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PREFACE.

Background.

Tissue engineering is a very attractive branch oflenn medicine. In fact, it represent not only a
promising vehicle to face the “regenerative meditirequests, but it is also a very sophisticaté too
for thein vitro studies of complex biological systems such asi¢isslevelopment and regeneration.
A great step forward in tissue engineering advamcenis represented by the improvement of
biomimetic materials that are able to active interawith cells in order to provide
microenvironments suitable for the clinical applica and the basic theory progress. From this
point of view, hydrogels are nowadays considere@ agry interesting materials thanks to their
biocompatibility and controllable mechanical featr Their utilization range from the 3D matrix
for cells development to the drug delivery systefifsus, the hydrogel development course is an

excellent possibility for the making of a platfofar biological and clinical investigations.

Aim and presentation of the Thesis.

In this PhD Thesis, it will be reported the thremangs activities of the candidate. The main purposes

has been the development of a novel hydrogel \mghmho-sensitive and thermo-reversible features.

After that first crucial step, the selected hydidolgas been tested for biomedical purposes facing

different applications. Therefore, the Thesis hasrbdivided into 4 different chapter in order to

better detail the succeeding steps that are alla@lto each others. In turn, each of the 4 chayder
characterized by a specific introduction, materaaig methods and results and discussion sections
with the purpose to minutely explain the biologibgpothesis encountered and the strategies used
to face them. As support of the selected techniquehapter specific references section was spent
to each one.

* In the Chapter 1, it will be described the methylcellulose-basedC)Mthermo-reversible
hydrogel development from a mechanical point ofwidhe purpose was to select the best
salts-MC w/v compositions in order to produce arbgel able to reverse the physical phase
(from liquid to gelation and vice-versa) at 37°Qatths the optimal temperature for cells
cultivation. Furthermore, the selected hydrogebcgmpatibility was first verifiedn vitro and
then the biocompatibility evaluation was extendethein vivo immunological reaction study.
Experimental procedures of this part were performetie Biomedical Materials Laboratory of
the Health Sciences Department in Novara for tledobical part and in the Laboratory of

Materials Sciences of the Polytechnics of Milantfoe mechanical assays part.



After the MC-hydrogel biocompatibility confirmatipmn the Chapter 2, it will be showed a
first biological application for thén vitro production of artificial cartilage. In this seatiothe
MC hydrogel has been used in combination with aop®rpolyurethane scaffold (PU) as 3D
matrix for mesenchymal stem cells (MSCs) chondregen The MSCs differentiation has been
carried out using a specific bioreactor able tonpyte chondrogenesis by the appliance of
compression and shear forces on the PU-hydrogelsM&&nposite. By this way, it was
possible to produce artificial cartilage via medbah stimulation, avoiding the use of
biochemical stimulation. The successful resultsenan important proof of the MC-hydrogel
suitability as 3D matrix for cells development. Alle experiments were performed in the
Musculoskeletal Regeneration Laboratory of the A@séarch Institute of Davos Platz
(Switzerland) within the COST-NAMABIO exchange pram (European grant to the
candidate).

In the Chapter 3, it will be described the use of the hydrogel aaffeld for thein vitro
biofabrication of implantable cell sheets (CS). i#fiere, it will be detailed the protocol used to
cultivate a monolayer of cells onto the MC-hydrogetface and the subsequent spontaneous
detachment allowed by the hydrogel temperatureegliidversion phase. CS were successfully
produced, collected and their ability to adhereatmew substrate was vitro confirmed.
Afterwards, CS were in vivo implanted into recigienice; thanks to the presence of cells
natural extracellular matrix (ECM), the CS wereeatd adhere to the naive tissue without the
use o sutures. The successful implantation wasrooed by the neo-vascularization occurred
after 2 weeks. Thus, the suitability of the MC-hyghk| for the biofabrication of implantable CS
was confirmed. All the procedures were performethenBiomedical Material Laboratory.
Finally, in the Chapter 4, it will be detailed the MC-hydrogel derived C$haique application
for skin regeneration. For this purpose, a comglgstem composed of a human recombinant
elastin (HELP) layer and gingival derived primamynian fibroblasts (HGF) was realized. The
HELP-HGF CS was detached from MC-hydrogel surfaeesl in vitro characterized.
Afterwards, HELP-HGF CS were implanted into the s@drskin of nude mice carry a 1cm
diameter skin excision mimicking d%3degree burn. The CS were attached by fibrin glue
avoiding the use of sutures and after land 3 wéskgegenerative potency of the CS was
confirmed as a complete repair of the skin excisi@s noticed. These findings represented a
strong proof of the CS technology suitability faftstissues repair. The experiments were
performed in the Biomedical Materials Laboratoryile the HELP were kindly produced and



provided by the Laboratory of Recombinant protesfighe Life Sciences Department of the

University of Trieste.

Finally, the candidate declare that all the presgmtata were original and that all animals surgical
procedures were performed after local ethical catemiapproval, following pre-approved surgical

procedures.



Chapter 1.

Thermo-reversible methylcellulose-based Hydrogel
production, mechanical characterization and
biocompatibility evaluation.

In collaboration with the Polytechnics of Milan.

Laboratory of Materials Engineering




1.1 INTRODUCTION

1.1.1. Hydrogels characteristics.

Between the polymeric materials class, a very a@st@ng role is played by the hydrogels. They can
be defined as 3D macromolecular structures abtetton a high amount of solvent thanks to their
thermodynamic affinity with it. In fact, hydrogelwe composed by complex reticular networks
supported by physic, ionic and covalent interadiffir3]. Therefore, hydrogels present both high-
energy (covalent bonds) and low-energy (hydrophabieractions) crosslinks (Figure 1A).
However, it is very important the presence of hegiergy covalent bonds between polymer chains
since they confer to the hydrogel the ability tos@ib the solvent without losing their
macromolecular integrity (Figure 1B) [2].

Hydrogels can be composed by a multiple repetitiba single polymer (homopolymer) or by the
presence of different polymers (copolymer); morepve is possible to distinguish between
hydrogels presenting a random polymer chains né&wamorphous), a partly ordered network
(semi-crystalline) or a complete ordered networkgtlline) [4, 5].

Another important hydrogels peculiarity is relatedhe chemical groups that strongly condition the
ionic charge. From this point of view, it is podsilio divide hydrogels in neutral (no charge),
positive/negative charged (presenting a prevaifthgr © charge) or ampholytes when they have
the ability to act both as positive or negativerged responding to an environmental stimulus.
Neutral hydrogels develop a complex 3D structuamkis to the energy balance between the solvent
osmotic force and the deformation energy of the/mper chains network. In the case of charged
hydrogels, the ability to absorb solvent is maildgded by two driven forces: the electrostatic
repulsion between the polymer chains charges amds$motic force derived by the presence of

charges into the solvent-polymer solution [4, 5].

1.1.2. Hydrogels assmart materials.

A novel interesting class of materials suitable baymedical applications consists on trsmart”
materials. These particular polymers are able ngeaheir physical/chemical properties following
an external stimulus such as pH or temperaturegthgij6-9] (Figure 1C). Some hydrogels belong
to this peculiar order of materials. In fact, th@egsent two distinct phases (Figure 1B): in the (1)
collapsed phase, the hydration solvent is repudgazk the interactions energy between the polymer
chains are predominant to the solvent-polymer oinethe (II) swollen phase, the hydration solvent
is absorbed because the polymer chains-hydratiwergadoecome predominant to the chains-chains

ones [7]. The passage from a collapsed to a sweligte correspond to a physical change of the
7



hydrogel from a liquid phase, in which the polyngsolved, to a gel phase. In the gel phase, the

hydrogel finally tend to jellify because of the pwler chains network reticulation.
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Figure 1 A-C. Schematic representation of the low/high energwork supporting hydrogel macromolecular structure
(A). Hydrogel ability to absorb solvent without ing the polymer chains crosslink (B). Smart materiare able to
vary their chemical/physical phase following aneeral stimuli (C).

(A=modified from [3], B=modified from [6], C=modi&d from [9])

1.1.3. Methylcellulose-derived thermo-reversible hydrogels

Methylcellulose (MC) is commonly derived from cétise by the substitution of hydroxyl groups
(-OH) with methoxy groups (-OC#iin a two-steps process involving first sodium topdde and
then methyl chloride [10]. At the end of the prae8IC achieve a structure characterized by the
presence of both hydrophilic (-OH) and hydrophdb@CHs) groups (Figure 2A). Accordingly, the
MC phase in solution is directly determined by fystem temperature (T) [10-11]. In fact, when
T>55°C MC became not solvable due to the prevalesfcéghe polymer chains hydrophobic
interactions; on the opposite, when T<20°C MC rssas solvable as the hydrophilic interactions
between solvent and polymer chains are predomimiarihe hydrophobic ones. So, by mixing the
MC powder in a defined weight/volume (w/v) perce@an a solvent, it is possible to obtamart
hydrogels that are able to undergo a solution-iggigsol-gel) phase change guided by the system
temperature [12-14].

The presence of salts in the hydrogels hydratidvest (that is normally water) is very useful to
improve the stability of the hydrogel and it isals tool to determine the decrease of the phase-
changing temperature. In fact, when the T is rai¢lkd system tend to absorb the heat and to
convert it into the energy necessary to origindte MC chains-chains crosslink. The water
molecules tend to accumulate close to the saltsicned the total number of hydrophilic
interactions. Therefore, the energy that is necgsabroke these hydrophilic interactions and
undergo MC chains-chains crosslink is lower and giistem T for the phase-change decrease
(Figure 2B) [12-14].

As in the presence of salts the system sol-gelelrasisition is more easy controlled and require

lower T, it is very important to underline that ghphenomenon results as reversible. Is in fact



possible with MC-based hydrogels to carry out thlegel transition and return to the sol phase by
lowering the T for a gel-sol phase transition [12].

A (B) Salts
Solvent ° 2 .
OH OH OCH, OCH, OCH, OH Tc- . = Vv
g A o e e = =\ o R o X
- ' : y < X }‘/ \W \
A — o O > - s —
| S oo
Soluti T Gelation
- . olution
Hydrophilic groups Hydrophobic groups phase phase

Figure 2 A-B. Methylcellulose chemical structure characterizgd the presence of both hydrophilic (left) and
hydrophobic (right) groups (A). Representative secbeof the sol-gel phase transition of MC-based bgdis in the
presence of salts and solvent (B).

(Modified from [4])

In conclusion, it is possible to consider the MGdxh hydrogel as amart thermo-reversible

material sensitive to the system temperature.

