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Abstract

Mesenchymal stem cells are widely implicated as a cell source for tissue engineering of skeletal tissue in cell-based
therapy. Physical and mechanical cues are potent controlling factors in cell differentiation and can be implemented
as a guide to study cellular response, matrix production and tissue regeneration. Microspheres were produced by
gelation of bovine collagen type I with concentration of 2 mg/mL and 1,000-2,000 cells per droplet. Short and long
term cell viability of human embryonic stem cell-derived mesenchymal progenitors (hES-MPs) and MG-63
osteoblastic cells as well as collagen microstructure and contraction were monitored during 28 days post
encapsulation (pc). Results indicated that collagen concentration, hence mechanical properties of cell’s extracellular
micro-environment are important in cell proliferation and differentiation. Contraction of cell-embedded
microspheres was found to be vital in cell adaptation and the remodelling of their new environment. It was also
found that collagen concentration of 2 mg/mL supports proliferation of hES-MPs while higher collagen
concentration promoted the viability of MG-63s. Results of hES-MPs characterization in 3D soft environment and
mechanically stimulated hES-MPs collagen microspheres can be used in cells/therapeutic carriers, implants in bone
and cartilage healing applications. The microspheres developed in this study can also be used as a tool to build more
optimised construct to transfer mechanically stimulated stem cells to the specific area of a defective bone which

would add significant benefit to the field of bone regeneration.
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1. Introduction

Cell therapy serves as the most challenging, yet potentially the most successful application of stem cells.
Mesenchymal stem cells (MSCs) are defined as mesenchymal progenitor cells with capability of self-renewal and
differentiation into specialized linage in response to appropriate signals [1, 2]. Using cells seeded in suitable
biomaterials to mimic the in vivo biochemical and biophysical micro-environment is a typical tissue engineering
strategy, which has shown promising results in treating irreparable injuries of native tissues caused by diseases [3].
Nevertheless, before stem cells based therapies can be applied in clinics, many issues need to be elucidated to gain a
precise control over cell self-renewal and differentiation. In addition, a better understanding of the interplay between
MSCs and their surrounding micro-environment components including: growth factors, cell-cell, and cell-
extracellular matrix interactions are needed to fully comprehend the cellular events [4]. Recent studies have shown
the importance of mechanical cues, including the stiffness of the substrate, nano-topography of the surface, and

extracellular forces, in directing stem cell fate in vitro, even in the absence of biochemical factors [5].

Stiffness and/or topography of cellular micro-environment along with physical factors such as tension can dictate
stem cell fate determination. Although physical cues control MSC lineage specification by tuning the cytoskeleton,
the full mechanism of how physical signals are sensed by cells and transformed into biochemical and biological
signals remains unclear [6]. Numerous studies have focused intensively on the effects of chemical signals in
differentiation of stem cells [7] but, the effects of physical/mechanical signals of the micro-environment on MSCs
have long been neglected [8]. However, few studies provided evidence that both direct and indirect mechanical
signals are important in regulating stem cell commitment. While most studies showed that compression forces can
induce chondrogenic differentiation rather than osteogenesis, some studies have demonstrated the osteogenic effect

of compressive loading on stem cells [9, 10].

The aim of cell encapsulation is to entrap functional cells within a semi-permeable matrix. A suitable matrix must be
biocompatible, support cell survival and also be permeable to oxygen, to permit diffusion of nutrients and removal
of toxic metabolites [11]. Suitable materials for cell encapsulation should mimic the cells extracellular matrix. Many
of these materials are based on hydrogels, which are highly hydrated and composed of hydrophilic polymers that are
cross-linked to form 3D networks. Hydrogels derived from natural materials such as collagen have comparable

structures to the extracellular matrix of many human tissues [12].

Natural extracellular polymers such as collagen are encapsulation materials of choice since they are the most
abundant scaffold protein in tissues [13]. Their specific cell-binding sites are involved in normal cell function, and
they have excellent biocompatibility and negligible immunogenicity. Collagen has been used as carriers of
antibiotics genes and proteins, as well as scaffolds [6]. However, because collagen has poor mechanical and shape
stability, they are incompatible with current micro-encapsulation techniques, which involve vigorous mechanical

disturbances including pressurized nozzle, emulsification or stirring during droplet generation [14].

