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ABSTRACT

In this work, functional characterization of biomaterials concerning potential application as
articular cartilage implants was performed by using a biomimetic bioreactor with dynamic
compression in the physiological regime (10 % strain, 0.84 Hz frequency, 1 h on/1 h off).
Specifically, two alginate types with low (LG) and high (HG) guluronic/mannuronic residue ratios
with electrochemically synthesized silver nanoparticles (AgNPs) were evaluated. HG Ag/alginate
hydrogels were clearly indicated as potential candidates due to better initial mechanical
properties as compared to LG hydrogels (dynamic compression modulus of ~60 vs. ~40 kPa) as
well as the mechanical stability displayed during 7 days of dynamic compression. Cytotoxicity
studies in 3D bovine cartilage explant cultures under dynamic compression have shown
negligible effects as compared to standard 2D monolayers of bovine chondrocytes where
moderate cytotoxicity was observed. Finally, experimental and mathematical modeling studies
revealed different mechanisms of AgNP release under physiological-like bioreactor conditions
as compared to static conditions. Overall, the results clearly demonstrate bioreactor
advantages in characterization and selection of candidate biomaterials as well as potentials to

bridge the in vitro-in vivo gap.
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INTRODUCTION

Development of novel biomaterials aimed for biomedical applications requires comprehensive
biomaterial characterization and evaluation regarding physico-chemical properties, cytotoxicity,
genotoxicity, biocompatibility, long-term stability, and functionality.l'4 Characterization of
nanomaterials and nanocomposites is further complicated due to potential nanotoxicity and
nanoparticle accumulation in the body and environment, thus requiring detailed analyses of
possible release routes and fate of nanoparticles.

Cytotoxicity of biomaterials is routinely determined in in vitro studies in 2D monolayer cell
cultures followed by in vivo studies in animals. In vitro studies are performed as a direct contact
test, in which the cells are directly exposed to the investigated material, and the elution test, in
which the cells are exposed to the material extract. These tests are carried out over short
periods of time (3 hours to 4 days) and thus are time- and cost efficient, allowing rapid
evaluation by standardized protocols at high throughputs and providing quantitative and
comparable results.” However, extrapolation of the obtained outcomes to the in vivo settings
could be misleading due to drawbacks of the 2D environment, thus creating the in vitro — in vivo
gap.e'7 In specific, cells in monolayer cultures are depolarized and lose their specific phenotype
due to decreased cell-cell interactions and loss of the extracellular matrix (ECI\/I).G'SIn vivo
studies, on the contrary, allow evaluation of long-term effects and functionality of biomaterials,
and, in the case of nanoparticles, tissue localization, biodistribution, and retention or excretion
from the body.” However, these studies are burdened with complexity of the physiological
environment, ethical considerations, high costs and practical limitations so that the need for

more physiologically relevant in vitro 3D culture systems has been recognized.’® Advances in
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that direction have been made in cancer and drug screening research, by using 3D spheroids
and cell aggregates, which allow maintenance of the cell phenotype, physiological cell density,

and production of ECM components.®**2

In addition to providing 3D structure, culture
conditions should also mimic the in vivo environment in respect to mass transport (i.e. efficient
delivery of chemical signals and removal of metabolites), hydrodynamic environment and
physical cues. For example, laminar flow of the culture medium was shown to be a more
realistic setting as compared to static cell cultures owing to continuous nutrient supply, steady
state regime, physiological shear stresses and improved nanoparticle distribution.® Biomimetic
bioreactors that imitate native physiological environment are recognized as valuable tools for
characterization of novel biomaterials and cell-biomaterial interactions regarding potential

applications (e.g. ).

In specific, two important uses of these bioreactors can be
distinguished. The first is to provide functional characterization of novel biomaterials over
longer times to predict biomaterial behavior after implantation, such as mechanical stability,
degradation rates, and release kinetics of active components. The second is in cytotoxicity
studies by instituting relevant in vitro settings in 3D tissue cultures under physiological
conditions, therefore addressing the in vitro-in vivo gap.

We have previously developed Ag/alginate nanocomposites with electrochemically synthesized

silver nanoparticles (AgNPs) for biomedical applications.ls’16

Alginate is a natural polysaccharide
that easily forms biocompatible and hydrophilic hydrogels with high sorption capacity.
However, alginate as a natural product derived from brown seaweed differs in composition,
molecular weight and physical properties depending on the algae species and age, the

17-19

harvesting season, and ecological system (geographical origin). More homogeneous
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alginate composition is obtained by biosynthesis using two genera of bacteria (Pseudomonas
and Azotobacter), but still some variations and different material properties could appear.zo'21
In specific, the content and arrangement of guluronic (G) and mannuronic (M) acid residues
influence Na-alginate solution viscosity as well as mechanical and swelling properties of
resulting Ca-alginate hydrogels so that alginates with higher G contents generally yield stronger

14,22

hydrogels. Variations in alginate composition are recognized in industry as a problem that is
solved from a batch to batch.?® This issue is even more pronounced in pharmaceutical and
medical applications in which the product properties have to be strictly controlled and precisely
defined. Consequently, different alginates will be suitable for different purposes and it is of the
utmost importance to define key features needed for a particular application early in the
product development.

In the present work, we have evaluated the hypothesis that biomimetic bioreactors could be
used for functional biomaterial characterization identifying potentials for particular
applications, specifically as cartilage tissue implants. Two types of alginate were used with the
aim to evaluate the influence of alginate properties on AgNP synthesis and resulting hydrogel
characteristics. A biomimetic bioreactor with dynamic compression in the physiological regime
relevant for articular cartilage was utilized to functionally evaluate the obtained Ag/alginate

nanocomposites regarding biomechanical stability, cytotoxicity and silver release kinetics.