1.1.4. Aim of the work.

In this first part of the Thesis, thermo-responshw@rogels composed of MC and different salt
solutions were prepared and characterized. Rhewbginalysis were performed to determine
variations of complex viscosityhf), conservative shear modulus (G’) and viscousasmeodulus
(G") of hydrogels after temperature increase. Therrmo-reversible features of MC-based
hydrogels was also investigated by the inversi®t &d rheological characterization. Selected
prepared MC-based hydrogels were preliminaryitro tested to investigated possible cytotoxicity
towards mouse fibroblasts. Afterwards, gel-phase M@rogels biocompatibility werén vivo

evaluated into wild type mice.

1.2. MATERIALS and METHODS.

1.2.1. Materials.

Methylcellulose (MC, Methocel A4My =4000 mPas for a 2% w/v aqueous solution at 20°C) was
kindly supplied by The Dow Chemical Company. Alsltachemicals were obtained from Sigma-
Aldrich unless mentioned otherwise.

1.2.2. Thermo-reversible MC-based hydrogel preparation.
Aqueous MC solutions in different concentrationglfle 1) were prepared with the addition of
selected salts (sodium sulphate .81, sodium phosphate, BRO,, calcium chloride, Cag) or

9



Phosphate Buffered Saline (PBS), varying their eatration in the MC solution (Table 1).

In the following, the composition of

Salt Salt concentration Salt abbreviation
N2:50a 0.02M-005M-0.07M-0.1M-02M SO the prepared and characterized MC
Na;PO, 0.1M-02M-03M-04M PO hydrogels will be summarized by
s 0.05M-01M-02M “ acronyms in which the first number is
PBS 5g-10g/ - 50 g PBS .
referred to the MC concentration (%
MC concentration [% wiv] 2-4-6-8-10-12 . .
w/v), the letters indicate the salt and

Table 1. Salts and MC concentrations for the hydrogels production

the last number is referred to the salt

MC

o (MM 5o iy 4% wiv 6% wiv 8% wiv 10% wiv 12% wiv or PBS concentration (m0|e5/| for

concentration

salts, g/l for PBS). The preparation of

0.02M NazS504 NazS04
Na; S04 Na;504
sy WG’ Ga' | the MC hydrogels consisted in three
0.07 M Na S04 Na:504
0.1M N2,50, cacl, N22304 N2:504 N2,504 . . .
Cach cach CQ; main steps, as reported in Figure 3A:
0.2M Na:5 04 CaCl, CaCl, e Cacl;
o cas - bos - 1) preparation of the saline solution;
10 gl PBS PES PBS PBS PBS
S0l Pes Fas FBs FBs 2) addition of the MC to the saline
Table 2. Prepared MC hydrogels; on the row the salt concentration and the PBS concentration . .
are reported, on the columns the MC concentration. SOlutlon; 3) hydratlon Of the MC

powder (i.e. sol phase).

Step 1: preparation of saline solutiosaline solutions were prepared mixing the appab@ri

guantity of the salt with distilled water or PBSaflle 1) at 50°C under magnetic stirring.
Step 2: mixingthe MC was added to the saline solution undenrggiat 50°C using the dispersion

technique [15], to allow a homogenous distributainthe MC powder in the solution. The MC
suspension was poured in tissue culture polystyRaig dishes or in the wells of TCPS multi-well
plate.

Step 3: MC suspension hydratiaio: allow the complete hydration of the MC powdaiter the

mixing step, the suspension was cooled down to At@G0-35°C, depending on the MC hydrogel

composition, MC powder started to hydrate and tiseosity of the solution increased (gel phase).
The prepared MC solutions (Table 2) were then dt@e4°C overnight to allow the complete

hydration of the MC powder, thus obtaining the logghl in the sol phase.

1.2.3. Gelation test.

The physical gelation of MC hydrogels was obsemvisdally using the inversion method already
described in literature [13, 15]. Briefly, specimefl0 ml each, n=3) of MC hydrogels (Table 2)
were put in different Falcon tubes (15 ml), andtbéaup to 40°C in a standard bath. Temperature
was then decreased down to 20°C, at approximat&RC@min. At 37 and 20°C, the Falcon tube

10



was inclined of 90° and the possible flow of the M@ution was observed. At each temperature,
the solutions/gels were allowed to equilibrate Toh. The gelation criterion was defined as the
temperature at which the clear solution did nowflgoon inversion of the Falcon tube [b].

1.2.4. Rheological characterization.

Rheological characterization of MC hydrogels wasfqgyened with a rotational rheometer (AR-
1500ex, TA Instruments, USA), using a flat platemgetry (diameter=2 cm, working gap=1 mm).
A home-made isolation chamber in polymethyl metitater (Plasting srl, Segrate, Ml, IT) was
designed and assembled to the rheometer to préwemossible dehydration of the MC hydrogels
during the test. Tests were performed using fivemm@as for each considered MC hydrogel
composition. To investigate the rheological projsrof the MC hydrogels, dynamic viscosity)
storage shear modulus (G’) and viscous shear med@l) were registered over the temperature
range 5-50°C, with a temperature ramp of 5°C/mime Toscillation frequency during the
temperature ramp was held at 1 Hz. Thermo-revéitgilwharacteristic of the MC hydrogels was
studied with a first run increasing the temperafuoen 4 up to 40°C and a second run decreasing

the temperature down to 4°C (temperature ramp=I0itC/oscillation frequency=1 Hz).

1.2.5. In vitro cytotoxicity evaluation.

In vitro cytotoxicity of the MC hydrogel extracts was assesusing murine fibroblasts (L929,
ECACC No. 85011425). The hydrogels with the higlsadt concentration (Table 3) were prepared
under laminar hood using saline solutions previpsgtrilized with antibacterial filter (Minisart 20
nm, Sartorius Stedim Biotech). Then, the obtaingdidgels were sterilized by UV light exposure
(t=30 min). L929 fibroblasts were cultivated in Datco’'s Modified Eagle’s Medium (DMEM,
Sigma-Aldrich) supplemented with 10% foetal bovineerum (Sigma) and 1%
penicillin/streptomycin at 37°C, 5% GOwhen cells reached 80-90% confluence, they were
detached by trypsin-EDTA solution, harvested aretlusr experiments. Cylindrical (diameter=10
mm, thickness=3 mm, n=3) samples of different aer@d hydrogels compositions (Table 3) were
put into the wells of a 24 TCPS multiwell plate ([Sear, VWR-PBI International) and submerged

for 1 week with 2 ml of complete medium.

Afterwards, surnatants were collected

Salt Salt concentration MC concentration
- - 09 M from different samples and used to
4Cl02 caC, o 4% v cultivate cells (cell density=1 x 10

4PBS50 PES 50 A cells/well, cell suspension=500

Table 3. MC hydrogels nvestigated in the i vitro cytotoxicity test




ul/well) for 24, 48 and 72 h. At each time-point,|llseviability was evaluated by the (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brod&) colorimetric metabolic assay (MTT,
Sigma). Briefly, 50ul of MTT solution (3 mg/ml in PBS) were added taleavell and incubated
for 4 h in the dark. Then, surnatants were remofggdjazan crystals were dissolved with 10@f
dimethyl sulphoxyhde (DMSO), and %0 were spotted into a 96 TCPS multiwell plate. SkEmp
optical density (O.D.) was evaluated by spectropimater (SpectraCount, Packard Bell) at 570 nm.
Cells cultivated with fresh DMEM were used as pesicontrol and their O.D. was considered as
100% viability. Furthermore, cells morphology wdsserved 72 h after seeding by light microscope

(Leica AF6500, Leica Instruments). Experiments wesdormed 3 times using triplicates.

1.2.6. In vivo biocompatibility evaluation.

Considering the mechanical assays results andrtdmiging cytocompatibility evaluation data, the
8% w/v NaSQ, 0.05M was selected as the best composition fahdurin vivo biocompatibility
investigations. One centimetre diameter specimértheoselected hydrogel were subcutaneously
implanted into a pocket realized in the dorsal sKi6-8 weeks old mice (C57BL/6JOlaHsd, wild
type, Harlan Laboratories) (Figure 8 A-B). After3land 6 weeks cellular immune responses were
determined by using a lymphocyte proliferation gissatissue culture wells [16]. Spleens were
harvested and single cell suspensions prepareds$iyet disruption. Lymphocytes were washed,
counted, and assessed for viability in trypan lgloenting fluid, and adjusted to a suspension of 2.5
x 10P cells/mL in Minimal Essential Medium Alpha modiiton @-MEM, Sigma) supplemented
with 10% FBS, 1% antibiotics. Triplicate aliquotem dispensed in wells previously coated with
10Qul of hydrogel solution or buffer alone. Positiventmls consisted of cells stimulated with the
mitogen ConA (5 mg/mL) in additional wells to canii that they were competent. Plates were
incubated at 37°C, 5% GQor 48 hours. Cells viability was evaluated by M&T assay and the
cellular responses were expressed as stimulatdines (Sl) calculated according to the formula:
[(Mean OD of cells cultured with hydrogel - Mean @Dcells cultured without hydrogel) / Mean
OD of cells cultured without hydrogel] x 100 [16].

1.2.7. Statistical analysis of data.
Results are expressed as mean and standard deviBba, where possible, were statistically
compared by a t-test (Student test) or a One-Wa@pX¥N test (significance level p=0.05), using

Bonferroni test for mean comparison (8.5 software).
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1.3. RESULTS and DISCUSSION.

1.3.1. Gelation test.

All the compositions of MC blended with saline d@ua changed from a clear solution at lower
temperature (sol phase) to an opaque gel (gel pleselevated temperature & 37°C). As a
representative example (Fig. 3B), the 4S00.2 hyalragpears as a clear solution (sol phase, Fig.
3B, left panel) at low temperature (T = 4°C), thbka gelation of the solution becomes evident by
the opacity of the formed gel up to 37°C (gel phdsg.3B, right panel). The inversion test
performed for all the investigated compositionshf€a2) evidenced the influence on the gelation
temperature of the MC and the salt concentratiag @&. In general, hydrogels obtained using high
MC concentration showed a slower flow rate for tingher viscosity. On the contrary, hydrogels
with low MC concentration showed a lower viscositgnce flowed faster. Besides, at the same
concentration of MC, different gelation temperataas be detected varying the salt (Fig. 4A). In
particular, comparing 4S00.1 and 4PBS10, a higkéatign temperature value was found for the
hydrogel prepared with PBS. For the 8% w/v MC comicaion, no correlation with type of salt
was evidenced. Considering higher MC concentratBS and Nzg5O, showed the same low
gelation temperature (T=20°C), instead, the gepgared with CaGlmaintained a higher gelation
temperature (T=37°C). For all the investigatedsséfig. 4B) and PBS (Fig. 4C) concentrations
blended with MC, a decrease in the gelation tentpezebelow 37°C was observed increasing the
salt concentration. In addition, the limit salt centration value, corresponding to the gelation
temperature of 37°C, is not the same for all theestigated salt. This is due to a different ionic
interaction between the salt ion and the MC. Aseaample, for 10SOx and 12SOx the limit
concentration is 0.05 M, while for 12ClIx is 0.1 Moreover, for PBS, the limit concentration is 10
g/l for 2PBSx and 8PBSx, while for 10PBSx and 12RBS8rresponds to 5g/l. These qualitative
data indicated that the temperature at which tlhatige starts can be varied by changing either the

MC concentration and the formulation of the saBp&ition.
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Figure 3 A-B. Schematic representation of the 3-steps hydrogalymtion process (A). Example of a sol-gel phase
transition of a hydrogel spotted into a Petri dBh
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Figure 4 A-C. Gelation temperature of MC blended with salt: effect of concentration of MC blended with 0.1 M
Na&SO, or CaC}, or 10 g/l PBS; (B) effect of N8O, or CaC} concentration; (C) effect of PBS concentration. (x
indicates the different MC concentration in the ttogel).