Archives of Clinical and Biomedical Research- http://archclinbiomedres.com/ - Vol. 2 No. 5 - Oct 2018. [ISSN 2572-5017] 168



Arch Clin Biomed Res 2018; 2 (4): 167-182 DOI:10.26502/acbr.50170036

Chan et al. [11] introduced a novel cell micro-encapsulation technique by entrapping hMSCs in a dense mesh-work
of reconstructed rat tail collagen I fibres that generated self-assembled collagen/hMSC microspheres. Their
approach illustrated the feasibility of utilising these microspheres for MSC delivery by investigating the microsphere
injectability, the cellular growth kinetics and the migration capability in addition to their self-renewal capacity and

multi-potent differentiating potential.

Therefore, our aim was to produce a soft 3D environment consisting of self-assembled collagen I fibres, able to
support long term viability and proliferation of human embryonic stem cell-derived mesenchymal progenitors (hES-
MPs). Also to explore the effect of 3D controlled environment in encouraging osteogenic differentiation of hES-
MPs in the absence of external chemical and mechanical stimulation. We explored how physical properties of cell
3D micro-environment such as stiffness can influence cell growth and commitment. We also compared cellular
response of undifferentiated hES-MPs with more mature cell line (MG-63 osteoblastic cells) and monitored short

and long term cell viability of both cell lines in collagen microspheres.

2. Materials and Methods

2.1 MG-63 cell culture

MG-63 human osteocarcoma cells were cultured in media containing a-DMEM (Lonza, UK), 10% FBS (Labthech,
USA), 1% penicillin and streptomycin and 1% L-glutamine all purchased from Sigma, UK. Cells were incubated at
37°C in 5% CO,. The medium was replenished every 3 days.

2.2 hES-MP cell culture

hES-MP cell line (Cellartis, Sweden) were cultured on 0.1% gelatine coated surfaces and expanded and proliferated
in media containing 4 nM fibroblast growth factor-basic recombinant human (FGF-f) (Life technologies, USA) as
recommended by manufacturer added to a-DMEM, 10% FBS, 1% penicillin and streptomycin and 1% L-glutamine.
Cell passages of 3-7 were used in the experiments. Cells were incubated at 37°C in 5% CO,. The medium was

replenished every 2 days.

2.3 Collagen gelation procedure and cell seeding

Rat tail collagen type I (3.6 mg/mL) solution in 0.02 N acetic acid (BD, UK) and used in gelation process following
BD protocol. Collagen I was neutralized by 1 N NaOH and 10X phosphate balance solution (PBS) both purchased
from Sigma, UK and diluted into final concentrations of 0.5, 1, 2 or 3 mg/mL while being placed on ice. Then the
cells (hES-MPs or MG-63s) were suspended in the neutralized collagen solution to make up cell/matrix mixtures
with final cell densities of 5 x 10 or 1 x 10° cell/mL. The volume of each substance and the number of cells
required per droplet was calculated according to the collagen manufacturer protocol. The same procedure was

repeated for bovine collagen I solution with a concentration of 5 mg/mL.
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COLLAGEN (MG/ML) 5x10°CELLS /ML 1x10°CELLS/ML 5x 10 °*CELLS/ML
5 uL droplet

0.5 1900 3800 19000
1 1545 3090 15450
1.5 1195 2390 11951
2 842 1685 8424
2.5 pL droplet

0.5 950 1900 9500
1 722 1545 7725
1.5 597 1195 5975
2 421 842 4212

Table 1: Number of cells/droplet with different initial cell density, collagen concentration and droplet volume used

in hES-MPs and MG-63s encapsulation.

