated according to the International Council for Harmonisation of Technical

Requirements for Pharmaceuticals for Human Use (ICH) guidelines.

A summary of the nomenclature of samples and their respective brief description is presented

in Table SI.1.

3. Results and discussion

In order to define the range of silver dose to be included in the microspheres to confer to the
cement antibacterial properties without cytotoxicity, we first investigated the cytotoxicity and
antibacterial activity of two silver salts (AgsPO4 and AgNO3) exhibiting different solubilities
in aqueous solution. These silver salts were used then to formulate the silver-loaded cements,
C-Ag and C-pCMC-Ag, respectively. This first step was essential to determine the more
appropriate silver salt to add in a cement to preserve silver release properties and optimize
cement formulation injectability. Then Ag-loaded microparticles were prepared using a spray-
drying process. The process parameters were optimized to obtain silver-loaded microparticles
whose characteristics fulfil our requirements in terms of encapsulation efficiency and size, to
guarantee antibacterial efficiency and cement injectability, respectively. Then, composite
cement formulations with various Ag/CMC/mineral cement ratios have been tested and
compared to the reference mineral cement in terms of paste properties, silver release ability

and biological properties (cytotoxicity and anti-biofilm properties).

3.1. In vitro biological testing of silver salts in solution and C-Ag cements

3.1.1. Cytotoxicity test
The cell cytotoxicity results are shown in Figures 1 and 2 for AgzPO4 and AgNOs solution
samples, respectively. For AgzPOs solution samples (Figure 1), the non-diluted solution

sample (3865 ppm of Ag) had maximum toxicity for hBMSCs with less than 10% live cells
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whereas we did not observe toxicity for any of the diluted solutions (1/10, 1/100 and 1/1000
(v/v)). It should be noted that the amount of silver indicated in Figure 1 for each solution
samples corresponded to the total amount of silver, i.e. silver dissolved in the medium and in
the solid particles in suspension. Indeed AgzPOs salt is a poorly soluble salt in water at 20°C:
6.4 mg.L'!, which corresponds to 4.95 ppm of silver ions. Consequently AgsPOs partly
dissolved in alpha MEM medium (for the non-diluted, the 1/10 and 1/100 (v/v) diluted
samples) and some salt particles remained in the solution except for the 1/1000 (v/v) diluted
sample. In the latter case the silver ions concentration (3.86 ppm of silver) was under the

solubility limit in water for AgzPOx.
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Figure 1: Cell metabolic activity (MTT assay; on the left) and viability (neutral red assay; on the
right) of hBMSCs after incubation in alpha MEM containing a different AgsPO4 amount depending on
the dilution rate (from 3865 ppm for the non-diluted sample to 3.86 ppm of silver for the 1/1000 (v/v)
diluted sample).

Contrary to AgsPOs, AgNO;3 is a highly soluble silver salt in water (2160 g.L'! at 20°C) which
fully dissolved in alpha MEM in the range of concentrations tested in the present study
(Figure 2). We can see that the solution samples were toxic to hBMSCs cells except for the
1/1000 (v/v) diluted solution (3.17 ppm of Ag. With neutral red testing the non-diluted
solution (3175 ppm of Ag) was found to be significantly less cytotoxic than the 1/10 and
1/100 (v/v) diluted ones, which seemed inconsistent. However, these three solutions were

considered as cytotoxic because their corresponding cell viability was well under the

threshold of 70%.
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Figure 2: Cell metabolic activity (MTT assay; on the left) and viability (neutral red assay; on the
right) of hBMSCs after incubation in alpha MEM containing a different AgNO3 amount depending on
the dilution rate (from 3175 ppm for the non-diluted sample to 3.17 ppm of silver for the 1/1000 (v/v)
diluted sample).

These cytotoxicity results on silver salt solution/suspension samples showed that Ag;PO4
which is the least soluble salt tested was less cytotoxic than AgNOs (fully soluble). The
former was found to be non-cytotoxic except for the highest rate tested corresponding to 3865
ppm of silver considering silver both in the medium and in the solid particles. They also
showed that cytotoxicity of silver was dependent on whether it was ionized in solution or
remained as solid (significant difference of metabolic activity between the 386.50 ppm of Ag
and 3.86 ppm of Ag samples, see Figure 1).

Then the antibacterial activity of silver salts solutions has been also evaluated in vitro on the
selected strains belonging to the main Gram positive species involved in bone and implants

associated infections (S. epidermidis and S. aureus).

3.1.2. Determination of MIC and MBC
The minimal inhibitory concentrations (MIC) and the minimal bactericidal concentrations
(MBC) of AgNOs; and Ag3POs4 salts on staphylococci strains were determined; their

respective values are reported in Table 1.
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Table 1: Minimal inhibitory concentration (in ppm of Ag) and minimal bactericidal
concentration (in ppm of Ag) on S. aureus CIP 4.83, S. epidermidis CIP 6821T, S. aureus
CRBIP 21.18 (MRSA and multiresistant) and S. aureus ATCC 33591 (MRSA) strains of

AgNO3 and Ag3POs salts in aqueous solution. Assays performed in duplicate.