1.3.2. Rheological characterization.

In Figure 5, the storage shear modulus (G’) andldke shear modulus (G”) obtained from the
temperature sweep rheological analysis are repdoiethe compositions that showed a gelation
temperature about 37°C in the inversion test. kt, fthis value appears the optimal one for a
possible use as smart hydrogel in regenerativeetiapplications. For all the selected MC solutions,
at low temperature (approximately in the range )0G’ (Fig. 5 A-C) was lower than G” (Fig. 5

14



D-F) due to the viscous/liquid-like behavior of tMC solution, i.e. sol phase. Increasing the
temperature, G’ first showed a decrease, reachingnamum, then it rapidly increased for the
sol/gel transition, as a soft elastic gel is formeadaddition, increasing the MC concentration leigh

values of G’ can be detected. Besides, increasihmy dalt concentration, at the same MC
concentration, G’ increased and a slight shiftimgvards lower temperature (T<37°C) was

evidenced for the gelation temperature, confirnthreginversion test results.

(A) B) 10000 ©)
TR TR ot g2
s, Ll L Y e 5cio: 100007 _u_4PBS50 —=—8PBS5  —v—10PBS5 r
10000 ——§500.05 —*10500.05 ] —a-8CI02 14 = -
8000 T 1250002 1090, ~—10C10.1 J —+—8PBS10 —<—12PBS5 A
1 —«10cCi02 / «
e > — ——12€101 ¥ 8000 P
. 4000 r 2 3000 s e
© 4 A T T B -«
o, 2500 &L J g 25007 »,‘5’» > g 6000 A
© 0004 V.' s o 2000+ L S g ® - ERRRa ST VISR
- - 7. -
1500] 4 e ~ i‘w‘ 1500 4 4
s Y e 1 $8gs P
1000 oy ‘*:«:;,1—"‘ 7 1000 b inssnsE 2000
500 W 500 -| "
04 7 r — rommpa 0 "“j""‘";'-"-'-,'----r'-"“", 0-
10 20 30 10 50 0 10 20 30 10 50 0 10 20 30 40 50
temperature [°C] temperature ['C] temperature [°C]
(D) (E) F)
10000 . 10000 -
—=—6CI0.2  —v—10CI0.1 -=—4PBS50 —— 8PBS5  —v—10PBS5
100007 —2=4300-1 2850005 I}gggggg 9500 ——8CI0.1  —+—10C10.2 9000 ] —+— 8PBS10 —+12PBS5
8000 ’ L ’ 4000 —4-8CI0.2 ——12C10.1
——12500.02 8000
6000 { 3500 Z5oi
__ 4000 W = 3000 — 6000]
o ©
o, 2500 & 2500 o, 50004
bl 2000 © 200 W @
1500 W 1500 3000
1000 - 1000 2000
3004 TITHITTII I 500 . He 1000
0 - ; ’ pacanatd 0 : sl it it 0] - S85-555 25
0 10 20 30 40 50 0 10 2 30 10 50 0 10 20 30 40 50
temperature [*C] temperature [*C] temperature [*C]

Figure 5 A-F. Shear storage modulus (G’) and shear loss mod@tsversus temperature for the solutions prefdare
varying MC and salt concentration: A-D) MC blendegith N&SGO,; B-E) MC blended with Cagl C-F) MC blended
with PBS. Curves represent the average behavi@' afl G” obtained by the rheological data collettt every 0.5°C
temperature interval at a frequency of 1 Hz.

In the heating and cooling tests (Fig. 6), a hgstisris observed for all the investigated solutidms
particular, a higher hysteresis is detected when ddficentration increases for MC blended with
salts (Fig. 6A, e.g. 12500.02, 8S00.1, Fig. 6B, @@CI0.2, Fig. 6C, e.g. 12PBS5). The high
hysteresis detected for some MC compositions ceulghest that the solution did not reach the
thermal equilibrium in the gelled state and that dissociation in the MC gel-sol transition (during
the cooling run) is not an exact reversal of theoamtion process (during the heating run) [17].

MC based hydrogels prepared in this work exhibitagersible thermo-responsive properties. Phase
transition was confirmed both by physical and rbgamal characterizations. Interesting, it was
easily observed how temperature determined vanstto hydrogel mechanical properties. When

samples were heated, mechanical parameters indreaséirming that polymer structure became
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more and more ordinate and compact. Conversely,eiately after cooling down temperature,
samples showed a decreasing of mechanical paranvetéch indicated that polymers were losing
their compact structure to come back to the liquhdse. These properties are certainly related with
MC chemical structure. In fact, it is characteriZeg the presence of both hydrophobic and
hydrophilic groups. Methoxy groups (-GHrepresent the hydrophobic regions while hydroxy
groups (-OH) represent the hydrophilic ones. At lewperature (< 10°C) hydrophilic interactions
between —OH groups and solvent are predominant@ariMdlecules are hydrated and the polymer
structure is held together by simple entanglemefss.temperature increase, hydrogels absorb
energy and gradually lose their hydration watetyfer-polymer interactions take place between —

CHjs groups, forming a gel-network structure.
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Figure 6 A-C. Temperature dependence of the shear storage uofisl) for the solution prepared varying either MC
and salt concentration: A) MC blended with,88y; B) MC blended with CaG] C) MC blended with PBS. Straight
curves represent the average behavior of G’ duhircheating up to 40°C, the dash curves duringtleding down to
5°C.

Rheological characterizations showed that MC anlis seoncentration strongly influenced
hydrogels mechanical properties. In fact, the iasig of MC and salts concentration determined
an increasing in mechanical parameters. Thosexpected results because by adding more MC the
final polymer will be composed by a higher numbehydrophobic regions that will form a more
structured and compact gel-network. Increasings saihcentration, water molecules are forced to
locate around them, reducing the intermoleculardyen-bond formation between water molecules
and the hydroxyl groups of MC. Not only concentratibut also the type of salts strongly
influenced hydrogels mechanical properties. In tettally salts have greater affinity for water than
polymers molecules resulting from removing hydmatiovater from the polymer and thus
dehydrating the polymer. This phenomena is ternsadt-out” (or salt-assisted) effect and means
that water is dropped out from polymer structures, 14].

The ability of a salt to salt-out a polymer genlgrébllows the salts order in the lyotropic series

[14]. Cations follow the order Li+ > Na+ > K+ > Mg > Ca+ > Bg', and more common anions
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follow the order CNS- < |- < Br- < NQ<CI- < tartrate < Sg < PQ> [14]. These effects depend
mostly on the anions. Accordingly, with the same M@d salts concentrations, more water
molecules were removed from MC hydrogels whepS@a was used than CaLl

Evaluating G’ andy* values obtained during cooling down phase, it waticed that they were
higher than heating ones. In contrast to the shemgase of both the parameters from the heating
process in the temperature range from 30 to 40i€,gradual decrease of the parameters with
temperature in the cooling process showed an aulistg deviation from the heating curve. This
clearly indicates that the thermally induced hydirimic dissociation is not an exact reversal of the
hydrophobic association in the heating process. fAysteresis between the heating and cooling
processes may be due to the existence of someatesbaggregates or weak connections that have
not completely disassociated [17]. Differences rhayalso due to a different dynamic in forming
and destruction of the chain to chain interactiorlated to the different dynamic in absorbing and
realising water. Only under 7°C the values becagagnacomparable.

Another factor that may affect the destructiontté polymeric structure is the time for which the
system has equilibrated at the highest temperdtefere cooling. In this work, cooling process
initiated immediately after the heating processweleer, if the sample is allowed to equilibrate for
some time before cooling starts, the time shouldeheffect on the hydrogels behaviour during
cooling process. Samples should be more difficultissociate because of the more perfect network
formed, compared to a freshly formed gel at theestamperature and a different trend should be
recorded. The aforementioned results indicated ttiattemperature at which gelation is initiated
and the mechanical proprieties can be altered é&gdmcentration of MC and the formulation of the
agueous solvent. In addition, MC hydrogel’s compasi can be easily manipulated to obtain
specific physic-chemical behaviours for differeseu

1.3.3. In vitro cytotoxicity evaluation.

In vitro cytotoxicity tests were performed on extractsmhplete medium previously put in contact
with 4S00.2, 4CI0.2, and 4PBS50 MC hydrogels falays in order to exclude the release of toxic
compounds. These hydrogels have been selectebdean vitro test for their higher content of salt
used in the preparation of the hydrogels. In faghpssible cytotoxic effect would be more evident
for these hydrogels compared to the ones with &l®alt concentration. The MTT assay showed at
each considered time-point (Fig. 7A), no cytotogftect caused by the possible release of toxic
compounds from the tested MC hydrogels. Indeeds aghbility resulted in a range of 94-99%
comparable to the control values for all the tinm&ps with no significant statistically differences
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(p>0.05) between the controls and the eluates.dBssiMTT results were also supported by the
light microscopy observation (Fig. 7B). Cells cudtied for 72 h in contact with the MC hydrogel
eluates showed a morphology, spread and densitpa@ile when seeded in presence of the tested

eluates and in fresh medium, confirming that nad@ompounds were released into the culture
medium.
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Figure 7 A-B. In vitro cytotoxicity evaluation results. (A) Cells viabyjl after 24, 48 and 72 h after seeding in contact
with hydrogel eluates; at each time-point, viabilialues were comparable between control and tesstegbles and no
statistically significant differences were noticgu>0.05); (B) optical microscopy images of L929Ig€el2 h after
seeding in contact with hydrogel eluates; a conigareell morphology, spread and density was obskrsepporting
cell viability assay results. Bars represent meansstandard deviations; bar scale = @60
According to then vitro preliminary biological characterization resultse $elected MC hydrogels
showed to be not cytotoxic for mouse fibroblagtsfalct, the viability of cells cultivated in medium
previously put in contact with the different hydelg was comparable to the results obtained for
cells cultivated with fresh medium. These data ssgthat up to 7 days of hydrogel-medium direct
contact, no toxic products were released into ttegliom. Since the hydrogels containing the
highest amount of salts were tested, these findingsl be extended also to the other compositions
containing a lower salt amount. Besides, MC itselild not be considered as a possible source of
toxicity since the one selected is a commercial pd@/der largely used for different purposes such
as for the food industry and it is well establiglits cytocompatibility.