The number of seeded cells in 5 uL. and 2.5 pL collagen microspheres with collagen concentration of 2 mg/mL and
initial cell density of 1 x 10° cells/ml and 5 x 10° cells/mL were calculated as 1,400 and 700 respectively. For MG-
63 cell line, 2,800 cells with initial cell concentration of 1 x 107 cells/ml were seeded in 5uL collagen droplets with
collagen concentration of 3 mg/ml. No 2.5 pL droplet was made for 3 mg/mL collagen concentration (Table 1).
Collagen microspheres of 5 pL and 2.5 pL were dispensed in a 90 mm diameter Petri dish covered with UV-
irradiated parafilm and was incubated for 45 min at 37°C and 5% CO; to induce gelation of collagen solution.
Gelated collagen/hES-MPs or MG-63 microspheres were then gently flushed with medium from the parafilm into a
separate Petri dish. Cell-seeded microspheres were maintained free-floating and the medium was replaced with fresh

complete media every 48 h.

2.4 Collagen fibres density and microstructure

Microstructure of cell seeded and non-seeded collagen I fibre of bovine and rat tail was compared using scanning
electron microscopy (SEM) (Philips XL-20, Cambridge, UK), second-harmonic generation (SHG) (Zeiss Axioskop
2FS MOT upright laser scanning confocal microscope equipped with tunable Chameleon Ti), confocal microscopy
and collagen I specific fluorescent marker; Oregon Green® 488 carboxylic acid succinimidyl ester (Invitrogen, UK).
A fluorescent microscope (Nikon Ti-E, UK) was then employed to identify the variability in collagen fibres
organisation with and without cells and hES-MPs role in remodelling the collagen fibre micro-structure of collagen
from different species. Non-seeded collagen microspheres were examined at 24 h (pc) while seeded collagen beads

were assessed at days 7 and 21 pc.

2.5 Measurement of collagen microsphere contraction
For collagen concentration of 2 mg/mL, the effect of hES-MPs and MG-63 cell line and collagen I sources from two

species of bovine and rat tail on the contraction of collagen gel were compared with each other at 8 h, day 2, 3, 5, 7,
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9 and 11 post encapsulation. For each time point, 12 collagen microspheres were selected and bead diameters were

measured to compare collagen gel contractibility using ImageJ software.

2.6.1 Short and long term cell viability: Cell collagen microspheres with different collagen concentration and cell
density were stained with 200 pL. of 2 mM calcein AM in dimethyl Sulfoxide (DMSO) (Life Technologies, USA)
and 4 mM ethidium homodimer-1 (Sigma, UK) in DMSO for 45 min away from light. The microspheres were then
washed with PBS once to remove the excess fluorescent dyes. Collagen microspheres were flushed with full
medium into 8 well p slides ibiTreat (Thistle Scientific, UK) to check the cell viability and morphology at 8 h, 3, 5
and 7 days pc. Stained microspheres were examined under fluorescent microscope (Nikon Ti-E) using FITC/Cy2

(495-515 nm) and ET Texas red (515-635 nm) filters for image acquisition.

2.6.2 Total DNA count: Total DNA was measured using a fluorescent Quant-iT dsDNA High-Sensitivity Assay Kit
(Invitrogen, UK). Cells seeded microspheres were washed with PBS and lysed with a cocktail of cell digestion
buffer consisting of: 1.5 M Tris-HCL, 1 mM ZnCL, and MgCL2 in ddH>O mixed with 1% Triton X-100 and
incubated at 4°C overnight. Cell lysate samples were then subjected to the 3 cycles of freeze thawing. The resulting
supernatant was used for DNA quantification and fluorescence signal intensity was detected and recorded between
485-520 nm. Cell viability and total DNA measurement of hES-MP cells of free floating samples were determined
using DNA pico-green assay at 24 h, days 6, 14, 21 and 28 pc.

2.6.3 Statistics: Measurement of microspheres diameter was performed three times using n = 10-12 collagen beads
for each repeat. Visualisation of cell viability at different time points was performed using bright field filter of
(Nikon Ti-E) on two or three samples of each condition during experimental repeat. Statistical differences of seeded
hES-MPs versus MG-63s microspheres contraction and bovine collagen I contraction against rat tail collagen I was
completed using one-way ANOV A with Sidak’s and Tukey’s post hoc test. Different letters represent significance at
p <0.05.