AgNOs3 AgiPOq
MIC | MBC | MIC | MBC
S. aureus CIP 4.83 6.3 12.6 0.6 0.6

S. epidermidis CIP 6821T | 3.2 6.3 0.3 0.3
S. aureus CRBIP 21.18 6.3 12.6 0.6 0.6
S. aureus ATCC 33591 3.2 6.3 0.3 0.3

Regarding MIC/MBC determination, we confirmed that both salts (silver in the ionic form)
are bactericidal agents [17-18] and Ag3PO4 appeared more active than AgNOs in contrario to
the results from cytotoxicity assays (Figures 1 and 2). Experimental aspects can be brought
into play: the media were very different which may have an impact on each salt behavior
(solubility) and availability, and mode of action for very different cell types (bacteria and
hBMSCs). On the other hand, cytotoxicity tests were carried out directly on confluent cells
whereas the antibacterial activity tests were carried out by adding the salts from to, before the
beginning of the cell growth phase.

Considering the cytotoxicity and antibacterial activity of both silver salts (Figures 1 and 2 and
Table 1), it appeared that AgzPO4 showed the larger range of silver concentrations able to
confer antibacterial properties without being cytotoxic. This is the reason why the anti-biofilm
study (Table 2) was performed with AgsPOs salt and Figure 3 established based on AgzPO4
biological properties results. Anti-biofilm activity of AgsPOs was evaluated against S. aureus
CIP 4.83 by adding this salt at tp while inoculation, or 2 h after the inoculation. The added
concentrations expressed in silver were 0.0025 ppm, 0.025 ppm, 0.25 ppm and 2.5 ppm.
Biofilm formation was checked after 48 h of incubation (detection or not of adherent
cultivable bacteria). In such conditions (Table 2), the lowest tested concentration (0.0025
ppm) had no anti-biofilm activity in both conditions (addition at to or ton). A total anti-biofilm
activity was noted for the two highest concentrations: 2.5 and 0.25 ppm. The silver
concentration 0.025 ppm permits a total inhibition of biofilm formation when added at to but
when added 2 h after the inoculation, which may be considered for the adhesion step, this

concentration was not able to prevent biofilm formation. It could be considered that 0.025
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ppm of silver were able to impair S. aureus adhesion but not their proliferation under biofilm
after adhesion.

Table 2: Anti-biofilm activity of AgsPOs in aqueous solution (in ppm of Ag) on S. aureus
CIP 4.83 when addition was performed at to with inoculation or 2h after inoculation (ton).
Control performed without any silver addition. (+): detection of cultivable adherent bacteria;

(-): no detection of cultivable adherent bacteria. Assays performed in duplicate.

Ag concentration (ppm) | Addition at to Addition at t2n
2.5 - -
0.25 - -
0.025 - +
0.0025 + +
Control + +

The microbiological and cytotoxicity results on Ag3POs allowed to determine the target range
corresponding to the range of silver ions concentration conferring anti-biofilm properties
without being cytotoxic: between 0.025 and 4.95 ppm of silver (Figure 3, blue double arrow

delimited zone).
Ag;PO, solubility (20°C)
Anti-biofilm

(test on S. aureus)

target

non-cytotoxic
(test on hBMSCs)

0.001 0.01 0.1 1 10 100 1000 10000

Concentration in Ag (ppm)

Figure 3: Concentration of silver as Ag3POs salt in solution (in ppm of Ag) with regard to its
non-cytotoxicity (green range: test on hBMSCs) and anti-biofilm properties on S. aureus
strain (orange range). Range of silver concentrations being antibacterial but not cytotoxic

indicated as the targeted Ag concentration range (addition at to) delimited by the blue double
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arrow. The solubility of AgzPOs salt at 20°C expressed as silver concentration is also reported

on this figure (purple dashed line).

After having evaluated the cytotoxicity and bactericidal concentration (S. aureus CIP 4.83 and
S. epidermidis CIP 6821T) of two silver salts of a very different solubility in aqueous
solution, and anti-biofilm concentration of AgzPO4 on S. aureus CIP 4.83, the anti-biofilm
properties of C-Ag cements including a different AgzPO4 amount in the cement solid phase
were evaluated in vitro.

It should be noted that the concentration of Ag in cement solid phase should not be directly
correlated to the silver concentration in solution/suspension considered for microbiological
and cytotoxicity tests. Indeed when in apatitic cement the silver either included in CMC
microspheres or not is not fully available as it could be in AgzPOs4 or AgNO3 aqueous

solutions/suspensions.