MATERIALS AND METHODS
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Materials
Two types of sodium alginate with different compositions were used. Low viscosity sodium

alginate (A3249, AppliChem, Darmstadt, Germany) was reported to have a high content of
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guluronic (G) residues resulting in the M/G ratio of 1.38.%* Fractions of MM and GG dimmers
were estimated as 0.26 and 0.41, respectively.24 This alginate type was denoted here as high G
— HG. Medium viscosity sodium alginate (A2033, Sigma, St. Louis, MO), was reported to have
lower content of G residues and the M/G ratio of 1.94, as well as a higher fraction of MM
dimmers (0.47) as compared to GG blocks (0.16).%* This alginate type was denoted here as low
G — LG. Polyvinyl alcohol (PVA, hot water soluble, P163-250G), polyvinylpyrrolidone (PVP, Mw =
40,000) sodium citrate dehydrate and proline were all supplied from Sigma (St. Louis, MO).
AgNOs was purchased from M. P. Hemija (Belgrade, Serbia), KNO3, Ca(NOs), x 4H,0 and NaCl
from Centrohem (Stara Pazova, Serbia), HCI (37 % v/v) and HNOs (65 % wt) from ZorkaPharma
(Sabac, Serbia), NH40H (25 % wt) from NRK Inzenjering (Belgrade, Serbia) and collagenase type
Il from Gibco Life Technology (Grand Island, NY). Dulbecco’s Modified Eagle Medium with 4.5
g/l glucose and 0.584 g/l L-glutamine (DMEM, 01-055-1), 2-[4-(2-hydroxyethyl)piperazin-1-
yllethanesulfonic acid (HEPES), fetal bovine serum (FBS), penicillin and streptomycin were
obtained from Biological Industries (Beit-Haemek, Israel), while ascorbic acid was bought from
Galenika (Belgrade, Serbia). Water from Milli-Q system (Millipore, Billerica, MA) was used in all
experiments and N, gas was of high purity (99.5 %). Copper plates (>99.9 %, Cooper mill,
Sevojno) and silicone sealant (Bison, Netherlands) were purchased in a local store.
Electrochemical synthesis of silver nanoparticles

AgNPs were electrochemically synthesized in 2 % w/v sodium alginate solutions containing 0.1

Accepted Article

M KNOs; and 3.9 mM AgNO;, as described previously*>***and briefly explained in the
Supplementary material. Three batches of colloid solutions were synthesized using the low

viscosity HG sodium alginate and three batches using the medium viscosity LG sodium alginate.
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Production of Ag/alginate discs

Both types of heat-treated Ag/alginate colloid solutions, HG and LG, were used to produce
Ag/alginate discs by pouring 20 ml of the colloid into a sterile Petri dish between two filter
papers saturated in 3 % w/v solution of Ca(NOs), x 4 H,0, which served as a gelling agent.
Additional 20 - 30 ml of the gelling solution was then slowly poured over the upper filter paper
and the dishes were left for 24 h. After this period, discs (12 mm in diameter x 2 mm thick)
were cored out of the obtained hydrogels and left for another 24 h in 30 ml of the fresh gelling
solution to complete gelation.

Production of PVA/PVP discs

PVA/PVP discs were produced by dissolving PVA and PVP powders in hot water at
concentrations of 17 and 10 % w/v, respectively, and gelled as described in detail in the
Supplementary material. After gelation, discs (12 mm in diameter x 2 mm thick) were cored out
and left in 30 ml of the fresh culture medium until the use. The culture medium contained
DMEM, supplemented with 10 % FBS, 10 mM HEPES, 100 U/ml penicillin, 100 pg/ml
streptomycin, 0.4 mM proline, and 50 pug/ml ascorbic acid and was used in all experiments.
Isolation of articular cartilage explants and chondrocytes

Articular cartilage was harvested aseptically from femoropatellar grooves of 4 week old bovine
calves within 8 hours of slaughter. Explants (discs 12 mm in diameter and 2 mm thick) and

chondrocytes used for cytotoxicity studies were obtained by procedures described previously?’
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and briefly summarized in the Supplementary material.

Bioreactor with dynamic compression
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Functional characterization and cytotoxicity studies of Ag/alginate discs were performed in the
bioreactor with dynamic compression described previously28 and in the Supplementary
material. In each experimental series, three cartridges were simultaneously loaded and each
was connected to a separate recirculation loop consisting of a medium reservoir, silicone
tubing, and an extra tubing coil serving as a gas exchanger. Each loop was filled with 15 ml of
the appropriate medium, if it is not stated differently, and the bioreactor system was placed in
a humidified 5 % CO, incubator at 37°C and continuously recirculated by a multichannel
peristaltic pump at the medium flowrate of 0.12 ml/min. In all experiments, dynamic uniaxial
unconfined compression was performed in the regime 1 h on/1 h off, at the loading rate of
337.5 um/s, 0.84 Hz frequency, and 0.2 mm total displacement corresponding to approximately
10 % strain of the Ag/alginate disc. The compression parameters were selected based on

29-32

cartilage tissue engineering studies reported in literature (e.g. ) and our previous studies of

alginate based hydrogels.l“’ze'&’"34

Stability of Ag/alginate discs under bioreactor conditions

Both HG and LG discs (n=3) were evaluated regarding stability and mechanical properties in the
culture medium in the bioreactor for up to 7 days. Outputs from the bioreactor load sensor
were acquired daily and applied stresses were calculated by using the plunger area as described
previously.** The obtained values were then smoothed by a 5-point centered moving average
filter and dynamic compression moduli were calculated from the slopes of the best linear fits of

resulting stress-strain curves.