1.3.4. Invivo immune response evaluation.

Mice implanted with hydrogel did not reported angaroscopic inflammatory reactions such as
fibrosis (data not shown) also after a long perater operations. The collected spleens were
comparable between control and hydrogel implantézk riFigure 8 C) revealing the absence of

macroscopic evidences of inflammatory processebeWhe Sl index was calculated at each time-
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point, the hydrogel-coated samples score was alwdysonfirming that no inflammatory reactions
were raised toward hydrogel. On the opposite, lyoegtes stimulated with the mitogen conA fast
reacted reporting S| score always > 1. After 1, Bl & weeks after hydrogel specimens
implantation, comparing the Sl scores, a statistggnificant differences was always noticed
between hydrogel and conA groups (Figure 8 D). éHewlings suggest that the collected primary
lymphocytes were competent but reactive towards rdgal, confirming the polymer
biocompatibility.

ydrogel
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Figure 8 A-D. In vivo immunological reaction. Hydrogel cylindal samples (A) were implanted in a subcutaneous
pocket realized in the mice dorsal skin (B); atheéime-point spleens resulted as comparable wdthtrols (C,
representative for the 6 weeks) and the S| indegaled that no immune reaction was caused by tbdeofgl implants

(D) whereas lymphocytes reacted towards conA (RfsBepresent means and standard deviations.

1.4. CONCLUSIONS.

Capitolo 1In the first part of the Thesis, the salt concerdrs were selected to investigate the
influence on MC-hydrogels properties, in particuldocusing on the thermo-reversible

characteristic. It has been demonstrate that sdnteeoprepared MC hydrogels have not only
thermo-responsive properties but also reversil#entb-responsive properties. Preliminary in vitro
cytotoxicity assay confirmed that hydrogels werenpatible with mouse fibroblasts and no toxic
compounds were released from them. Between therdift tested compositions, the 8% MC
NaSO, 0.05M was selected and used for in vivo bioconiéti evaluation. The very encouraging

results obtained with the biocompatibility evaloatisuggest that the selected hydrogels represent a

19



very promising materials for biomedical applicagon
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2.1 INTRODUCTION.

2.1.1. Mesenchymal stem cells (MSCs) as possibbeise for cartilage repair.

Cartilage defects present a challenging reconstrugiroblem due to the tissue’s limited intrinsic
capacity for self-repair. Currently, the only FDApoved cellular-based therapy for cartilage
defects involves autologous chondrocyte implanta¢&Cl), in which chondrocytes harvested from
low-contact areas are expanded in culture and rirémjected into a defect [1]. This technique has
shown promising results in early clinical studidg, [but is restricted by limited expansion of
chondrocytesex vivo, difficulty maintaining chondrocyte phenotypa vitro, and donor site
morbidity [2, 3]. Alternative cellular therapiesveaturned to progenitor cell populations such as
bone marrow derived stem cells (BMSCs), which himeeability to differentiate into several con-
nective tissue cells types, including cartilage [@jnically, autologous BMSCs have been used to
repair articular cartilage defects by surgicallgngplanting collagen-embedded BMSCs [5-7] and
by intra-articular injections of BMSCs [8]. Bothcteniques have yielded promising results with
noted improvements in clinical symptoms such as pad walking ability.

Adipose derived stem cells (ADSCs) have also bemestigated as a less invasive source of
chondrocyte progenitors that can be differentiateid chondrocytesin vitro [9]. Important
considerations in this process include the useppfapriate growth factors, primarily those in the
TGF{ superfamily [10], as well culture in a 3-dimensabrenvironment by utilizing cellular
scaffolds [11]. These preconditioned ADSCs are tbapable of forming cartilage tissue vivo
[12]. In addition, uninduced ADSCs transplantedihtyaline cartilage defects in patellofemoral
joints [13] and ear auricle defects [14] in animbi/e completely restored the native cartilage

structure and fully repaired the defects at six themand three months, respectively.

2.1.2. The influence of mechanical forces into stecells chondrogenesis.

Mechanical stimuli are of crucial importance foe tdevelopment and maintenance of articular
cartilage. Many forces are involved in the car@amicroenvironment: hydrostatic pressure,
tension, compression and shear (Figure 1 A). Stgdin vitro models for cartilage regeneration
using mesenchymal stem cells (MSCs), it is vergrggting to notice how all of these forces are
able to shape cells fate when applied. During logdif the joint, water from the synovial fluid is
retained within the cartilage matrix by the preseatcharged proteoglycans, resulting in increased
hydrostatic pressure (HP). The collagen networkctions to prevent swelling of the tissue.
Experimental studies indicate intermittent applmatof HP in the physiological range of 7 to 10

MPa over longer time periods promotes matrix sysifjewhereas constant pressure seems
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unsuitable [15]. Tensile loading is not generabgarded as physiologically relevant for articular
cartilage and has therefore attracted little aib@ntHowever, is evidence that articular cartilage
Vivo is under a degree of static pretension: tlweesfthe effect of intermittent static biaxial téas
strains on cartilaginous constructs was studied. [Ré@sults showed that average magnitudes of
3.8% radial and 2.1% circumferential tensile ss&or 30 minutes lead to the greatest increase in
proteoglycan content. By far the greatest numbestodlies involving mechanical load has been
performed using bioreactors that apply uniaxial poeasion. Direct compression results from direct
contact between joint surfaces and has been siatuiata diverse number of reactor systems. For
articular cartilage of the major weight bearingnjsiin the hip and the knee, average loadings of
approximately 0.5 to 7.7 MPa and average compnesamoplitudes of more than 13% have been
measured during normal daily movements [17]. A wiglege of loading frequencies (0.001-5 Hz)
and amplitudes has been applied to TE cartilagiremmstructs. A number of studies involving
dynamic compression suggest a beneficial effedbad for chondrogenesis of MSCs, resulting in
an increase in collagen Il and aggrecan. Most eédhstudies used a frequency of 1 Hz and either
10% [18] or 15% [19] compression. These are sinmlagnitudes to those that lead to the greatest
increase in chondrogenic gene expression and GA@hasis in chondrocytes [20]. Finally, shear
stress is a potent modulator of the amount and ¢fmxtracellular matrix synthesized, suggesting
that the best way to envision the typical loadingcpsses affecting articular cartilage is to
recognize them as a rolling movement of direct c@sgion in concert with a generation of shear

and tensile forces and high hydrostatic pressutg [2

2.1.3. Bioreactor-guided chondrogenesis.

Many different biomaterial scaffolds have been usedtudy the effect of dynamic loading on
chondrocytes and MSCs. There is a strong depend#ribg mechanical signal sensed by the cells
on the material mechanical properties as shownhbywide range of compressive load applied.
Tailored synthetic crosslinked poly(ethylene glycbydrogels have been prepared to study the
interactions between chondrocytes and materiabmpressive static and dynamic culture systems
[22]. Over short culture periods, dynamic loadiridl 5% strain at 1 Hz did not affect considerably
the chondrocyte extracellular matrix gene expresgibype | and Il collagen and aggrecan)
compared with the static mode when encapsulateda imon degradable crosslinked pure
poly(ethylene glycol) hydrogel [22]. At first glamcthis seems to contradict others’ findings that
demonstrate the importance of dynamic loading @ndlocyte gene expression and differentiation
of MSCs encapsulated in a three-dimensional mattowever, chondrocytes cultured in a similar
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poly(ethylene glycol) hydrogel decorated with RGEppides, which can act as a binding site for
chondrocytes, showed substantial gene expressi@guiation under mechanical loading compared
with static culture [23]. Even if the presence @& R peptides is not beneficial to the conservation
of chondrocyte gene expression, this demonstrdiesimportance of the interaction/binding
between the encapsulating matrix (ie, poly[ethylgheol]) and the chondrocytes for conveying
mechanical signals [23]. The importance of scaffoidding sites or “bioactivity” to transmit
mechanical signals to seeded chondrocytes hasbalso demonstrated for other matrices [24].
MSC survival and differentiation are markedly deghemt on their ability to attach on the substrate
they have been seeded on. Therefore, similarlpasHondrocytes, the ability of the cells to bind
the material is critical to convey mechanical sign&his is one reason for the frequent use oftfibr
gel, a favorable substrate for cell attachment wilthanical properties easily tuned by variation of
concentration and gelling mechanism. The effecthef hydrogel stiffness on viability could be
clearly demonstrated using fibrin gels of differemncentrations [25]. Taken together these data
suggest culture in a scaffold material that alldascell attachment, combined with greater than
10% compression at a frequency of 1 Hz, may be italde starting point for the physical
stimulation of both MSCs and chondrocytes (FiguE-).

(A) (B) (€) (D)

r l.

- . - ceramic hip ball l

Dask medium
ring

polyurethane .BMSCs
composite

Figure 1 A-D. Schematic showing the directions of movement douiithin a human knee and (A) the directions of
movement that can be applied using a multiaxiatda@otor (B). One of the six stations composing li@eactor
developed by Alini et al. (C) that is featured bgeaamic hip ball that compress and oscillate ajanpolyurethane-
fibrin-BMSCs composite as represented in D.

(Modified from [26])

2.1.4 Aim of the work.

In this second part of the Thesis, the biocompatWC-based hydrogel was tested as 3D matrix for
the bioreactor-guided chondrogenesis of BMSCs.CHile were suspended into the liquid hydrogel
that was used to fill a porous polyurethane (PW@ffetd. The PU-hydrogel composite was used for
the cells mechanical stimulation exploiting a bamter developed by Alini et al. (AO Research

Instutite, Davos Platz, Switzerland). This partgubioreactor (Figure 1 B-D) was developed in

order to apply with a ceramic hip ball a defineanpoession and shear force against a porous PU
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scaffold (Figure 1 C-D). After a 21 days period sifmulation, BMSCs chondrogenesis was
evaluated by PCR and immunohystochemical analyslgtze suitability of the MC-based hydrogel

as 3D matrix for cells development was verified.

2.2 MATERIALS and METHODS.

2.2.1. Isolation and expansion of human mesenchyirsiem cells.

Fresh human bone-marrow aspirates were obtainedfaft ethical approval (Freiburg, EK-326/08)
and informed patient consent. Bone marrow stromalscwere isolated from 4 donors
(Male/Female 19-49 years old) by standard densigdignt procedure (Histopaque-1077) and
selection by plastic adherence. Mesenchymal strareld (MSCs) were cultured in polystyrene
flasks (TPP) at 37°C, 5% GJfor a 90% humidity atmosphere) #amodified minimal essential
medium ¢-MEM, Sigma), 10% human MSC qualified foetal bovserum (FBS-Hyclone) with 5
ng/mL fibroblast growth factor 2 (HGF, Fitzgeralddustries, Acton, MA, USA). Cells were
detached with trypsin-EDTA solution at subconfluerand seeded into the required number of
flasks. Thereafter, the medium was changed evermyays. After the cells reached 70-80%
confluence, they were harvested and used for therewent at passage 2-3. Each experiment was

performed separately in quadruplicate for each dand the data collated for statistics.