3. Results

3.1 Collagen fibre micro-structure

SEM microscopy of both seeded and none seeded gel showed a highly porous structure and random pore size with
little or no visible aligned fibres in both rat tail and bovine collagen I gels over 21 day pc (Figure 1a-f). The random
orientation and mesh work of collagen fibres was confirmed by SHG microscopy. The results from SHG imaging
showed no significant difference between microstructure of bovine and rat tail collagen 1 fibres. Both samples
presented amorphous fibrous structures and few visible alignments of collagen fibres, with bovine sample emitting

stronger signals and more visibly aligned fibres (Figure 2a-g).
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Figure 1: SEM images of bovine and rat tail collagen I microspheres, micro structure and mesh work of collagen
fibres after gelation, (a); cross section of non-seeded rat tail collagen gel at 24 h pc, (b); cross section of bovine gel
at 24 h, (c, d); hES-MPs seeded rat tail and bovine collagen gel at 24 h, (e, f); hES-MPs seeded rat tail and bovine
collagen gel at day 21 pc. Scale bar for (a, ¢, €) =5 um, (b) =1 um, (d) = 10 pm, (f) = 20 um.
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Figure 2: Microstructure and fibre density of three bovine and rat tail collagen I microspheres were compared using

SHG confocal microscope at 24 h pc. (a, ¢, e and g); bovine collagen fibres, rat tail collagen at 24 h pc, (b, d, f and
h); rat tail collagen fibres. Bovine collagen fibre presented higher intensity of signals suggesting the presence of

more collagen fibres in the samples. Scale bars =20 um.
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(g) (h)

Figure 3: Microstructure and fibres density of hES-MPs seeded bovine and rat tail collagen I microspheres were

(i)

compared using SHG confocal microscope on days 7 and 21 pc, (a-c); bovine collagen fibre at day 7 pc, (d-f); rat
tail collagen fibres at day 7 pc, (g-1), bovine collagen fibres at day 21 pc. Rat tail collagen fibre presented slightly
higher intensity of signals suggesting the presence of more collagen fibres in the samples on day 7 pc. Scale bars=20

pm.

3.2 Short and long-term cell viability of seeded hES-MPs/collagen microspheres

hES-MPs with cell density of 5 x 10° cells/ml and 1 x 10° cells/ml which were embedded in 0.5-2 mg/mL collagen I
gel emitted strong green signal with calcein AM and low red signal with ethidium bromide homodimer at 24 h pc
(Figure 4a, b, d and f). Also, higher number of elongated cells and better cell interactions were observed when 2
mg/mL of bovine collagen I was used. Live cells tended to spread further and migrated to the periphery of collagen
beads 48 h after seeding (Figure Sc-g).
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(e) (f)

Figure 4: Effect of collagen concentration and cell seeding density on viability of hES-MPs seeded bovine collagen
I microspheres at 24 h pc. (a); 1 x 10 ° cells/mL, collagen concentration (conc): 0:5 mg/mL (b); 1 x 10° cells/mL,
collagen conc:1 mg/mL, (c); 1 x 10° cells/mL, collagen conc: 3 mg/mL, (d) 1 x 10° cells/mL, ¢:2 mg/mL, (e); 5 X

10° cells/mL, ¢:2 mg/mL, (f); 5 x 10° cells/mL, ¢:2 mg/mL. Scale bars=200 pm.

Regardless of cell seeding density, very weak or no green fluorescent signal was detected 24 h pc hES-MP cells in
0.5-1 mg/mL and 3 mg/mL collagen and cells shape mainly remained spherical (Figure 4a-b). Cells proliferated
steadily till day 35 pc and strong fluorescent signal of elongated viable cells indicated well established cell

networks, cell-cell and cell-collagen fibres interactions on the surface of collagen microspheres (Figure 5f-g).
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(8)

Figure 5: Short and long-term cell viability of seeded hES-MPs collagen I bovine microsphere were evaluated by

bright field and fluorescent imaging of live/dead cells over 35 days pc. (a); 24 h pc, (b) 48 h pc, (¢); day 3 pc, (d);

day 5 pc, (e); day 7 pc, (f, g); day 35 pc. Live cells were shown by green colour while, dead cells were stained red.
Scale bars =200 pm.