Cytotoxicity studies
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HG Ag/alginate discs were investigated regarding cytotoxicity in monolayer chondrocyte
cultures (2D) and in the biomimetic bioreactor in cartilage explant cultures (3D).

Monolayer cell cultures

Four experimental groups for cytotoxicity evaluation in 2D were established in 6 well culture
plates with: D1 - HG Ag/alginate discs, D2 -copper plates as a reference toxic material as

suggested in literature®-°

, D3 - silicone sealant as a reference biocompatible material, and D4 -
the control monolayer culture group. Ag/alginate discs were fixed in place by polypropylene
plugs glued on the plate covers, while copper plates (1 cm x 1 cm) were sealed on the bottom
of the wells. The silicone sealant was applied as a circular drop 12 mm in diameter. To each
well, 3 ml of the chondrocyte suspension was added to yield the concentration of 10° cells cm™.
After 48 and 96 h of incubation in a humidified 5 % CO, incubator at 37°C, the investigated
samples and the medium were removed and inhibition zones were analyzed by using an optical

microscope (Olympus CX41RF, Tokyo, Japan). Concentrations of Ag* and Cu®" released in the

medium as well as concentrations of silver remained in the nanocomposite discs were
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determined by atomic absorption spectroscopy (AAS).

Bioreactor tissue cultures

Three bioreactor cartridges were loaded each with a HG Ag/alginate disc over an articular
cartilage explant and dynamic compression was performed for 4 days. It should be noted that

the applied displacement of 0.2 mm corresponded to approximately 10 % strain of the

Acce

Ag/alginate disc. The experiment was repeated two times.

Silver release from Ag/alginate discs under bioreactor and static conditions
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In order to examine differences in the release kinetics of AgNPs and/or ions from HG
Ag/alginate discs in cytotoxicity studies under applied dynamic compression and in static
monolayer cell cultures, a parallel study was performed under the same conditions. Three
bioreactor cartridges were loaded each with a HG Ag/alginate disc placed over a PVA/PVP disc
imitating the articular cartilage explant. The recirculation loops were filled each with 14 ml of
the culture medium. The experiment lasted for 7 days with a daily medium replacement. A
static study was performed in 6 well plates using three Ag/alginate discs in 14 ml of the culture
medium, each, and daily medium replacements. All medium samples were analyzed for silver
concentration.

Analytical methods

UV-Vis spectroscopy

Presence of AgNPs in Ag/alginate solutions as well in Ag/alginate discs upon dissolution was
confirmed by UV-Vis spectroscopy using a 3100 spectrophotometer (Mapada, China).

Ag/alginate solutions were diluted with water, while Ag/alginate discs were dissolved in 10 %

pted Article

w/v sodium citrate solution, using the ratio 0.1 g of the nanocomposite in 2.9 ml, in both cases.

Transmission electron microscopy (TEM)

Size and shape of AgNPs were analyzed by TEM using a JEM-1400 transmission electron
microscope (JEOL Ltd. Tokyo, Japan). AgNP size distributions were determined based on

measurements of 100 — 300 nanoparticles taken from different spots on the grid.

Acce

Fourier transform infrared spectroscopy (FTIR)

Samples of HG and LG Na-alginate solutions, and corresponding Ca-alginate hydrogels,

Ag/alginate colloid solutions and Ag/alginate discs were dried and prepared in the form of KBr

10
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pellets. The IR spectra were recorded in the transmission mode between 400 and 4000 cm™

using a Bomem MB-102 FTIR spectrometer (Quebec, Canada) with a resolution of 4 cm ™

Silver and copper concentrations

Silver concentrations in Ag/alginate discs and culture medium, as well as concentrations of

released Cu(ll) ions during the contact test were determined at four-digit accuracy by atomic

cle

absorption spectroscopy (AAS) using a Perkin Elmer 3100 spectrometer (Perkin Elmer,

B

MA,USA), as described in the Supplementary material.
Histology
The upper edge of articular cartilage explants exposed to Ag/alginate discs in direct contact in

the bioreactor culture was marked to observe possible effects of the tissue exposure to the

Art

nanocomposite. Preparation of the histological samples was performed by a standard
procedure37described in the Supplementary material.
RESULTS

Production of Ag/alginate colloid solutions and discs

In this work, AgNPs were electrochemically produced in low viscosity and in medium viscosity
Na-alginate solutions with different contents of G units (HG and LG colloid solutions,
respectively). Both colloid solutions were then used to produce Ag/alginate discs and the
presence of AgNPs in all samples was confirmed by UV-Vis spectroscopy and TEM analyses

(Figs. 1 and 2, respectively).

Accepted

All samples exhibited absorption maxima at wavelengths in the range 405 - 413 nm

3839 Higher and narrower peaks obtained for the HG

corresponding to silver nanoparticles.

11
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alginate (Fig. 1a) indicate higher AgNP concentration at the narrower distribution as compared
to the LG alginate (Fig. 1b). Dilution of colloid solutions induced approximately proportional
decreases in the absorbance maxima values in both alginates. However, Ag/alginate discs
exhibited higher absorption maxima than the corresponding starting colloids indicating higher
AgNP concentrations (Fig. 1). This finding can be explained by alginate gel contraction during 48

264041 1t should be noted that the absorbance maximum

h of gelling as reported previously.
increase and corresponding gel contraction were significantly higher in the case of HG alginate
as compared to the LG alginate (~2.5- vs. ~1.4-fold increase, respectively, Fig. 1). Significant gel
contraction and water expelling in HG alginate can be attributed to the higher G/M ratio,
responsible for better crosslinking within the polymer hydrogel.>**? Results obtained by UV-Vis
spectroscopy were confirmed by measurements of total silver concentrations by AAS

amounting to 2.28 + 0.12 mM and 1.29 + 0.19 mM for HG and LG Ag/alginate discs,

respectively.