2.2.2. Methylcellulose based hydrogel-polyurethaneomposite culture of MSCs.

Cylindrical (8 mm diameter x 4 mm height) porousypeethane scaffolds (pore size of 90-300)
were prepared as described elsewhere [27]. MSCs wgspended in a 8% w/v methylcellulose
(MC) 0.05M NaSO, based hydrogel before seeding them into the petizane scaffolds. Hydrogel
was prepared as previously described in Chapteellls were suspended into 160of the liquid
hydrogel at a density of 3 x 4per specimens. Hydrogel containing cells were usddl the PU
scaffold pores by compressing it several timesl| aitithe hydrogel was absorbed by PU pores
(Figure 2 A-B). Constructs were then incubatedtwours at 37°C, 5 % G@nd 95 % humidity to
allow MC hydrogel transition from gel to solid pledsefore adding growth medium (DMEM, with
4.5 g/L glucose and 2.2 g/L NaHCO3, non-essentidha acids, containing 11.5 mg/L L-proline
(Invitrogen/Life Technologies, Carlsbad, CA, USA0 ug/mL ascorbic acid 2-phosphate
sesquimagnesium salt hydrate (Sigma-Aldrich, BUgGs Switzerland), ITS+1 (10g/mL insulin
from bovine pancreas, 5pg/mL human transferrin (substantially iron-free),n§/mL sodium
selenite, 0.5 mg/mL bovine serum albumin andigy/mL linoleic acid; Sigma-Aldrich), 100 U/mL
penicillin + 100ug/mL streptomycin (Invitrogen)). After 2 days ofepeculture in 12-well plates,
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constructs were transferred in polyether etherne{® EEK) holders. The experiments were carried
out at 37°C, 5 % C& 95 % humidity. Medium was changed every 2 daysatlected for further
analysis.

2.2.3. Bioreactor.

Mechanical conditioning of the cell-scaffold comstis was performed using a pin-on-ball
bioreactor system. Briefly, a ceramic ball 32 mndiameter was pressed onto the scaffold [28].
Interface shear motion was generated by oscillatiothe ball about an axis perpendicular to the
scaffold axis. Superimposed compressive strain a@sdied along the cylindrical axis of the
scaffold. Samples were exposed to unconfined dynmarompression at 1 Hz with 0.4 mm
sinusoidal strain, superimposed on a 0.4 mm stdfset strain, resulting in a strain amplitude of
10-20 % of the scaffold height at the centre of ¢bestruct. Simultaneously samples were also
exposed to ball oscillation of +25° at 1 Hz, supgosed on a 0.4 mm static compression offset
strain. Mechanical load was applied during 1 howtag for 21 consecutive days over 3 weeks
(Figure 2 C-D). Cell-scaffold constructs not loadetb the bioreactor were used as controls.
Experiments were carried out in quadruplicate fachedonors for both loaded and not loaded

samples.

(A) porous PU scaffold (C) ™
= 5 mechanical (D)
MSCs isolation | <@ S S > I N stimulation

l cells mixed with lapply ‘ - ‘ - ‘ -
liquid MC hydrogel
C o ~ (B)
<O T % s PU-hydrogel-MSCs|
3 o composite

Figure 2 A-D. Schematic representation of the experimentalgutoes. Stem cells (MSCs) were isolated from human
bone marrow, expanded and seeded into the liquidoge! (A); afterwards cells-hydrogel solution weised to fill a
porous polyurethane (PU) scaffold (B) that was maedtelly stimulated for 21 days by bioreactor (€E)nally,
scaffolds were collected and used for analysis (D).

2.2.4. Analysis.
After 3 weeks of culture and 21 loading cycles|scetaffold constructs were vertically cut in two
halves; 3 scaffold halves were processed for bimated analysis, 3 for gene expression analysis

and 2 for histological and immuno-hystochemicallgsia.
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2.2.5. Gene expression.

Scaffolds used for gene expression analysis wermaobenized in 1mL TRI reagent angil5
Polyacryl Carrier (both Molecular Research Cen@ncinnati, OH, USA) per scaffold, using a
Tissue-Lyser (Retsch & Co., Haan, Germany) andrifegéd (Eppendorf, Basel, Switzerland) at 4
°C for 10 min at 12000g. RNA isolation was carriedt according to the protocol from the
manufacturer. RNA was reverse transcribed with TagMeverse transcription kit (Applied
Biosystems, Foster City, CA, USA) using random Imeges. For real time PCR TagMan Gene
Expression Assays (Applied Biosystems) or custosigied primer-probe sets (from Microsynth,
Balgach, Switzerland) were used on a GeneAmp 75@@l Rime PCR System (Applied
Biosystems). The endogenous control gene was 1B3.rRhondrogenic markers (collagen type-Ii
(Col 2), SRY (sex determining region Y) — box 9 X8)p osteogenic marker (collagen type-I (Col
1) and hypertrophic markers (collagen type-X (C0))Ilwere analyzed. The primers and probes

used are listed in Table 1.

Gene Abbr. Primer fw 5' - 3" Primer rev 5' - 3 (5 FANT;?SI?'eI'AMRA) Gene eXpreSS|On was analyzed
cotgmopat | coL [£CC TOC MG ACT oAk acc Terleco cen e ere) - according to theAACt method, with

GGC AAT AGC AGG| caTAACAGTCTTGoe | CCT Gaaceatss) ) expression levels normalized to the

TICACGTACA  |CCACTTACC ;L&’ GAC GALACH

Collagen type I COL 2

T ace cancncll corresponding day 0 sample (day of
ACG CTG AAC GAT | TGC TAT ACC TTTACT (\ii 2’(;( L-\?: LL;LT p g y p ( y

Collagentype X | COL10 | s panTG CTT TAT GGT GTA

i cell seeding into scaffolds) of each
Gene Abbr. | Applied Biosystems Serial number
SYR (sex determini
,egi,,‘:?;_.ﬁ;";""'"g SOX 9 |Hs_ 00165814 ml donor.
18S rRNA 185 |4310893E

Table 1. Primers / Probes (fw= forward, rv=reverse)

2.2.6. Biochemical analysis.

Scaffolds used for biochemical analysis were dapgbstith 0.5mg/mL proteinase K at 56°C
overnight and used for DNA and glycosaminoglyca@3 measurement. DNA concentrations
were determined with the Hoechst method using D&IA as a standard. Fluorescence intensity
was measured with an HTS 7000 Perkin Elmer Bio yAdRaader (Norwalk, CT, USA). The
amount of glycosaminoglycan (GAG) was determinedhgydimethylmethylene blue dye method,
using bovine chondroitin sulphate as the stand@rdteinase K digests were used to measure the
GAG content of the scaffolds. The total GAG contehthe culture media, collected every 2 days,
was also measured to assess the release of matiecutes from the sample into the media.
Absorbance was measured with a Victor3 Perkin Eliéaltham, MA, USA) 1420 multilabel
counter. GAG values were normalized to the DNA eaont
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2.2.7. Histology and Immunohystochemistry.

For immunohystochemical analysis scaffolds weredixn 70 % methanol at 37°C (to prevent
hydrogel solid-gel phase transition) and incubate8% D(+) sucrose (Sigma-Aldrich, St. Louis,
MO, USA) solution in phosphate buffered saline (PB8 7.4) for 12 h at 37°C before embedding
them in Jung tissue freezing compound and cryassoty at 1am (Microm HM560 CryoStar,
Thermo Scientifi ¢, Waltham, MA, USA). The presenck glycosaminoglycans (GAG) was
investigated by immunohystochemistry using safrddirGAG specific marker (Sigma). The
deposition of collagen types | and Il was determiryy immunofluorescence staining. After
enzyme pre-treatment (0.5 U/mL Hyaluronidase fdlagen types | and Il staining), sections were
blocked with 5% goat serum. Then sections werehatad using primary antibodies raised against
collagen | (COL 1, 1:150) and collagen Il (COL 25Q0). The antibody against type | and Il
collagen were from Abcam (Abcam, UK). Primary aatlp was applied overnight at 4°C;
afterwards, sections were washed 3 times with BB&the appropriate secondary antibody was
applied (1:500 in PBS). Samples were visually itigased by fluorescent microscope (Leica
DM5500 B, Leica Microsystems, IL, USA).

2.2.8. Statistical analysis.

Statistical analysis was performed using the soBtwpackage SPSS (Version 20, SPSS Inc,
Chigaco, IL, USA). Data were analyzed with Wilcolotest. The significance level was defined at
p< 0.05.

2.3. RESULTS and DISCUSSION.

2.3.1. PCR Analysis.

Polyurethane-hydrogel-MSCs composites gene expresdter 21 days of mechanical stimulation
with the bioreactor are reported in Figure 3. Ingyal, loaded samples showed a higher expression
of the selected genes if compared with the notddazbntrol ones. Therefore, it is possible to state
that the mechanical forces of compression and shiesr crucial to affect cells fate during the 21

days of stimulation.
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Figure 3. Relative mRNA expression of human mesenchyman stells after 21 days of stimulation. Loaded sasple
showed a clear over-expression of chondrogenic enarkollagen 2 (COL 2), collagen 10 (COL 10). Fattr, the
COL 2 : COL 1 ratio was significant increased by tmechanical load, confirming MSCs chondrogeneB&'s
represent means and standard deviations; all data mormalized to day O values.