3.1.3. In vitro anti-biofilm properties of C-Ag cements

Table 3 presents the CFU values on C-REF’ and C-Ag cement pellets after 72 h of incubation
for S. aureus CIP 4.83 and S. epidermidis CIP 68.21. For both tested bacteria which represent
the main species involved in bone-implant infection, the antibacterial efficiency was
significant from 0.0375% (w/w) silver-loading in the cement formulation. This anti-biofilm
formation effect was significant whatever the silver salt considered. However the difference
between AgzPOs-loaded and AgNOs—loaded cements was also significant (p < 0.001) for the
0.0375% Ag (w/w) cements (Table 3): the AgzPOs-loaded cement showed higher antibacterial
activity on both strains than the AgNOs-loaded one. It is noteworthy to mention that although
the silver salts were not the same, a same amount in ppm of Ag was used in the cement for
comparison. Indeed due to the difficulty to introduce very low amount of silver as AgzPO4
powder to prepare the 0.00375% and 0.000375% Ag (w/w) cement formulations, we used a
AgNO3 solution which can be easily diluted to prepare these two cements (C-Ag 0.00375%
and C-Ag 0.000375%) and also the 0.0375% Ag (w/w) one (C-Ag 0.0375%%**, Table 3) to
compare with the one loaded with AgzPOs (C-Ag 0.0375%%*, Table 3).
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Table 3: Numeration (log CFU/mL) of adherent bacteria (S. aureus CIP 4.83 and S.
epidermidis CIP 68.21) after 72 h of incubation with pellet of the reference mineral cement
(C-REF’: control without silver) or C-Ag cements containing various concentrations of silver
(from 0.000375% up to 3.75% Ag (w/w)) introduced as Ag3PO4 in the solid phase (*) or as

AgNO:s in the liquid phase (**) for the lowest concentrations (mean + SD; n = 3). NS: non-

significant.
C-Ag | C-Ag C-Ag C-Ag C-Ag C-Ag C-REF’
3.75%%* 0.375%%* | 0.0375%* 0.0375 % ** 0.00375%** | 0.000375%** | (Control)
S. aureus
CIP 4.83 <3 <3 <3 429+0.23| 6.84+£0.10 | 6.69+0.34 |6.98+0.12
p-value
(control vs (< 0.001| <0.001 <0.001 <0.001 NS NS
assay)
S. epidermidis
CIP 68.21 <3 <3 <3 4.56+0.06] 6.82+0.04 | 647025 |6.86+0.04
p-value
(control vs (< 0.001| <0.001 <0.001 <0.001 NS NS
assay)

A previous study of Jacquart et al. [30] showed that a cement loaded with a much higher
silver concentration (7.5% Ag (w/w)) whether as Ag3POs in the solid phase or AgNO3 in the
liquid phase of the cement formulation, was non-cytotoxic. Considering the present anti-
biofilm test results for C-Ag cement formulations with different silver concentrations, we then
focused on the optimum silver loading concentrations (0.375 and 0.0375% Ag (w/w) in the
cement solid phase) able to confer anti-biofilm properties and non-cytotoxicity to formulate
injectable silver-loaded composite cements.

Our goal was to obtain microspheres small enough to preserve paste injectability when added
in the cement, i.e. of about 5 to 30 um in diameter, together with the best yield of silver
encapsulation. For this purpose, a spray-drying process was chosen. In comparison with
solvent evaporation after emulsification, a competitor method to produce microspheres, spray-
drying results in a one-pot synthesis, avoiding time-consuming steps and the use of harsh
solvents [71]. It is compatible with on-line continuous production and can be easily scaled up,
a necessity for further industrial development.

The production of CMC microspheres by spray-drying has already been reported in the

literature [57], but the operating conditions can affect particle size and morphology. The
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presence of an active compound (Ag*) in solution may also have an influence as it could
modify in an unpredictable manner the viscosity of the solution to spray-dry. Thus the
physico-chemical characteristics of the silver salt, in particular its solubility, play a crucial
role on the encapsulation efficiency value. To guarantee homogeneous silver distribution
within the microparticles, AgNO3z amounts fully dissolved in CMC solution were used. Silver
ions may interfere with polymeric chains, modifying their conformation and possibly
hindering their gelation properties. As a consequence, we first studied the influence of CMC

and silver concentrations in solution on the resulting microspheres.

3.2. Optimization of the operating conditions of the spray-drying process and resulting

microspheres characterization

Various parameters may influence microspheres morphology and process yield. Some are
directly correlated to the process parameters: atomizing gas flow rate, drying gas flow rate,
feedstock flow rate, inlet temperature [72] (see the instrumental settings used in the present
study in the 2.5.1 section for). Others depend on the properties of the spray-dried solutions. In
order to determine the best operating conditions, CMC solutions of concentration ranging
from 1 to 10 g/L have been characterized with a rheometer before being spray-dried. The
morphology and the size distribution of the resulting microspheres, according to the viscosity

of CMC solutions, are presented in Figure 4.
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Figure 4: Viscosity of CMC solutions as a function of CMC concentration, measured at a
shear rate of 1000 s™!. SEM micrographs and particle size distribution of corresponding spray-

dried CMC microspheres are presented at the top of the figure.

For all the CMC concentrations tested, the solutions exhibited a shear-thinning, non-
thixotropic, behavior. A concentration of 2 g/L. was determined as the minimum threshold of
concentration to obtain microspheres, and a concentration of 10 g/L resulted in too viscous
solutions. Between these limits the obtained microspheres appeared spherical and smooth
(Figure 4). Increasing polymer concentration increased particle sizes by a combination of i) a
decrease of the ratio of small particles, which are more difficult to collect and ii) an increase
of viscosity, both impacting the polydispersity index (PI) of the batches. These results were
coherent with previously published studies with other biopolymers such as hyaluronic acid
[36] or chitosan [73].