TEM analysis confirmed the presence of spherical AgNPs in both colloid solutions (Fig. 2a,c). In
addition, AgNPs were preserved and unchanged in Ag/alginate discs after gelling (Fig. 2b,d). The
nanoparticle size distribution analysis complemented the UV-Vis spectroscopy findings,
confirming smaller AgNPs at a narrower distribution in the HG colloid solution (Fig. 3a) as
compared to those in the LG colloid (Fig. 3b). In the first case, AgNPs were in the range 3-18 nm

with the average diameter of 8.7 £ 2.6 nm, which were retained in dissolved corresponding HG

Accepted Article

Ag/alginate discs (the size range was 4-14 nm with the average diameter of 8.2 £ 2.1 nm). These
results indicate high stabilization of AgNPs in the HG colloid solution without visible

agglomeration during alginate gelling. Conversely, a broader AgNP distribution in the range 3-

12
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28 nm was found in the LG colloid with the average diameter of 9.3 + 3.2 nm. The size
distribution for dissolved LG Ag/alginate discs was in the same range (4 to 28 nm) (Fig. 3b) with
the average diameter of 11.9 £ 4.8 nm implying slight agglomeration during gelling of this

colloid solution.

Differences between alginates, Ca-alginate hydrogels, colloid solutions and corresponding
Ag/alginate discs on the molecular level were examined by FTIR spectroscopy (Table 1).
Comparison of IR spectra of hydrogels and alginates revealed major shifts in characteristic
absorption bands for the —OH stretching vibration, and symmetric and asymmetric COO
stretching vibrations. In specific, the characteristic absorption band corresponding to —OH
stretching vibration at ~3440 cm? shifted to lower wavenumbers (~3426, ~3430, ~3426 and
~3413 cm™ for LG Ca-alginate, HG Ca-alginate, LG Ag/alginate discs and HG Ag/alginate discs,
respectively), which indicates stronger interactions between hydroxyl groups in all hydrogels,
especially in HG Ag/alginate discs. This result could be associated with the increase in polymer
concentration after gelling as suggested in literature.”® Shift of this characteristic band to a
lower wavenumber (~*3431 cm™) was also noticed in the LG colloid solution probably due to
interactions of hydroxyl groups with AgNPs*, while in the HG colloid solution this band
remained unchanged. The exchange of Na* with Ca**in all hydrogel forms resulted in a stronger
C=0 bond and consequently higher bond energy, leading to a small shift in stretching vibrations
of carboxylate groups to higher wavenumbers.” Significant changes in asymmetric COO’
stretching vibrations were observed in the HG colloid solution and HG Ag/alginate discs, which
could be attributed to the presence of AgNPs. Overall, the obtained spectra could indicate

possible differences in AgNP stabilization by different alginate compositions.

13
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Stability of Ag/alginate discs under bioreactor conditions

Stability and mechanical properties of Ag/alginate discs (LG and HG) were evaluated in the
biomimetic bioreactor under physiological dynamic compression and perfusion of the cell
culture medium for up to 7 days. Up to the applied strain, the discs exhibited linear behavior as
expected for alginate hydrogels46, allowing determination of the dynamic compression moduli
from the slopes of best linear fits of the stress - strain curves (Fig. 4). Significant differences
between the investigated Ag/alginate discs were noticed so that, the LG discs exhibited inferior
initial mechanical properties with the dynamic compression modulus of 43.7 + 1.5 kPa as
compared to HG discs, which exhibited the compression modulus of 64.3 + 3.3 kPa (Fig. 4). This
result is in accordance with the findings of significant HG hydrogel contraction during gelling
and a significant increase in silver concentration indicating the increase in the polymer
concentration as well. After 12 h period, mechanical properties decreased by approximately 34
% yielding dynamic compression moduli of 28.3 + 0.6 kPa and 42.8 + 1.5 kPa for LG and HG
Ag/alginate discs, respectively, as a consequence of the gel network weakening due to the
exchange of Ca’" with Na* from the culture medium. After 24 h the mechanical properties
further decreased by ~74 % for LG and ~66 % for HG discs yielding dynamic compression moduli
of 11.3 + 1.0 kPa and 21.5 £ 2.1 kPa, respectively. Additionally, the stress-strain curve for LG
discs significantly deviated from the linear trend (r’<0.5). Consequently, after 36 h LG

Ag/alginate discs lost the integrity, while the HG Ag/alginate discs retained the approximately
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constant compression modulus until the end of the experiment at day 7 (24.5 £ 0.7 kPa). Thus,
the physiologically relevant bioreactor characterization unquestionably defined HG Ag/alginate

discs as potential candidates for articular cartilage implants discarding the LG hydrogel as a

14
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quickly degradable in the physiological environment. However, the LG hydrogel may be suitable
as a wound dressing providing quick absorption of the exudates and releasing the AgNPs in 2
days, a period suitable for the wound dressing exchange. Thus, the HG Ag/alginate hydrogels
were further evaluated with respect to cytotoxicity and silver release kinetics under dynamic

compression relevant for articular cartilage.