Results of DNA pico green assay indicated that the total DNA and cell number remained fairly stable over 28 days
pc (Figure 6). The number of cells was reduced by 14% between day 1 and day 6 before steadily increasing by 6%
on day 14 pc. The total DNA number alleviated to around 50 ng and reached the lowest cell number on day 21. It
then surged by 23% to 65 ng of DNA on day 28 pc. No statistical significance was reported for the total DNA

number over 28 days experiment.
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Figure 6: hES-MPs cell viability was evaluated over 28 day’s pc by using DNA pico green assay at different time

points. No statistical difference was reported.

3.3 Determination of seeded MG-63s collagen | microspheres viability
MG63 cells seeded in 3 mg/ml collagen I and at density of 1 x 10° cells/mL showed good viability over 21 days pc
(Figure 7a-e). Cells elongated well and gathered to make cell clusters as observed on day 21 (Figure 7d-e). Cells did

not survived beyond 24 h pc with lower collagen concentration below 3 mg/mL and other cell seeding densities.

(d) (e)

Figure 7: Long term cell viability of seeded MG-63s collagen I microsphere was checked by fluorescent imaging of
live/dead cells over 21 days pc. (a); 24 h pc, (b); day 3 pc, (¢); day 5 pc, (d, e); day 21 pc. Collagen conc =2 mg/mL.
Scale bars for (a - d) are 200 um and (e) 50 pm.

3.4 Collagen gel contraction
Monitoring hES-MPs/collagen beads showed that collagen microspheres with collagen concentration of 2 mg/mL

and cell number of 1 x 10° cells/mL significantly contracted by an average of 43% within 7 days pc, while the
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contraction remained stable between day 7 and 11 pc (Figure 8a). Average diameter reduction of 20% was reported
between day 3 and day 5, while least contraction with only 14% change in diameter was observed between day 0
and 3 pc. The biggest drop in microsphere diameter and most substantial contraction was reported between day 3
and 7 pc. In contrast, seeded MG-63 cells in collagen microspheres contracted up to 15% over 7 days of experiment.
Collagen microspheres contracted by 10% within 8 h while most significant contraction was 12% between day 2 and
7 of the experiment (Figure 8a). Nonetheless, hES-MPs contracted collagen gel considerably more than MG-63 cells
and their average diameter on day 7 pc was significantly smaller than MG-63s (28%, p < 0.001).
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Figure 8: Effect of two cell lines and collagen I sources on the contraction of collagen I gel with concentration of 2
mg/mL were investigated, (a); collagen contractibility of hES-MPs/bovine collagen I was compared with rat tail
collagen I by measuring the diameter of 12 samples at each time point, (b); ability of hES-MPs versus MG-63 cell

line in contracting collagen gel was assessed. ("p <0.01, p<0.001, ¢ p <0.0001). Data is mean = SD n=9.
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The results of bovine and rat tail collagen gel contraction revealed that bovine collagen played greater role in
supporting hES-MPs collagen contraction (Figure 8b). Bovine collagen microspheres contracted considerably more
within the first 3 day pc (39%), while rat tail collagen gel showed more stable contraction of 15% in the same period
of time. On average rat tail collagen gel contracted 29% (p < 0.0001) less than bovine within 3 day of gelation but in
the second half of experiment the average diameter of rat tail collagen microsphere dropped significantly by 35%

compared to 20% decrease in bovine sample to reach around 700 pm on day 7 pc.

4. Discussion

This study showed that undifferentiated and differentiated cells respond differently to stiffness of their environment
as progenitor cells proliferated more and spread on lower concentration of rat tail collagen I gel (1.5 - 2 mg/mL)
while more differentiated cells (MG-63s) adapted better to a stiffer environment (3 mg/mL) with decreased viability
on softer surfaces. These results are in agreement with Chan et al. [11] and Hong et al. [15] who showed that
collagen concentration of 2 mg/mL and 3.5 mg/mL support proliferation of MSCs and human breast cancer cell line

MDA-MB-231 respectively.