The viscosities were measured for various concentrations of CMC, in presence or absence of
silver ions in solution (Figure SI.2, left side). No variation in viscosity was observed until
CMC concentration reached 8 g/L. In addition, no significant difference in particle size
distribution was noticed in presence or absence of silver salt in a 4 g/l. CMC solution (Figure
SI.2 right side and middle). As a consequence, a CMC concentration of 4 g/L. was chosen as

operating condition for the following silver-loaded CMC microspheres synthesis. These
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conditions permitted to obtain CMC microspheres in a reproducible manner, with

polydispersity indexes lower than 3 (Table 4).

Table 4: Characteristics of the CMC solutions and of the resulting spray-dried microparticles:
viscosity of the CMC solutions (4 g/LL of CMC with or without AgNO3) prior spray-drying at
1000 s! (mPas.s); D(0.5), D[4,3] and polydispersity index (PI) of CMC and silver-loaded

CMC microparticles; silver loading of silver-loaded CMC microparticles.

CMC solutions and microparticles
CMC only CMC + AgNO3 (0.8 g/L)

Viscosity of the CMC solution
prior spray-drying at 1000 s! 20.9+3.2 25.1+£2.6
(mPa.s)
D(0.5) 32.9+£4.1 pm 29.2 6.0 pm
D[4,3] 39.0 5.1 um 40.0 + 1.3 ym
P1 23+0.1 25402
Silver loading
(g of Ag / g of microspheres) i 0.0375

Concerning the microspheres incorporated in the C-uCMC-Ag cement for the release study, a
silver loading of 0.0375 g/g of microspheres was obtained, with a high encapsulation
efficiency (> 90%).

Once synthesized, the silver-loaded CMC microparticles (WUCMC-Ag) have been introduced in
the cement formulation and the anti-biofilm and physical-chemical properties of the cement

studied.

3.3. Biological and release properties of Ag-loaded CMC microspheres composite cements

3.3.1. In vitro anti-biofilm properties of C-LUCMC-Ag cements

The anti-biofilm properties of the C-uCMC-Ag cement were evaluated on S. aureus strain
(Table 5) and compared with those of the reference mineral cement as control (C-REF’); a
reference composite cement with CMC raw powder (10% (w/w)) but no silver (C-pCMC) was
also tested. Due to the slightly lower anti-bacterial activity already observed (C-Ag cements,
Table 3) for 0.0375% Ag (w/w) AgNOs-loaded cement compared to the AgzPOs-loaded one,
the silver load threshold needed to be double checked: thus, we tested both the 0.375 and
0.0375% Ag (w/w) composite cement formulations (C-uCMC-Ag, Table 5). We found that

both C-uCMC-Ag formulations tested showed significant anti-biofilm efficiency of about the
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same level than that of C-Ag cements (Table 3) and a silver dose effect was also observed.
The comparison with the C-pCMC reference composite cement demonstrated that the anti-

biofilm properties of the C-uCMC-Ag composites were related to the presence of silver only.

Table 5: Numeration (log CFU/mL) of adherent bacteria (S. aureus CIP 4.83) after 72 h of
incubation with the cement pellet without silver (control: C-REF’), CMC-containing cement
pellet without silver (C-pCMC) or silver-loaded CMC microspheres cement pellet including
two concentrations of silver (0.375 and 0.0375 % Ag (w/w) of the C-uCMC-Ag solid phase)

(mean * SD; n = 3). Comparison to C-REF’; NS: non-significant.

C-uCMC-Ag C-pCMC-Ag C-REF’
C-pCMC
0.375% Ag (w/w)|0.0375% Ag (w/w) (Control)
S. aureus CIP 4.83 2.34+£0.12 3.15+0.23 6.78 £0.20 6.71 +£0.17
p-value
0.04 0.04 NS
(control vs assay)

Based on the microbiological results on silver salts (Figures 1, 2 and 3) and a previous study
of Jacquart et al. [30] on mineral cement including (7.5% Ag (w/w) introduced whether as
Agi;PO4 or AgNOs), we expected that C-uCMC-Ag composite cement including 0.375% Ag
(w/w) was non-cytotoxic: it was confirmed by in vitro cell testing with hBMSCs (Figure
SL3).