Cytotoxicity studies in monolayer cell cultures

Cytotoxicity of HG Ag/alginate discs (initial total silver concentration of 2.28 + 0.12 mM) in a
direct test revealed moderate cytotoxic effects in monolayers of bovine calf chondrocytes. The
silicone sealant was shown to be a suitable biocompatible material since the cells adhered
uniformly around the material and covered the whole available surface, maintaining the
characteristic fibroblast-like morphology typical for chondrocytes in monolayers47 (Fig. 5a;
Supplementary material, Fig. S2a). This result was basically identical as the appearance of the
control monolayer culture (Supplementary material, Fig. S1). On the other hand, copper plates
were shown to be cytotoxic after 48 h, inducing an inhibition zone of about 4 - 6 mm
surrounded by a zone of rather rounded and contracted cells followed by a narrow zone next to
the well edges of viable cells displaying normal morphology (Supplementary material, Fig. S2b).
Furthermore, cytotoxicity of copper plates was even more evident after 96 h yielding an
inhibition zone of 10 — 12 mm and a very small number of viable cells next to the well edges

(Fig. 5b). In comparison, Ag/alginate discs induced less pronounced cytotoxic effects so that
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viable cells could not be detected next to the discs while a layer of viable cells next to the well
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edges was wider (Supplementary material, Fig. S2c). The inhibition zone in this case was 1 — 2

mm and stayed approximately the same after 96 h (Fig. 5c).

The obtained data for Ag/alginate discs can be related to released silver concentrations in the
culture medium, which were measured by AAS as 0.010 £ 0.001 mM and 0.016 £ 0.001 mM
after 48 and 96 h, respectively. In the same time, released Cu®* concentrations in the cultures

with copper plates were measured by AAS as 5.11 + 0.61 mM and 4.95 + 0.78 mM after 48 and

1cle

96 h, respectively. These results imply that although the released silver concentration slightly
increased over time, it did not induce additional effects on cell survival contrary to the cultures
with copper plates, in which the cell survival decreased. The observed findings may be

48,49

attributed to formation of AgCl in the culture medium, as suggested previously™™, which is

significantly less toxic than either AgNPs or Ag*.>°

Cytotoxicity studies in 3D tissue cultures

Cytotoxicity studies of HG Ag/alginate discs in the bioreactor over 4 days of compression
demonstrated preserved cartilage explants identical as control static explant cultures.
Histological examination of tissue cross-sections revealed uniformly distributed live cells and
GAG in both cultures (Fig. 6b,c). In addition, a special attention was made to mark the upper
and the lower sides of explants in the bioreactor in order to reveal potential effects of the

direct contact with the Ag/alginate hydrogel. Again, histological analysis has shown that both
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explant sides were the same and appearances of all samples matched those of the initial native
cartilage tissue (Fig. 6a). It should be noted that the dynamic compression in the bioreactor was

exhibited on Ag/alginate discs while the strains occurring in explants were probably lower.

16
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Medium flowrate of 0.12 ml/min corresponds to the superficial velocity of 18 um/s calculated
with respect to the disc base area, which is in the range of blood velocities in capillaries of 10 —
100 um/s. Although the adult articular cartilage is largely avascular some fluid flow arises

>122 while in tissue engineering

during cartilage compression in the course of daily activities
applications medium flow is required for efficient mass transport to the cells (e.g. >*>%). The
applied velocity of 18 um/s would not induce negative effects on cell viability according to
previous findings that the velocity of the smallest turbulent eddies of 0.4 cm/s was not
damaging chondrocytes. Furthermore, the explants were protected from the medium flow by

the Ag/alginate discs so that it could be assumed that the bioreactor environment was adjusted

to support the tissue culture and to reveal only the effects of the investigated material.
Silver release from Ag/alginate discs under bioreactor and static conditions

Silver release kinetics significantly differed under static and dynamic compression conditions
(Fig. 8) so that the final released silver concentrations in the medium were 6.75 + 0.56 and 4.86
+ 0.47 pM, respectively. These concentrations correspond to 12.3 % and 9.4 % of the initial
AgNP content in Ag/alginate discs, respectively. Also the penetrated silver content into
PVA/PVP discs was determined by AAS as 0.033 + 0.020 mM, corresponding to 2.7 + 0.9 nmol of

AgNPs/Ag" per the disc (0.4 % of the total initial silver content in the Ag/alginate discs).

ccepted Article

Accordingly, Ag/alginate discs under bioreactor conditions retained higher AgNP content (515 +
105 nmol) as compared to those in the static culture (343 + 32 nmol). Higher silver release
under static conditions occurred due to free swelling of the discs allowing easier ion exchange

and weakening of the polymer network. Over 7 days under static conditions, disc weight and

17

This article is protected by copyright. All rights reserved.



volume increased ~3- and 4-fold, respectively (initial discs: 310 £ 20 mg, 12 mm in diameter, 2
mm thick; after 7 days: 950 + 30 mg, ~17 mm in diameter, 4 mm thick). On the other hand, discs
in the bioreactor study were constricted in the cartridges between the diaphragm and the
PVA/PVP disc beneath, so that the disc size was practically retained with a moderate increase in

weight (from 300 + 10 mg to 500 + 70 mg).

In order to reveal differences in the silver release, simple kinetics modeling was applied in both
cases with the account of different phenomena in the two systems schematically represented
in Figure 7. In specific, in the static culture silver release was governed by diffusion only, so that

the one dimensional internal diffusion model can be applied56:

oc o°c

0 D' = (1)
ot ( ox’ j

where x is the axial coordinate, ¢, is the silver concentration within the Ag/alginate discs and D’

is the apparent diffusion coefficient of AgNPs/Ag" in the swelled alginate matrix.

Since the disc swelling was relatively fast (within 24 h), a constant disc dimensions of 17 mm in
diameter and 4 mm thickness were assumed. The released silver concentration in medium over

time, ¢y is calculated as a difference between the initial silver content in the discs ¢, and the

average silver content in discs at each time point, <Cn>61:

_ (Co B <Cn >)V

Cm
\

(2)
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m

where V is the disc volume and V,, is the medium volume in the system. The average silver

concentration within the disc at each time point can be calculated by the equation®:
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(c,)= % [c,(0ax 3)

where X is the disc thickness.