Cell seeding density was shown to be critical in survival and proliferation of encapsulated cells. Seeding low cell
number indicated reduced cell viability within the first 24 h of encapsulation in both cell lines. Concentration of 1 x
10° cells/mL showed the highest cell viability and number over 7 days pc in both hES-MPs and MG-63 cell lines.
These findings are in line with Chan et al. [11] who showed optimum cell viability with cell density of 1 x 10°
cells/mL.

Encapsulated hES-MPs induced a higher contraction of collagen microspheres than MG-63s. Collagen contraction
in both cell lines was most substantial between day 3 and 7 pc, which was in contrast with Chan et al. [16] and Li et
al. [17] studies who reported the most significant collagen contraction within the first 30 h pc. Furthermore, seeded
hES-MPs proliferation results presented a delayed in cell growth between day 1 and 5 pc that was followed by a
steady increase in cell number. This finding suggests that hES-MPs remodel and reorganise their new environment
before spreading and proliferation. The synergy between decreasing the cell number and no notable contraction
confirmed cell contraction is vital for their existence, elongation and proliferation in the new soft micro

environment.

More elongated cell morphology was observed in MG-63s compared to hES-MPs. One possible explanation would
be terminally differentiated MG-63s selectively proliferated on higher stiffness of collagen scaffold that applied
more local strains to the cells compared with hES-MPs less stiff environment. Both cell lines showed enhanced cell-
cell networks in microspheres peripheries 3 days after seeding and cell clustering was observed from day 21 pc

onwards.

Cell density seemed to be more important than collagen concentration in microsphere contraction. As results

indicated, collagen droplets with cell seeding density of 1,200 cells/5 pL droplet and collagen concentration of 2
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mg/mL contracted up to 15% within the first 30 h of gelation while droplets with lower cell number showed a

delayed (96 h pc) and less significant contraction (750 cells / SuL droplet, 8%).

Comparison between bovine and rat tail collagen I fibres micro structure presented close similarities between two
species. Both hES-MPs seeded collagen microspheres showed more amorphous structure and less organised
collagen fibres compared to seeded samples. hES-MPs were added before polymerisation of collagen to the master
mix which suggests that cells possibly digested and reorganised collagen fibres in a more random manner for their
growth and viability. Nonetheless, stiffness of cell micro-environment cannot provide all the necessary signals for
full osteogenic commitment of hES-MPs and the role of other factors such as surface topography, porosity,
mechanical and biochemical stimulations should also be considered to draw a more detailed and accurate map for

interaction of cells with their environment.

The results of DNA assay and fluorescent staining of the seeded hES-MPs microspheres confirmed that collagen can
support long term cell viability and proliferation of the cells and cell seeded collagen microspheres can be used a
model to study the effect of mechanical stimulation and fluid flow on cells and specific tissue regeneration. Cells in
3D culture sense and respond to their mechanical environment in a complex and dynamic manner and as a result of
an integrated effect of the mechanical behaviour of the ECM, the biology of the mechanotransduction, and local
gradient of the secreted molecules. While, 2D models continue to offer valuable insights into cytoskeletal mechanics
and cellular mechanisms in interacting with their physical microenvironment, more work in 3D environments is
needed to more effectively link those results with in vivo conditions. In addition, optimization of collagen
microsphere stability by coating techniques and evaluation of collagen biodegradability are required to increase the

collagen beads efficiency in supporting long term growth of stem cells.

5. Conclusions

Collagen microspheres can act as an efficient cell supporting system, providing high viability and proliferation
efficiency in hES-MPs post encapsulation. Micro encapsulation technique is an efficient approach in fabricating
self-assembled collagen/human hES-MPs microspheres that can be used as delivery devices for MSCs. A variety of
collagen concentrations and seeding cell densities were examined to achieve the best condition for viability and
proliferation of hES-MPs and MG-63 cell lines. Cell/collagen microspheres were built successfully and both cell
lines showed good survival and long term growth in their new environment while, hES-MPs collagen microspheres
presented significantly higher contraction over MG-63 seeded collagen beads. Self-assembled hES-MPs collagen
microspheres present exceptional cell delivery model in bone healing and repair process and in addressing many

inadequacies of the existing cell delivery approaches.
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