We thus chose to introduce 0.375% Ag (w/w) in the mineral (C-Ag) and composite (C-
HCMC-Ag) cements to be tested for the in vitro Ag-release study. This choice of Ag-loading
was around the optimum silver loading but higher than the 0.0375% Ag threshold able to
confer antibiofilm activity, as defined for C-Ag mineral cements (Table 3) and C-uCMC-Ag
composite cements (Table 5). This silver loading (0.375% Ag (w/w) in the solid phase)
should allow reaching the target Ag dose range earlier. Indeed the evaluation of silver release
was performed to demonstrate the early availability of active dose of embedded silver in view
of providing protection of the implant for the time needed to win the ‘‘race to the surface,”

i.e., in the first hours after surgery.
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3.3.2. In vitro release of silver from CMC microspheres loaded cements (C-UCMC-Ag) and
from AgsPOs-loaded cement (C-Ag)

As indicated in 2.6 and 2.8.1 sections, the release of Ag™ from C-Ag and C-uCMC-Ag
cements was performed on both cement formulations including 0.375% (w/w) of Ag in the
cement solid phase, introduced either as AgzPO4 powder (C-Ag mineral cement) or as Ag-
loaded CMC microspheres (10% (w/w) of [CMC-Ag introduced in the cement formulation:
C-UCMC-Ag composite cement). Results of the in vitro silver release from C-uCMC-Ag and
C-Ag cements at 37°C in Tris buffer at pH 7.4 are presented in Figure 5. For the comparison
of release profiles, the similarity factor f2 (according ICH guidelines) was estimated.
Microspheres-loaded- and reference cements led to significantly different release profiles:
similarity factor f2 = 23%, i.e. < 50%, demonstrating that the considered release kinetics can’t
be considered as similar. Both materials (C-Ag and C-HCMC-Ag) exhibited release profiles
extended on 5 days (in the case of C-uCMC-Ag) or more, without burst and correspond to a
low % of release during the first 3 hours. Then, the silver release rate from C-Ag cement
remained significantly slower than that of C-uCMC-Ag. For the latter, a plateau at 90-100%
was reached after 5 days, while only 60% of silver was delivered after 12 days in the case of
the C-Ag cement. In all cases the maximum silver released concentration (0.6 £ 0.1 ppm for
C-UCMC-Ag composite cement and 1.03 = 0.04 ppm for C-Ag mineral cement) was in the
targeted silver concentration range as defined in Figure 3. In addition for the C-uCMC-Ag
composite cement this targeted silver dose range was reached within the first hours of release

test (0.04 ppm of Agreleased at t = 3h) whereas it took one day for the C-Ag mineral cement.
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Figure 5: Silver release curves for C-Ag (red triangles) and C-pCMC-Ag (blue squares)
cements both including 0.375% (w/w) Ag in the cement solid phase, introduced as AgzPO4
powder (C-Ag) or as Ag-loaded CMC microspheres (C-uCMC-Ag), as a function of time over
2 weeks. Silver release is expressed as the % of Ag released compared to the initial amount of

silver introduced in the self-setting cement/composite.

The resulting kinetic parameters estimated from Higuchi and Weibull models (see

Experimental) are presented in Table 6 to further elucidate the release mechanism.

Table 6: Silver release kinetic parameters estimated from Higuchi and Weibull models for C-

Ag and C-pCMC-Ag cements, with tiag in hours.

Sample C -Ag cement C-pCMC-Ag cement
Modelization model 12 Ku i B 12 Ky  tiag B
Higuchi :

Simple 0.925 35 0.950 8.2
With lagtime 0995 4 16.1 0.990 8.7 5.6
Weibull 0.997 2.1 0.9 0.994 0.4 1.1

The mathematical analysis of the data confirmed that silver release mechanism was not the
same when silver is incorporated directly within the cement and when silver is encapsulated
in CMC microspheres prior addition in the mineral cement. Both systems show releases that
do not perfectly match with a simple Higuchi model but correlation is highly increased with
the Higuchi model with a lag time (12 = 0.995 and 0.990) lowered from 16 h to 5.6 h when
silver is loaded in CMC microspheres. The close release profiles during the first 3 hours of a
very low amount of Ag may be related to the Ag release from equivalent surfaces of both
cements.

Considering the Weibull model, the dependency between its S value and the release
mechanism of substances has been established by several authors [36, 68, 74]. Fickian
diffusion was estimated for processes with < 0.75. In ff range between 0.75 and 1.0, the
Fickian diffusion is combined with case II transport. For f value higher than 1.0, a complex
mechanism of drug transport has been reported. The f value obtained for the mineral cement
corresponds to a fickian diffusion combined with a case II transport, and is in accordance with

Higuchi modelization results. In the case of composite cements, the f Weibull is in favor of a
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more complex release mechanism. Microspheres hydration, cement chemical setting reaction
in presence of silver and an hydrophilic polymer, cement and composite porosity are all
parameters likely to influence the kinetics of silver release. They will be discussed in the 3.5