Initially, AgNPs are uniformly distributed throughout the discs at the initial concentration ¢y,
while AgNPs are not present in the medium. Silver concentration in the medium was assumed
to be negligible throughout the experiment so that the inlet boundary condition at the upper
disc surface at x=0 was set as c,=0 while the Neumann boundary condition (zero flux) was

assumed at the outlet boundary since the disc was placed on the dish bottom:

oc,
OX

=0forx=X (4)

The equations (2-4) were solved numerically using MatLab, based on the backward finite
difference method. The apparent diffusion coefficient, D’ was determined by the least squares
fit of the experimental data. Figure 8 shows satisfactory agreements between model
predictions and the experimental data (RSD = 18 %). The apparent diffusion coefficient of

AgNPs/Ag" within the swelled alginate matrix under static conditions was calculated as 5.3 x 10°

Jany
w

m?/s.

In the bioreactor, the discs were dynamically compressed, which induced repeated deformation
and relaxation and, consequently, fluid flow in and out of the discs as schematically
represented in Figure 7b. Thus, a convective transport of AgNPs and/or ions by a net flow can
be assumed in addition to diffusion as it was also reported in literature for solute transport in

57-60

hydrogels and cartilage tissue under dynamic compression. In the present case,
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compression induced the fluid inflow from the upper surface while during the disc relaxation
the fluid left through the same surface so that one dimensional transport was assumed again. It
should be noted that probably some fluid was leaving also through the lateral surface but for
the simplicity reasons one dimensional model was adopted here. The change in AgNP
concentration within the Ag/alginate discs, ¢, was described by the Eq. (1) with addition of the

advection term yielding the advection-diffusion equation as also used previously®":

2
aﬁ — Du a Czn —u acn (5)
ot OX OX

where x is the axial coordinate, u is the net fluid velocity through the disc and D" is the

apparent diffusion coefficient of AgNPs/Ag" in Ag/alginate discs that negligibly swelled.

Again, Eqg. (5) was simultaneously solved with equations (2-4) using MatLab, while the apparent
diffusion coefficient and the net fluid velocity through the discs were model parameters
determined by the least squares fit of the experimental data. The net flux through the bottom
disc boundary was again set to 0 (Eg. (4)) based on negligible silver amount that diffused into
PVA/PVP discs (<5 % of the total amount of released silver). The model predictions were in
satisfactory agreements with the experimental data (RSD = 17%, Fig. 8) yielding the apparent

diffusion coefficient of 1.4 x 10" m?/s and the net fluid velocity of 3.9 x 10 m/s.

DISCUSSION

Accepted Article

The aim of this work was to use a biomimetic bioreactor for functional characterization of
Ag/alginate nanocomposite hydrogels under physiologically relevant conditions in order to

evaluate potentials regarding the particular application as articular cartilage implants. In

20

This article is protected by copyright. All rights reserved.



specific, two alginate types were used with different ratios of G and M units. AgNPs were
successfully synthesized in solutions of both alginate types with slightly smaller AgNPs at a
narrower distribution in the alginate with a higher content of G units (HG alginate). This result
can be probably explained by a more favorable spatial conformation of G units and GG blocks.
In specific, it was shown that AgNPs stabilized by electrostatic interactions with a capping
agent, such as alginate, have negative { potentials.®? Interactions of cations with carboxyl
groups have been shown to decrease the T potential and increase the tendency for
agglomeration of NPs, which has led to the assumption that carboxyl groups may have a critical
role in NP stabilization.®® Results of FTIR analyses in the present study are in accordance with
this hypothesis showing changes in asymmetric COO" stretching vibrations in the HG colloid
solution due to the presence of AgNPs. Some studies suggested that AgNPs could be also
stabilized by electrostatic interactions with negatively charged ring oxygen, as well as by

interactions with free hydroxyl groups.15’64

Therefore, it could be supposed that the suitable
conformation of functional groups in G units as well as in polyguluronate blocks are probably
responsible for better stabilization of synthesized AgNPs than by polymannuronate blocks,
similarly as it was shown for ca® binding.65 However, both colloid solutions yielded Ag/alginate
hydrogels with preserved AgNPs. Still, the AgNP size was preserved during gelation in HG

Ag/alginate in contrast to the LG Ag/alginate in which it slightly increased (for ~25 %). This

result indicates again better stabilization of AgNPs within alginates with higher contents of G

Accepted Article

units. In parallel, HG hydrogels shrunk significantly more during gelation than LG hydrogels due
to stronger bonds of Ca** to GG blocks forming a well-known “egg-box” model.®® As a

consequence, the alginate concentration increased, yielding also mechanically stronger
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hydrogels. This result is expected as it was reported in literature that alginates rich in G units

form stronger and more stable gels than alginates rich in M units.>*°®®

However, to distinguish
potentials of the obtained Ag/alginate discs (HG and LG) for implantation in soft tissues, such as
articular cartilage, functional characterization was performed regarding mechanical stability,
cytotoxicity and release kinetics under relevant conditions in a biomimetic bioreactor. In
specific, 10 % strain was selected based on physiological deformation of cartilage under
loading, estimated to be ~20 % or less.”® The applied loading frequency of 0.84 Hz is close to 1
Hz, which correlates to the walking cycle® and was reported to generally stimulates
chondrogenesis.*® Dynamic compression modulus determined in the biomimetic bioreactor for
the HG nanocomposite hydrogel (~64 kPa) was almost 50 % higher than that determined for the
LG nanocomposite hydrogel (~44 kPa). The obtained values are in agreement with the values
reported in literature (Table 2). Generally at higher compression rates, higher compression
moduli are obtained, as expected, while it is clear that mechanical properties of alginate
hydrogels are strongly influenced by alginate composition as well as the concentration and