Collagen 2 (COL 2) and collagen 10 (COL 10) expomsare of crucial interest as they are reported
in literature as suggestive for cartilage. Consideithat the data are normalized to the day O
expression values, a clear over-expression of COAkag noticed after the loading period. The
stimulated specimens reported a 2.5xblder increase compared to day 0 values, whileotutrols
didn’t report same significant results. This reprdgsa very important finding since COL 2 is
selective expressed by chondrocytes, suggestingubeessful differentiation of MSCs guided by
the bioreactor induced forces. Another importasulteis related to box 9 (SOX 9) expression; it
represent and important chondrogenic transcripféabor peculiar of cells that are undergoing to
the chondrocytes phenotype. As noticed for COL 120 &0OX 9 expression was raised by the
mechanical loading; conversely, the control samplgeessed very low levels of SOX 9. These
two data represent an important evidences thabbtdwed MSCs were successfully guided towards
chondrogenesis. The only gene that was not rep@asedver-expressed after mechanical loading
was collagen 1 (COL 1). This represent an intemgstesult as COL 1 is strongly related with
osteogenesis. Since it was previously demonstratieat is possible to induce osteogenesis by
applying compression force alone, what it is pdesib assume is that the combination with surface
shear is satisfactory to refrain from progressmgards bone. This is not a very surprising finding
since it is well established that surface shearef®iare strongly involved in the amount and type of

matrix synthesis. Therefore, the oscillating movetef the bioreactor was able to successfully
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mimic the tensile forces and high hydrostatic puesghat in natural cartilage derive from the
synovial fluid water that is retained within thertdage matrix by the presence of charged
proteoglycans. Since the collagen network functitmgrevent swelling of the tissue, in the 3D
microenvironment of the PU-hydrogel composite,elere probably induced to produce a strong
matrix to face the shear forces generated by tbee&ctor. Moreover, the COL 2 : COL 1 ratio
value suggested as this matrix was progressivehposed mainly by the cartilage specific COL 2.
An opened question still remain regarding the datained for collagen 10 (COL 10). In fact, COL
10 is representative not only for chondrogenesisatso for hypertrophy. In the literature is natera
to observe enhanced level of hypertrophy relatedhto use of mechanical forces inductive
bioreactors; this fact remain as unclear since motential reason in vitro MSCs chondrogenesis
commonly leads to terminal hypertrophy is becatsedeveloping tissue is not stimulated. So, it is
possible to suppose that the forces applied in shigly were able to induce cells towards
chondrogenesis but not enough to completely skpettyophy. However, regarding this, the COL
2 : COL 10 ratio value showed how the cells werebpbly differentiate to a chondrocyte
phenotype than to the hypertophic one. In conclysPCR analysis proved as the mechanical

stimulation was able to induce MSCs chondrogenesasMC hydrogel matrix.

2.3.2. Biochemical analysis.

The amount of glycosaminoglycans (GAG) per DNA irntee medium was calculated every

changes (2 days) while the scaffold amount wasutatled at the end of the loading (21 days)
(Figure 4 A-C). In general, the observed trend adae a progressive increase of GAG in the
stimulated samples. This data are particularly ceatdle looking at the GAG release into the
medium (Figure 4 A); the load samples values shgautireased during the 21 days of loading. On
the opposite, the GAG accumulated in the mediunthefcontrol samples showed only a small
increase over the 21 days. These data were al$§omoed when the total amount of scaffold GAG

accumulation was considered; the difference betwleaded and control samples resulted as
significantly different (p<0.05).
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Figure 4 A-C. Accumulated GAG released in the medium over 3keexd culture (A); the total amount resulted as
increased over the loading period. After 21 dayes $baffold GAG amount was calculated and the tatabunt
(medium + scaffold) compared between load and ob(B). The total GAG amount was significant diffaet between
loaded and control samples (p<0.05, indicated leystar). These data were confirmed by the GAG is@ginsing
safranin-O (C); the matrix into the loaded sampeaffolds reported a massive amount of GAG whill ansmall
amount was noticed in the control samples. Bares@iqum.

From a biochemical point of view, the production@AG is an important parameter indicating a
chondrogenic differentiation. Once MSCs acquirehandrogenic phenotype, the challenge is to
prevent them from becoming hypertrophic. Amongbed, this step is associated with a decrease
in GAG secretion. Looking at the time course of Gé&&retion in the medium, it was not possible
to notice any values decrease indicating a possiygertrophy appearance. Thus, it is possible to
speculate that the loaded cells, even if expre€¥@d 10, were not undergoing an hypertrophic
phenotype. The samples staining with GAG-specifiarkar safranin-O confirmed the previous
results (Figure 4 C); in fact, microscope imageswad a massive amount of GAG in the matrix
present in the loaded samples pores. On the oppdtisé matrix of control samples showed only a
small amount of GAG, confirming the crucial role dhe mechanical stimulation for

chondrogenesis.
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2.3.3. Histology.

Loaded and controls samples were investigated tsvamllagen | and collagen Il using

immunofluorescence (IF) in order to confirm PCRuis Collagen | staining are reported in Figure
5. PCR analysis revealed a collagen | expressiolbaded samples (about 10 folder increase
compared to day 0); IF confirmed the presence bgen | in small amount (lower panel in green)
for loaded samples while no signals were detected thhe control samples. Thus the IF

investigations seems to confirm PCR analysis data.

collagen | polyurethane

load control

Figure 5. IF collagen | staining. Control samples imagesnbt showed collagen | into the matrix (upper panehile
a small amount was found into the pores contaittiegmatrix of loaded cells (lower panel, green algh

A very interesting result is related to the collade staining, reported in Figure 6. According to
PCR analysis, collagen Il reported the highest éblthcrease compared to day 0 of all the
investigated genes (more than 2%f6lder increase). The IF staining confirmed thesence of
collagen 1l into the cells matrix of loaded samfdaver panel, in green). The same results was not
verified for the control samples that did not shdwble presence of collagen Il as previously
indicated by the PCR analysis. So, also IF staicmgfirmed PCR analysis data, providing another
important proof to the successful bioreactor-guidedndrogenesis.

32



collagen I

[toad | [controll

Figure 6. IF collagen Il staining. Control samples did eahibit collagen Il (upper panel) while the loadetes clearly
showed the collagen Il presence (lower panel, éexq).

However, according to the PCR analysis, it was etqukto detect a higher amount of collagen Il in
the scaffolds. A possible explanation of this disemce is that Col 2 up-regulation on the protein
level in MSCs is known to be very poor. Even undptimal medium composition, it can take
several weeks, and one needs to consider that flGfRe most potent factor inducing
chondrogenesis, is lacking in the culture mediumcddd, as the matrix produced is relatively

immature a large proportion is likely to have beeleased into the medium.

2.4. CONCLUSIONS.

The aim of the work was to evaluate (l) the efficg of the mechanical induction of
chondrogenesis toward MSCs and (Il) the suitabditghe MC hydrogel as 3D matrix supporting
cells development. The data obtained suggestedsiivigoresponse for both the answers. Cells
successfully expressed chondrogenic genes and tA& @uantification confirmed the
differentiation route of the MSCs. Histological &sis confirmed the presence of the cells into the
PU scaffold pores and the presence of a surroundaigx of collagen, confirming the suitability

of MC-based hydrogel as cells carrier.
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Chapter 3.

MC hydrogel as scaffold for the in wtro
biofabrication of implantable proto-tissues cell
sheets.
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3.1. INTRODUCTION.

3.1.1. Tissue engineering skills restrictions.

New dares in tissue engineering are directed tortingcking of the natural environment of a naive
tissue. So, the modern strategies for tissue regairregeneration involve the use of biomimetic
materials able to active interacting with the sunding tissues. These skills are based either on
synthetic or natural scaffolds which have been firedliat their surface or inside their structure in
order to improve their therapeutic efficacy [1, Bpwever, still today the use of scaffolds is often
associated with rejection or toxicity problems. f&raepresent a suitable alternative to overcome
tissue engineering material problems [3]. Howevtee, availability of tissues and organs is very
limited representing a crucial restriction for pobiiealth. In fact, autografts are often limitedthg
poor availability of usable tissues (for example tack of skin in % degree burns cases) [4].
Allografts are still considered as dangerous fa& tingh rejection risks and also the very limited
number of donors [5]. Ideally, high biocompatiblaterials based on cells cultivated beforehismd
vitro would be used as alternative. In any case, litezashowed a lot of examples demonstrating
that cells without support of a suitable scaffolckn just barely form a 3D structured tissue
necessary for regenerative purposes [6]. The iojedf single cell suspensions has been proposed
as a possible strategy to introduce new cells asuace for the input of damaged tissue repair.
Even if with this technique some good results heentshowed in literature, it is important to notice
that in most of the cases injected cells cannotel@ined around the target tissue, thus causing
difficulties in controlling the location of the iegted cells. This could represent a very problemati
aspect, since the uncontrolled floating of cellslddead to the unset of conflicts in the non-speci
tissues. In particular, the use of stem cells coutde to the tumors genesis because of the potency
of these cells [6]. Therefore, the improvement ainiaterials-cells composites for regenerative

medicine purposes still need further improvements.

3.1.2. Cells Sheet technology.

Common strategies in tissue engineering employueguse of biodegradable scaffolds have so far
only shown limited success. To undergo the reg¢ineraf some tissues such as heart, liver or
skin, it is necessary to produce complex struct@®smuch cell-dense as possible in order to
resemble the native architecture of the naturalugs Tightly cell-to-cell interaction and cell-to-
extracellular matrix (ECM) interaction are crucial maintaining the tissue and mimic the natural

tissue structure. The common in vitro proceduras éine necessary for the production of complex
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models require the use of proteolytic treatmenttlie cells cultivation. However, these treatments
inevitably cause the degradation of cell surfacdgins, which are basic for cell-to-cell and cel-t
ECM interactions (Figure 1 A). Okano et al. havstfdeveloped a particular technology known as
Cell Sheet in order to overcome these problemsT[fis technique makes it possible to fabricate a
sheet composed by high-density cells with theiuratextracellular environment (Figure 1 B).
Because of its properties and the fact that itsidabon can be subject to automation, Okano et al.
showed that cell sheet technology is an ideal ambrdo biofabrication. Indeed, in biofabrication,
when the objective is medical therapy, living cedlsd bioactive materials are used as building
blocks to fabricate advanced biological models ¢arge scale, and a cell sheet here plays the role
of one building block of organ-like structures. Tkkano group produced cell sheets using
particular polystyrene dishes grafted by a tempeeatesponsive polymer poly(N-
isopropylacrylamide) (PIPAAm) [3]. PIPAAm-coatedskes are temperature-responsive culture
dishes where the surface becomes either hydropbilityydrophobic in a reversible manner,
depending on the temperature. This characterisiscdeen exploited to detach an intact cell sheet
from the culture dishes. The surface of the disheslatively hydrophobic, and therefore suitable
for cell culture, when the temperature is 37°C ighbr. When the temperature is reduced to 32°C
or lower, however, the surface of the dish becoweeg hydrophilic, and hence confluent sheets of

cultured cells can be spontaneously released fnendish surface as described in Figure 1.

(A)

Enzymatic treatment .
ECM -~
. 3 ‘ Tissue culture
/ o polystyrene surfaces =
- pe LA AL \ detached Cell Sheet
N from PIPAAm-grafted
J plates
9
C—20°C /- 5 J PIPAAm-grafted
surfaces
A
Hydrophilic

Figure 1 A-B. Schematic representation of the PIPAAmM thermer&bility mediated cell sheet detachment (A).
Avoiding the use of enzymes, it is possible toaxillan entire high-density cells monolayer with tia¢ural ECM still
present. The final result (B) is an implantabléfiaral proto-tissue composed by cells tightly irdgennected to each
other with their natural ECM still present.