section

3.4 Injectability of C-2uCMC-Ag and C-10uCMC-Ag cement pastes

In addition to the control of local silver delivery at the desired dose, the other main aim
pursued was to improve cement injectability in view of minimizing the IAls risks by using
mini-invasive technique of implantation. In this context, we evaluated the effect of the
introduction of Ag-loaded CMC microparticles in the cement formulation on the injectability
of the composite paste. The extrusion of the composite cement pastes including 2 or 10%
(w/w) of Ag-loaded CMC microspheres (C-2UCMC-Ag and C-10pCMC-Ag cement paste,
respectively) was compared to that of the reference mineral cement (C-REF’). The curves of
the load as a function of the piston position (piston was displaced at a constant rate, 2 mm/s)
are presented on Figure 6. We can see that a filter-pressing phenomenon occurred during C-
REF’ paste extrusion leading to its poor injectability; indeed the load needed to extrude the
volume of paste at a constant rate increased exponentially by up to 26 Kg after 15 mm of
piston displacement. Interestingly, this load was reduced down to 6 Kg to extrude the C-
2UCMC-Ag composite cement paste and to 4 Kg for the C-10uCMC-Ag one. In addition the
curves for both composite cements (C-2HCMC-Ag and C-10uCMC-Ag) remained flat after 1
s (2 mm of piston displacement) of paste extrusion and the corresponding loads were well
under the accepted limit of manual injectability (12 Kg). These results showed that the C-
2UCMC-Ag and C-10pCMC-Ag composite pastes were injectable and that the introduction of
drug delivery systems such as H{CMC-Ag in the cement formulation drastically improved the
injectability of these composite cement pastes. The C-10UCMC-Ag cement appears as a

promising formulation for injectable and antibacterial bone cement applications.
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Figure 6: Effect of the introduction of 2 or 10% (w/w) of Ag-loaded CMC microspheres in
the cement formulation (C-2HCMC-Ag and C-10pCMC-Ag, respectively) on the injectability
of the cement paste (measured as the load needed to displace the syringe piston at a constant

rate) compared with that of the reference mineral cement (C-REF’). SEM micrograph of the

extruded paste of the reference cement, C-REF’ (b) and C-10uCMC-Ag composite cement

(c), both lyophilized after extrusion.

To further understand the role of the presence of the CMC microparticles in the cement
formulation on the elimination of the phase separation (filter-pressing) phenomenon upon
paste extrusion, we performed an additional experiment. We collected and immediately
lyophilized the extruded paste after 1h of setting and then observed the dried extrudates of the
C-REF’ and C-10pCMC-Ag by SEM (Figure 6b and 6¢c, respectively) to examine their
microstructure. We observed how the suspension consisting of brushite (platelets), vaterite
(spheroids) crystals/particles and CMC microparticles (WMCMC-Ag) was structured when
extruded (Figure 6c). Preferential orientation of brushite platelet crystals parallel to the
direction of the paste extrusion are clearly visible; this orientation is much more pronounced
for the composite paste (Figure 6¢) where we can observed the main surface of brushite
platelets compared with C-REF’ (Figure 6b) for which the brushite platelet crystals showed
different orientations (not only horizontal). In addition, the presence of the CMC in the C-
MCMC-Ag composite paste appeared as a binding agent between the reactive
particles/crystals (Figure 6¢) which contributed in the improvement of the paste cohesiveness:

in Figure 6b, the particles in C-REF’ paste appeared more individualized compared with the
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continuous network of particles/CMC in Figure 6¢. However the filter-pressing phenomenon
has to be examined deeply to understand the role of CMC. The duality between the increased
friction between the reactive particles when the liquid/solid ratio decreases upon extrusion
and the filtration phenomenon which is enhanced by the crystals/particles orientation during
extrusion to favor the water to pass in between has been reported in the case of construction
cement [75]. In the present study, the CMC could have also an effect on different parameters.
CMC is an hydrophilic polysaccharide which swelled in the presence of water leading to an
increase of the paste volume for a given amount of particles limiting the friction between each
other. In addition this phenomenon should also be enhanced by the effect of the steric and
electrostatic repulsion between polymer chains wrapping the reactive mineral particles [76]
increasing the interparticles space and the effect of the water which is associated to CMC and
thus less free to flow in between the reactive particles, thus limiting the filter-pressing
phenomenon. Altogether these considerations contribute in understanding the beneficial effect
of the presence of CMC in the cement paste injectability.

As the release study was performed on set and hardened Ag-loaded cements, we also
investigated the microstructural characteristics and mechanical properties of these composite

cements.

3.5. Composite cements composition and microstructure

In order to better understand how parameters such as microspheres hydration, cement
chemical setting reaction in presence of silver and hydrophilic polymer, cement and
composite porosity can influence silver release, we thoroughly studied composite cement
composition and microstructure.

As already shown by Jacquart et al. the introduction of silver as AgsPO4 powder in the cement
solid phase did not modify significantly the initial setting time (1h15 £+ OhO5 for C-Ag and
1h18 + 0h03 for C-REF’) [30]. However the introduction of silver in cement formulation in
the form of 10% (w/w) HCMC-Ag delayed it (1h45 £ Oh15) but this setting time can be easily
adjusted by using a NaoHPOg4 solution instead of water as the liquid phase to prepare the
paste. For example, C-uCMC-Ag setting time was reduced down to Oh18 = OhO3 using 1%
w/w NaoHPOys solution as liquid phase.