375 Also, in the presence of Na*, weakening of

nature of the gelling cation, gelation period, etc.
Ca-alginate hydrogels is expected due to ion exchange. Consequently, the compression
modulus of the LG nanocomposite steadily decreased in the culture medium over time until 36
h, when the discs lost their integrity. On the contrary, the compression modulus of HG discs
decreased over the first 24 h to ~24 kPa, after which period the modulus value stayed constant
until the end of experiment at day 7. Thus, the biomimetic bioreactor characterization clearly

guantified differences between the two hydrogel types pointing towards suitable applications.

Namely, Ag/alginate discs derived from the alginate rich in G units are designated as potential
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candidates for articular cartilage implants while alginates rich in M units are potentially suitable

for wound treatments rapidly dissolving and releasing AgNPs.

Cytotoxicity studies of HG Ag/alginate discs in standard 2D chondrocyte monolayers and in 3D
bioreactor cartilage tissue cultures revealed contrary results. While moderate cytotoxic effects
were detected in the direct contact with cells in monolayers, at the same time, unchanged
histological appearances of cartilage explants in direct contact with the discs were observed
after 4 days of dynamic compression. These results are in accordance with literature findings
that cells in 2D cultures are more sensitive to NPs as compared to cells in a 3D environment,
which are protected by the ECM.”® The ECM provides cell-tissue interactions, normal cell
morphology and also a physical barrier for penetration of nanoparticles.”” It should be added
that similar Ag/alginate hydrogels in the form of microfibers were shown to promote wound

78,79

healing in a rat burn model without adverse effects. Thus, the biomimetic bioreactor

environment provided results closer to the in vivo findings than the 2D culture. Furthermore, as

80,81

compared to spheroid cell cultures, often used as 3D models (e.g.”""), explant cultures applied

pted Article

in the present study provided the native tissue structure and composition closely resembling

the in vivo situation.

Finally, the bioreactor characterization revealed also different mechanisms of AgNP release and
disc behavior under biomimetic mechanical strains and under static, free swelling conditions.

The apparent diffusion coefficient of AgNPs/Ag* obtained under static conditions (5.3 x 10™

Acce

m?/s) is in agreement with previously reported AgNP diffusion coefficients in biological tissues.

In specific, the value of 3 x 10™* m?/s was assessed by single particle tracking and the Brownian
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diffusion model in zebrafish embryos incubated with AgNPs (5-46 nm) under static conditions®*
while the values of (4.3 — 4.6) x 10* m?/s were obtained from permeability data for spherical
AgNPs (50 nm) in the murine skin using the Franz diffusion cell®. The value determined in the
present study was somewhat higher than the Ag" diffusion coefficient of 1.5 x 10™ m?%/s
determined in a Ag/PVA hydrogel immersed in a phosphate buffer pH=7, by the integral form of
the Fick’s diffusion model approximated for short times®®. On the contrary, significantly lower
diffusion coefficients of AgNP/Ag" of 4.6 x 10™° and 6.9 x 107 m?/s were obtained in
Ag/alginate microbeads in water under static conditions by applying the same diffusion model
in differential form as in the present work*”®*. Slower diffusion rates in these cases were
expected due to higher stability of the polymer network in water as compared to the culture
medium containing Na®, which provokes the network swelling and, thus, diffusion

enhancement.

Disc swelling was restricted in the bioreactor, while dynamic compression induced silver release
by both diffusion and forced convection. These two effects induced decreased silver release as
compared to free-swelling static conditions resulting in the apparent diffusion coefficient of 1.4
x 10" m?/s. According to the Reinhart - Peppas theory, diffusion coefficient values are directly
proportional to the hydrogel swelling degree.85 Additionally, matrix deformation due to
dynamic compression could affect diffusion by reducing the hydrogel pores size and increasing

the steric resistance® Previous experimental and mathematical modeling studies of silver

Accepted Article

release from Ag/alginate microbeads have implied that rapid hydrogel rehydration induced fast
AgCl precipitation within the microbeads resulting in the lowest silver release.* Similarly, in the

present study, the medium flow during the compression/decompression cycle could enhance
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precipitation of AgCl within the discs. Still, the net fluid velocity was estimated to be very low of
the order of magnitude of 10" m/s. Although this simplified model assumed one directional
fluid flow neglecting the flow through the disc lateral surface the obtained velocity value is
comparable to the interstitial fluid velocity of 3.14 x 10" m/s reported for a damaged articular
cartilage tissue under a rolling load.?” This result indicates again relevance of the bioreactor

conditions applied.
CONCLUSION

Biomimetic bioreactors present adequate in vitro models for biomaterial evaluation regarding
nanotoxicity in 3D tissue cultures along with providing possibilities for additional functional
characterization such as mechanical stability or release kinetics under physiologically relevant
conditions over prolonged periods of time. This approach facilitates profound understanding of
the biomaterial behavior in an in vivo-like environment thus minimizing the number of
necessary studies in animals. In the present work, a biomimetic bioreactor with dynamic
compression was used as a tool for: i) assessment of different alginate types regarding potential
applications, ii) evaluation of cytotoxicity of Ag/alginate nanocomposites in 3D cultures and Jii)
assessment of different mechanisms of nanoparticle release and hydrogel behavior under
biomimetic conditions in comparison to static free-swelling conditions. The obtained results
strongly confirmed the utility of such an approach clearly differentiating between two alginate
types, which is especially relevant for exploitation of biomaterials from natural origins. Also,
cytotoxicity studies proved higher sensitivity of cells in 2D cultures as compared to 3D

bioreactor cultures, which were in accordance with results obtained previously in vivo. Thus, it
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could be generally presumed that biomimetic bioreactors applying conditions suited to the
environment of a particular organ or a tissue may provide realistic and reliable evaluation of

functionality of biomaterials and especially nanomaterials.
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Figure captions