(Modified from [6])

The PIPAAm polystyrene plates grafting is base eery complex process based on an irradiation
with an electron beam; therefore, the success efpttocedure is vitally linked to the use of

polystyrene as cells cultivation substrate [8]. sThs a limitation for further procedural
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improvements such as the use of bioreactors chantih&r need the implication of others materials
than polystyrene (for examples those that neeabflity to respond to a mechanical stimulation).
Moreover, the entire production process is very glem and time-consuming, leading to a very
high cost of the final product [8]. So, even if RN grafting represent without any doubt an
excellent tool to produce cell sheet of variousurgtit is possible to speculate to the possibdity

using an alternative polymer for the cell sheetddtirication.

3.1.3. Clinical evidences.

The cell sheet (CS) technology is relatively recént some very encouraging clinical results has
already been reported supporting the efficacy of thol for regenerative purposes. As briefly
described in Figure 2, Nishida et al. [9] in 20@parted the suitability of the CS for cornea
regeneration in a patient’'s damaged eye. Here,nAsaltarnative to corneal epithelial cell sheets,
autologous oral mucosal epithelial cell sheets weczessfully used without any need for scaffolds
or carrier substrates [10]. Patients’ own oral nsatcepithelial cells were utilized (Figure 2 A).
Epithelial cells, including their steprogenitor cells, are isolated from a small biopsy subjected

to the fabrication of transplantable epithelial sbleets (Figure 2 B-C). Clinical results have show
that the corneal surface remains clear with sigaiftly improved visual acuity more than 1 year

after the corneal epithelial cell sheet transplaong11].

suspended

(B) : cells (C) [
- - A
2 weeks 37°C transplantation in the
damaged eye
6 =
oral mucosa collection cooﬁng}oZO*C _:;“ > 4
\\h'—/) cell sheet collection

Figure 2 A-C. Schematic representation of the cornea repatritbes! in 2004 by Nishida et al. Patient’s own oral
mucosa was collected (A) and cells extracted waltivated onto PIPAAmM grafted plate. When a completonolayer
was formed, the entire CS was collected by temperatepending detachment (B) and implanted intoptgent’s
damaged cornea (C) without the use of sutures.

(Modified from [6])

The cell sheet presents ample features and chasticeewhich make it an ideal material to use for
biofabrication. Indeed, cell sheets can be fabedtdtom a wide variety of cell types including
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periodontal ligament cells [12], esophageal epi#thetells [13], keratinocytes [14], retina
pigmented cells [15], corneal epithelial cells [¥ral mucosal epithelial cells [16], cardiac
myocytes [17] and others [18, 19, 20, 21]. With chleet technology, the use of allogenic feeder
cells and fetal bovine serum may be excluded fer gheparations [22]. Moreover, cell sheets
harvested from temperature-responsive culture sesfacan be directly attached to host tissues
without the use of any mediators such as fibrireghn sutures [23]. Also, upon transplantations,
cell sheets attach stably and quickly (5—-30 minjigsue beds due to the presence of the ECM on
the basal sheet surface [23]. Furthermore, cektshean be layered on top of one another, creating

three-dimensional constructs such as thick camtiascle.

3.1.4. Aim of the work.

In this third part of the Thesis, the MC-based mi@reversible hydrogel was investigated as
suitable alternative to the PIPAAm grafting for ttedl sheet technology. So, the cells adhesion and
viability onto hydrogel surface was investigatetieiavards, once cells reach a total confluence
forming a continuous monolayer, the hydrogel phass inverted by cooling down temperature
allowing the gel-sol transition. The cell sheetrspoeously detached from the top of the hydrogel;
the CS was collected, investigated by immunofluggase in order to confirm the presence of the
interconnected high-density cells. Afterwards, @& obtained from the hydrogel ability to adhere

was in vitro and in vivo investigated, confirmirgethypothesis of the intrinsic adhesion ability.

3.2. MATERIALS and METHODS.

3.2.1. Hydrogel preparation.

Methylcellulose (MC, Methocel A4M, with a viscositf 4.000 mPa*s for a 2% by w/v aqueous
solution at 20°C, The Dow Chemical Company, E4610) salts were obtained from Sigma (Sigma
Aldrich, St. Louis, MO, USA). Aqueous MC solutionaw prepared by a dispersion technique as
described by Tate et al. [24]. Briefly, 8% w/v MO@vpder was mixed with a pre-heated (55°C)
0.05M NaSQO, solution in ultrapure MilliQ water (EMD MilliPoreCorporation, Billerica, MA,
USA) and agitated until all polymer particles wevetted. At 55°C the MC is hydrophobic and
remains in suspension. As temperature was loweredf€, the polymer became water soluble,
forming a clear solution. Hydrogels were then slae4°C overnight to allow complete hydration
and heated at 37°C in a 95% humid atmosphere foriase with cells.
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3.2.2.Mouse fibroblast Cell Sheet (CS) in vitro biofabri@tion and characterization.

NIH-3T3 mouse embryo fibroblasts (CRL1658; Ameridampe Culture Collection, Manassas, VA)
were used for cell sheet biofabrication protocahsdardization. Cells were transduced with third-
generation lentivirus, using the pCCLsin.PPT.nP@&&RE.pre vector transfer construct as
previously described [25]. Cells were cultivateddunlbecco’s modified Eagle’s minimal essential
medium (DMEM, Sigma-Aldrich, St-Louis, MO, USA) sulpmented with 10% foetal bovine
serum (FBS, Lonza Group, Basel, CH) and 0.25% pkmistreptomycin (Gibco, Grand Island,
NY, USA) and detached by 0.05% trypsin (Sigma-Addyi St-Louis, MO, USA) at 80-90%
confluence.

Two hundred microliters of hydrogel were used tataach wells of a 24 multiwell plate (CellStar,
VWR PBI International, Milan, Italy). Plate was e 2 hours at 37°C in a 95% humidity and
coated with 2(l of Type | collagen (BD, 2mg/ml) prior to use witklls. Cells were seeded at high
concentration (1x1%cn?) onto heated hydrogel surface and cultivated ®rhéurs until they
reached 100% confluence. Afterwards, 24 wells phatee cooled down to 4°C for 30 minutes to
allow hydrogels solid-gel phase transition. Celeeth spontaneously detached from gel-phase
hydrogel without the use of any enzymes and cekéetswere collected by a common 25ml pipette
and washed 3 times with phosphate buffered sal®S( pH 7.4) before use (Figure 3). Cells
adhesion, spread and detachment were visually edeaker 8, 12 and 48 hours by fluorescence
microscope (Leica DM5500 B, Leica Microsystems, USA). Cells viability was verified by the
colorimetric MTT assay; cells cultivated in polyssge wells coated with collagen | were used as

control.

Cells seeding”
\\ @ L]
Adherent Monolayer Cell Sheet

detachment

48h cells culture 4C

I IS
o O OO0
37C Gel-Sol
> _—

transition

Figure 3. Schematic representation of the cell sheet (@&athment from the hydrogel surface. Cells werdest@nto
the collagen-coated hydrogel in the sol-phase & 31) and they were cultivated until a monolayersviormed (2).
Afterwards, the system temperature was lowered°@ a@lowing the hydrogel gel-sol phase transitianith liquid
hydrogel, CS spontaneously detached as monolayer (3

3.2.3. Histological analysis.
Detached cell sheets were washed 3 times with BBl 30 minutes at room temperature with 4%

phosphate buffered formaldehyde, embedded in K8igma-Aldrich, St.Louis, MO, USA) tissue
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freezing compound and stored at -80°C. Samples wsmsectioning at 30m and slices were

seeded 30 minutes onto charged glasses (SuperMerstel-Glaser, Germany); afterwards samples
were stained to visualize F-actins (Molecular Psolme, OR, USA) in order to evaluate cell sheet
cells distribution, concentration and morphologyantples were observed with fluorescence

microscope (Leica DM5500 B, Leica Microsystems,UISA).

3.2.4. In vitro Cell Sheet (CS) adhesion.

Detached cell sheets were collected, washed 3 tmtesPBS and transported to new polystyrene
plates previously coated 4 hours with serum. Glélet were attached without medium for 5-7
hours; afterwards fresh medium (DMEM 10% FBS) wddea and plates were incubated for 48-72
hours at 37°C, 5% CQO Cell sheet adhesion was daily checked by optitservation with
fluorescence microscope (Leica DM5500 B, Leica lgstems, IL, USA).

3.2.5. In vivo biocompatibility evaluation.

All animals procedures were performed after lodhical committee approval and by following
pre-approved surgical procedures. Six-eight weekd ®IOD.SCID mice (NOD.CB17-
Prkdc®NCrHsd, Harlan Laboratories) were used for experits.

NIH 3T3 GFP cell sheets prepared as previously described webeutaneous implanted into
NOD.SCID mice as described by Obokota et al. [Biefly, a skin pocket was created into the
mice dorsal skin with scissors. Cell sheet wa®dced in direct contact with natural mice tissues
into the skin pocket by using a GorefefGore and Associates, Arizona, USA) regenerative
membrane as scaffold. Afterwards, the pocket wased with sutures. After 7 days, animals were
euthanized and tissues containing cell sheets e@lected. Mice implanted with only GoreTex

membrane were used as controls. Experiments wei@med in triplicate.

3.2.6. Hystological characterization.

Tissues grafted with cell sheet and control one®wired with formalin, embedded in paraffin and
sectioned into 1im slices. Hematoxylin and eosin staining was peréat by conventional method
as previously described [25]. Samples were analymedptical microscope (Leica DM5500 B,
Leica Microsystems, IL, USA). Furthermore, tissuese stained with an anti-GFP antibody (anti-
GFP, IgG, Alexa Fludt 488 conjugate, Molecular Probes Inc, OR, USA) ¢afecm cell sheet
adhesion. Samples were blocked with 0.1% BSA in P&S90 minutes and reacted with the
primary antibody at an appropriate concentratioBqQ0) overnight at 4°C. Following three washes
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with 0.1% BSA in PBS, they were incubated for 1 ithva 1:1000 dilution of FITC- conjugated
anti-rabbit Ig antibody and again washed three dimbnmunofluorescence was optically
investigated by microscopy (Leica DM5500 B, Leica&iMsystems, IL, USA).

3.2.7. Statistical analysis of data.

Statistical analysis was performed using the so#twpackage SPSS (Version 18, SPSS Inc,
Chicago, IL, USA). Data were analyzed using a ganerear model with repeated measures. The
significance level was defined p& 0.05. For the post hop;values were adjusted according to

Bonferroni’'s method.