The composition and microstructure of the C-Ag and C-uCMC-Ag cements were characterized
before and after the release experiment. By XRD analysis, we found that, before the test, C-

HCMC-Ag composite cement was composed of two crystalline phases: apatite and some
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unreacted vaterite (Figure 7). After the release test only some very low intensity vaterite peaks
(at 26 = 29°, 32° and 52°) remained poorly visible, showing that vaterite almost fully
dissolved during this in vitro experiment. A peak broadening of the two main diffraction lines
of apatite ((002) and (310) line around 31° and 37°, respectively) testified for the presence of
a nanocrystalline apatite. Thus after two weeks of immersion in Tris buffer solution, the C-
HCMC-Ag cement was mainly composed of nanocrystalline apatite analogous to bone mineral
(Figure 7). We do not present the XRD patterns for C-Ag cement before and after release
experiment as they were found to be similar to those of C-uCMC-Ag, the AgzPO4 crystalline
phase being at too low concentration in C-Ag (0.375% of Ag (w/w) in the solid phase) to be
detected by XRD.
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Figure 7: XRD pattern of the C-10uCMC-Ag cement before and after 15 days of release test

compare with that of rat bone (18 months).

Figure 8 shows the microstructure of the C-uCMC-Ag composite cement before and after the
release test. After the release test microspheres of CMC-Ag were not observed but some
hydrogel structures appeared embedded in the mineral cement matrix (Figures 8a, 8b, 8c and
8e). This can be explained by the stability alone upon rehydration of CMC microspheres (data
not shown). Indeed when immersed in Tris buffer at pH 7.4, their rehydration profile
consisted in a rapid liquid absorption (+2400 % swelling) within the first 2 minutes followed
by a plateau and a progressive loss of weight due to microspheres disintegration. After 30
hours, CMC microspheres has become a loose gel; this could explain that no well-defined

CMC microparticles can be distinguished on SEM micrographs of C-uCMC-Ag cement
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(Figure 8). Before the release test, both on the backscattered and secondary electron modes
micrographs (Figures 8b and 8c) a few brighter small particles are clearly associated to the
surface of the CMC layered structure, testifying for the presence of silver rich particles which
could correspond to silver or AgzsPOy4 particles [77]. After the release test, these small brighter
particles were no more visible (Figures 8d, 8e and 8f) in agreement with the nearly full release
of silver from the C-uCMC-Ag composite cement observed at the end of the release test
(Figure 5). Indeed Figures 8d and 8e showed area with CMC embedded in the mineral matrix
but no more associated with brighter spots and at higher magnification (Figure 8f) an
homogeneous microstructure of the composite cement (without any brighter spots) can be

observed.

Figure 8: SEM micrographs of the C-uCMC-Ag composite cement before (a, b and ¢) and
after (d, e and f) the release test (13 days at 37°C in Tris buffer). SEM micrographs in
secondary electron mode (a, b and d) and in backscattered electron mode (c, e and f); c)

corresponds to b) SEM micrograph and e) to the d) one.

The total porosity and compressive strength of the set and hardened C-uCMC-Ag composite
cement including 2 or 10% (w/w) of silver-loaded microspheres have been evaluated.

We observed that the introduction of CMC microspheres lowered the cement porosity from
88% for C-REF’ down to 77% and 68% for C-10uCMC-Ag and C-2UCMC-Ag composite
cements, respectively. This can be attributed to the presence of CMC loose gel which clogs
the pores of the mineral matrix. However, as it can be seen on the SEM micrographs (Figure

8), the structure of composite cements is not homogeneous, but made up of mineral zones and
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organic zones playing the role of silver reservoir. In the case of C-Ag cement, as silver ions
are positively charged, they could ionically interact with the mineral phase of the cement
during the dissolution-reprecipitation reactions involved during the cement setting reaction.
As a consequence, silver ability to be released in the tissues surrounding the implantation site
should be partly prevented, or at least slowed down, even more as Ag3POys is less soluble than
AgNO3s. On the contrary, encapsulating silver ions into microspheres prior loading in the
mineral matrix turns out to be advantageous for a faster silver release, as shown by the
increased Ky in the Higuchi simulation, and the decreased tiag in the Higuchi with lagtime and
Weibull simulations in the case of C-UCMC-Ag composite (Table 6). Our preliminary
experiment on anti-biofilm activity of AgzPO4 solution on S. aureus CIP 4.83 (Table 2) well
underlined the importance to have sufficient directly available silver to impair the adhesion
step then biofilm formation. In view of these modelling results (Table 6, Figure 5), we
hypothesize that silver release from microspheres-loaded cement can be considered as a
combination of phenomenon related to microspheres hydration, lowered silver interaction on
cement setting (final crystalline composition) and composite structure (combining porous
mineral parts and loose gelled polysaccharidic parts). Silver faster release might result of the
presence of CMC increasing the hydrophilic nature of the cement and consequently the water
attraction within the C-UCMC-Ag composite, combined with composite heterogeneity

facilitating the outflow of silver in comparison with a conventional mineral cement (C-Ag).