Figure 1. UV-Vis absorption spectra of the initially synthesized 3.9 mM colloid solutions, heat-
treated colloid solutions diluted to the nominal silver concentration of 1 mM and resulting
Ag/alginate discs: a) low viscosity alginate with high G unit content (HG); b) medium viscosity
alginate with low G unit content (LG); the spectra correspond to a 100 pl sample of either
colloid solution in 2.9 ml of deionized water or 0.1 g of Ag/alginate discs in 2.9 ml of 10 w/v %

sodium citrate; (data represent average of n=3)

Figure 2. TEM images: a) LG Ag/alginate colloid solution; b) LG Ag/alginate discs; c) HG

Ag/alginate colloid solution; d) HG Ag/alginate discs.(scale bar: 100 nm)

Figure 3. Nanoparticle size distribution in: a) HG colloid solution and Ag/alginate discs, and b)

LG colloid solution and Ag/alginate discs (measurements of at least 100 nanoparticles)

Figure 4. Experimentally determined and best linear fits of stress—strain relationships over time
for LG Ag/alginate discs (a) and HG Ag/alginate discs (b) at a loading rate of 337.5 um/s (data

represent average of n = 3 smoothed by 5-point centered moving-average filter)

Figure 5. Monolayer chondrocyte cultures in the contact test after 96 h of exposure to: a)
silicone sealant as a reference biocompatible material, b) copper plate as a reference toxic
material, c) Ag/alginate disc. Left panels: material edges; right panels: edges of the wells (scale

bar = 500 um)

Figure 6. Histological cross-sections of cartilage tissue explants: a) initial native tissue, b) control
static culture after 4 days, c) the bioreactor culture in contact with Ag/alginate discs after 4

days (left part presents the explant surface in direct contact with the disc, right part presents
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the lower explant side). Left panels: alcian blue stain; right panels: H&E stain (scale bar = 500

um)

Figure 7. Schematic presentation of silver release studies of Ag/alginate discs: experimental set
up and geometry for mathematical modeling: a) static conditions — discs swelled from the initial
thickness Xp= 2mm to the thickness X = 4 mm; one dimensional diffusion of AgNPs/ions with the
apparent diffusion coefficient D’; b) dynamic compression conditions — each disc was placed on
top of a PVA/PVP disc allowing negligible swelling; one dimensional diffusion of AgNPs/ions
with the apparent diffusion coefficient D” accompanied with the convective fluid flow at the

net velocity u as a result of the fluid inflow during compression and outflow during relaxation

Figure 8. Silver concentration in the medium over 7 days under static and bioreactor dynamic
compression conditions: experimental data (symbols) and modeling results (lines) (data

represent average of n=3)
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Table 1. Wavenumbers of the characteristic bands and corresponding assignments for Na-

alginate solutions, Ca-alginate hydrogels, Ag/alginate colloid solutions and obtained Ag/alginate

discs. Values were normalized

electrochemical synthesis and gelling process.

regarding the (CH,) bond, which was unchanged by

Wavenumber, cm™

LGNa- | HGNa- | LGCa- | HGCa- | .-G HG . | Assignment
alginaie alginaatle algirf:aie algir;?e CO”(.)'d CO”(.)'d LG Disc | HG Disc
solution | solution
3448 3444 3431 3435 3434 3446 3431 3416 v(OH)
2929 2929 2929 2929 2929 2929 2929 2929 vas(CH,)
1612 1612 1620 1640 1612 1619 1615 1618 vas(COO)
1421 1419 1428 1418 1421 1428 1430 vs(COO)

Table 2. Compression moduli determined for different forms and compositions of Ca-alginate

hydrogels reported in literature

Loading rate,

Compression

Accepted Art

Hydrogelform, alginate composition um/s moduli, kPa Ref

. o . .
Discs, 1.7 % w/w Ag/alginate, M/G ratio 3375 64.3+3.3 this work
1.38

. o . .
Discs, 1.7 % w/w Ag/alginate, M/G ratio 3375 437+ 15 this work
1.94
Disc, 1.5% w/w, M/G ratio 0.49 337.5 773+1.1 14
Disc, 2% w/w, M/G ratio 0.49 337.5 120.3+2.8 14
Disc, 2% w/w, M/G ratio 1.6 337.5 70.2+39 14
Disc,1.59 Laminari

isc,1.5 % w/v, from Laminariahyper 80 25 40 70
borea
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Disc, 2 % w/v, from Macrocystis pyrifera 80 18+2 70
Disc, 1.5 % w/v, from Durville

+
apotatorum (M/G ratio 2.1) 100 38403 71
Disc, 1.5 % w/v, from Macrocystis

+
pyrifera (M/G ratio 1.43) 100 11.5£06 /1
Disc, 1.5 % w/v, from Laminariahyper

+
borea(M/G ratio 0.49) 100 32.7+12 71
Cylinder,2 % w/v, with G fraction of 0.68 200 105+4.6 72
Microbeads, 1.9 % w/v Ca/alginate 337.5 141 +2 26
Microbeads , 1.9 % w/v Ag/alginate 337.5 154 + 4 26
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