3.6 Cement mechanical properties

The introduction of CMC microspheres in cement formulation had also an effect on others
characteristics of the composite cement. The compressive strength of the cements decreased
from 12.7 + 2.7 MPa for C-REF’ cement to 5.4 £ 0.5 MPa for C-10uCMC-Ag composite.
This effect was more pronounced especially when CMC microspheres amount was low (2%:
C-2uUCMC-Ag composite): 3.5 + 0.4 MPa. The heterogeneity associated to the introduction of
a low amount of a new organic phase (CMC microspheres) in the cement matrix should favor
the initiation and propagation of cracks compared with the reference cement. A previous
study showed that the CMC powder content threshold to enhance the mechanical properties of
C-pCMC composite materials was around 10-20 % thanks to the formation of a
polysaccharide 3D entangled network and also to its interaction with the inorganic phase [78].
Indeed carboxyl groups of the CMC may form strong ionic interaction especially with

calcium ions of the apatite formed during the setting. In the present study, the introduction of
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CMC as microspheres instead of raw powder enhanced the decrease of composite
compressive strength probably due to the lower ability of CMC microspheres to form a
polymer continuous network (CMC loose gel) within the mineral matrix. The lower
availability of carboxyl groups of HCMC-Ag to interact with calcium cations of the mineral
matrix should also contribute in the decrease in the composite compressive strength as they
were already involved in the interaction with silver cations within the microspheres [79-80].

Surprisingly, in the range of HCMC-Ag content tested (2 and 10% of HCMC-Ag in the
composite) the correlation of C-UCMC-Ag composites compressive strength to their
respective porosity showed that the lower the porosity the lower the compressive strength
contrary to what is generally observed for porous materials. It appears interesting to compare
the mechanical properties of the C-uCMC-Ag composites with other types of bone substitute
materials. For example, Figure 9 shows a map of the elastic modulus and compressive
strength of different biomaterials developed for bone tissue engineering and substitution.
Interestingly, we can see that the C-REF’ and the C-uCMC-Ag composites position in terms
of mechanical characteristics was close to that of cancellous bone and to dense biodegradable
polymers. Considering the place of the porous biodegradable composites with lower
mechanical properties (Figure 9), C-REF’ and C-pCMC, C-uCMC-Ag composites showed a
good compromise between porosity and mechanical properties reaching cancellous bone

mechanical properties.
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Figure 9: Young modulus of cements: C-REF’ (square in blue), C-pCMC composites
(diamonds in orange, composites for which CMC was introduced as raw powder from 2 to
50% (w/w) [78]) and C-uCMC-Ag composites (disks in green, composites for which CMC
was introduced as microspheres 2% and 10% (w/w)) as a function of their compressive
resistance, compared with that of other biomaterials (from literature data on bioactive
ceramics, biodegradable polymers and cancellous or cortical bone; adapted from Rezwan et

al. [81]).

4. Conclusion

In this work, we carried out comparative studies to determine two silver salts’ ability to confer
an antibacterial activity to a mineral bone cement without affecting its biocompatibility, and
how those silver salts could be loaded in the cement. Silver salts anti-biofilm activity
appeared correlated both to their solubility in water, and their ability to interact with the
cement mineral (micro)structure and its evolution during setting and hardening. We
demonstrated that encapsulating soluble silver salts within spray-dried polysaccharide
microspheres prior loading into the mineral cement could be an interesting strategy to avoid
silver/calcium phosphate interaction during the setting step and thus to control silver release
and reach more rapidly silver concentrations aimed to prevent bone-implant associated
infection risk. Among the various forms of silver in medical devices (as solid: metallic
nanoparticles and insoluble salts, as liquid: soluble ions), the question of the bioavailability
and cytotoxicity of silver at the site of implantation is important to consider. Controlling the
active dose delivered and its rate of delivery could be also interesting to limit the dose and its
potential side effects.

After demonstrating the antibacterial and anti-biofilm activity of silver solutions, we were
able to design cements containing efficient concentrations in silver salt(s) regarding biofilm
formation inhibition for S. aureus CIP 4.83 and S. epidermidis CIP 6821T. We showed that
the release of silver occurred over two weeks without burst effect and at a dose range
conferring anti-biofilm efficiency without cytotoxicity. This targeted silver dose range was
reached earlier (from t = 3 hours) for the C-uCMC-Ag composite cement than for the C-Ag
mineral cement (from day 1). Modelization of the silver release data for microsphere-loaded
cement supported a higher release rate of silver that could be attributed to lower silver/mineral

part interactions and to the presence of hydrophilic reservoir zones, leading more rapidly to
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silver doses able to control biofilm formation by S. aureus and S. epidermidis in the cement
microenvironment.

The development of injectable paste which can be implanted using mini-invasive surgery
technique contributes also to the decrease in bone-implant infection risk. Our results
demonstrated that the introduction of 2 or 10% silver-CMC microspheres in the cement
formulation greatly improved its injectability and suppressed the filter-pressing phenomenon
during paste extrusion.

The developed C-uCMC-Ag biomimetic cement formulation including 10% (w/w) of HCMC-
Ag and thus 0.375% (w/w) of Ag appears promising as an antibacterial and injectable bone
filling material able to reduce the risks of infection at the implantation site. Its implantation in

animal model is currently under investigation.
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