3.3. RESULTS and DISCUSSION.

3.3.1. Cells adhesion and viability onto hydrogelusface.

The thermo-reversibility of the 8% w/v MC 0.05M D, was successfully verified as reported in
Figure 4 A. This particular formulation was selec{as previously described in Chapter 1) because
resulted the best one from a mechanical point@ivn the sol-gel phase transition at 37°C, that is
the ideal temperature for cells cultivation in @itrThe presence of salts (sodium sulphate),
increased the stability of the hydrogel in a specithase (solution or gelation), allowing the
transition phase stable at 37°C. Thus, the manahbity of the hydrogel resulted as very
serviceable even after or during the phase tramsitCells survived after seeding onto hydrogel
surface. As reported in Figure 4 B, when the vigbrkatio was evaluated by the MTT assay, cells
cultivated onto hydrogel surfaces showed a vigbdimparable with controls and no statistically
significant differences were noticed between the groups. This represent a very promising data
as in the previous chapters the suitability of hlgdrogel in cells cultivating was tested with a not
direct cytotoxicity assay (chapter 1) and as 3Drixatith cells cultivated in the inside (chapter 2)
Here it has been reported the viability of celldticated on the surface as a 2D monolayer.
However, cells adhesion to the hydrogel surfaceired the presence of a collagen coating. In fact,
onto pure hydrogel surfaces, cells tend to aggeegéd spherical clusters (data not shown) instead
of adhere as single units. Conversely, when ageHlacoating was applied, cells correctly adhered
to the surface even if the adhesion time neededswaerior to the control requiring about 6-8 hours
(Figure 4 C). After the adhesion, a correct morppggland spread was observed after about 12-14
hours (Figure 4 C) while a continuous monolayer Wamed after 48 hours (Figure 4 C). This
phenomenon could be explained considering the Istnefigth” of the hydrogel layer that act as
surface for cells. By definition, hydrogels neveach a solid phase but only a gel phase that is not
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comparable with polystyrene. Moreover, the selebtgtfogel was voluntarily not considered as the
more firm possible but as the best one allowingpibesibility to reverse the phase at 37°C. S, it |
possible to suppose that even if cells are abéglteere to the nude hydrogel, they need a “guide” to
correctly spread as single ones; collagen probatilyas guide. The final results are very intergstin
since it was possible to successfully cultivatéscat monolayer onto hydrogel surface, mimicking
the common procedures with polystyrene plates (EiguC).

(B)

12 = control
(A) hydrogel
heating "

% Cells viability

cooling
bHuneay

. 8 12 48

time [hours]

cooling

Figure 4 A-C. Hydrogel sol-gel phase transition resulted agngble since it was possible to invert the phdses
modulating the system temperature (A). Cells cattd onto gel-phase hydrogels reported a viakilitmwpared with
control at all the time-points and no statisticgingficant differences were noticed between thetedrand hydrogel
groups (B, bars represent means and standard ideglat Microscope observation (C) revealed thalscebrrectly
adhered and spread in about 12 hours, while araamts monolayer was formed after 48 hours.

3.3.2. Cell Sheet (C39n vitro characterization.

Once cells reached a 90-100% confluence onto hgtimgface, the temperature was lowered at
4°C for 20 minutes in order to allow the gel-sohpé transition. As the temperature decreased, it
was possible to observe that the cells monolaygated to spontaneously detach from the hydrogel
surface (Figure 5 A). It is very important to urider that, in the detaching process, no enzymes
(such as trypsin) were used permitting the sepmaratf the entire monolayer (Figure 5 B). Finally,
when immunofluorescence analysis with phalloidiriggre 5 C, red) was applied, it was possible

to confirm that the CS was actually formed by ar@@nolayer of fully-interconnected cells.

A 5 min 10 min 15 min ®)

———————— -
cooling 4°C detached cell sheet (CS)

Figure 5 A-C. By lowering the temperature at 4°C for 20 minuthe cell sheet (CS) spontaneously detached agpidi
the use of enzymes (A). As result, it was possitlecollect the entire cells monolayer as cell shég);
immunofluorescence analysis with phallodin (redthtef detached CS confirmed the 2D monolayer streatfi high-
density fully interconnected cells (C).
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As first proof of the CS ability to adhere to a newrface, it was washed 3 time with PBS and
transported with a 25 ml pipette to a new polystgrelate previously coated 4 hours with serum
(Figure 6 A-B). Surprising, the best procedureupport CS adhesion was to allow a first adhesion
dry, without the addiction of medium in the newtplaOnly some drops of medium were added in
order to avoid the CS cells dehydration. By thisyw@S attached to the new surface in about 2
hours after that it was possible to add fresh madinithout causing CS detachment (Figure 6 B).
When the fresh medium was added immediately, thev&Snot able to adhere, resulting as floating
in it. Also the pre-coating with serum helped th® @lhesion; without the serum pre-coating, the
time needed for the adhesion resulted betweend@iBhConsidering the dry ambient necessary for
the adhesion, this represent a very long periodcsls without medium. By the serum pre-
treatment, the adhesion phase was reduced at 2bmutrs, that is an acceptable stage even without
medium. The role of serum could be related withghesence of collagen and other protein such as
fibronectin that are crucial for cells adhesion. [Bg-treating the plate surface with serum, the CS
adhesion is probably promoted by these proteinstla@dime necessary to successfully complete
the transplantation is lowered. However, the adireability of the CS is a very interesting poimt. |
fact, a in ideal clinical application of the CStasimplant them directly into the damaged tissue in
order to promote and facilitate it repair. Avoiditige use of enzymes such as trypsin in the in vitro
procedures, allow to collect a cells monolayer wilte natural extracellular matrix (ECM) still
present. This represent a crucial aspect for thplamt success because the ECM play the
fundamental role of connection between the CS &edngaive tissue. These preliminary in vitro
results suggested that the CS is able to adhereéov surface but that the process is speedeckeby th
presence of adhesion proteins; afterwards, afteutab2-48 hours, new cells coming from the CS
were observed colonizing the free space of the siface. This is a very promising result about
the ability of the CS to induce the regeneratiora @famaged tissue since it is the CS itself a first
source of cells. Moreover, this re-colonizatiorsigpposed to promote the natural regeneration of

the naive tissue.
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B) (€)

Figure 6 A-C. In vitro transplantation of the detached Cell &h¢CS). After washing 3 time with PBS (A), the
detached CS was plated dry into a new polystyrdag previously coated with serum (B). The raisenei cells
coming from the CS was visually investigated by nmécope (C, representative for 48 hours after G&sidn. Bar
scale=20Qm).

3.3.3. Cell Sheet (CSh vivo implant.

The CS ability to successfully adhere to a naigsue wasin vivo evaluated. Results are
summarized in Figure 7. The CSs were implantedimmoune-compromised mice (SCID) because
it was possible to speculate the insurgence of inotugical reaction for the presence of the GFP.
After 1 and 2 weeks, the regions implanted with G&s were first investigated by
Hematoxylin/Eosin staining; at 1 week, it was atiegossible to notice the presence of a high-
density cells monolayer in the correspondence ef @s implant site (Figure 7 B). This layer
resulted as different from the naive tissue becatiige very high density of cells (nuclei in vigle
tightly interconnected to each others that areadtaristics of the CS. Supporting this hypothesis,
when the control samples implanted with only Goex-Thembranes, it was not possible to detect
the same cells layer; only the naive tissue wasedavith some debris of the Gore-Tex membrane.
As further confirmation of the cells layer-CS capendence, the same sections were stained by an
anti-GFP antibody since the cells used for the expmnts expressed the green fluorescent protein.
Results confirmed that the cells layer stained wiilE was actually the CS as the cells were
positive for the GFP (Figure 7 C). On the oppositethe control sections, no green signals were
detected.
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Figure 7 A-C. In vivo evaluation of the CS adhesion to a ndigsue. Gore-Tex-CS sandwiches were subcutaneous
implanted into recipient mice (A) and the tissuesrevcollected after 1 and 2 weeks. As first analy$iE staining
revealed the presence of a high-density cells lagtached to the tissue below (B); this result exdent after 1 week
while after 2 weeks new vessels were noticed irctreespondence of the CS implant (B, right paridie presence of
the CS was further confirmed by immunofluorescesizgning (C); as the CS was composed by Gé&d#lis, a clear
green signal was detected in the correspondendbeotells forming the layer previously detectedhwH/E. Bar
scale=200Qm.

Another very important finding is related to theeggnce of vessels that seems to be already
connected to the CS implanted. Even if this datatrbe confirmed by more specific staining, it is
possible to suppose that by the H/E staining. Hficmed, this finding could represent a crucial
proof for the suitability of the CS in a clinicasel In fact, neo-vascularization represent probably
one of the most important step for a positive empdtion. The presence of vessels connecting the
CS with the naive tissue represent a very encauggwioof of the CS ability to adhere to the naive
tissue.

When the CSs were implanted, no sutures were Udeetefore, the adhesion of the CSs to the
naive tissue is to refer only the intrinsic chagastics of the CSs. From this point of view, the
initial hypothesis that the natural extracellulaatrix was still present after the detachment via
hydrogel inversion phase seems to be confirmethdt) as discussed above, the ECM represent the
natural mean for cells adhesion. The H/E stainiesults underlined as the CSs were perfectly
adherent to the naive tissue with no breaking poifihe avoiding of sutures of other connective
substance (such as fibrin glue) suggested thabpitienal CSs adhesion is to refer without any
doubt to the natural ECM. This finding is very innfamt thinking about the suitability of the CSs
also for those tissues where is not possible @erg dangerous to apply sutures such as the heart.
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Thanks to their ability to adhere by the ECM, tise of CSs for those tissues appear as a promising
hypothesis even if the regenerative potential eftibsue-specific CSs must be still confirmed.

3.4. CONCLUSIONS.

In this third part of the Thesis, it was shown shugtability of the MC hydrogel to act as a scaffold
for the biofabrication of cell sheets. The cellsrevable to successfully form a continuous
monolayer that was collected entire with the nati@M still present by exploiting the hydrogel
phase inversion. This particular technique is & yeomising skill in the tissue engineering field.
fact the CSs are able to adhere to the naturakshém their natural ECM avoiding the use of
sutures. Furthermore, the implanted CSs showedyapvemising ability to integrate with the naive
tissue as new vessels were observed towards tHantag regions. Thus, the CSs skill represent an

encouraging tool for a future clinical application.
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Chapter 4.

MC hydrogel-derived cell sheets (CS) for skin
regeneration.

In collaboration with the University of Trieste.

Department of Life Science

50



4.1. INTRODUCTION.

4.1.1. Skin self-renewal limitations.

Numerous factors, of both genetic and traumatigimrican cause severe skin injuries. Normally,
epithelia are able to promote a self-renewal pmceghich begins with deposition of new
provisional tissue matrix by fibroblasts, followelly inflammation, re-epithelization by
keratinocytes, and wound revascularization, andclooied by definitive matrix deposition and
contraction [1] (Figure 1 A-B). Recently, Mascre at [2] provided a detailed description of two
cell populations in mouse epidermis, identifiedspgcific markers (K14 and Involucrin), that differ
in gene expression profile and proliferative argue-repair capacity. This finding confirms the
concept that epidermis contains long-lived quiesstam cells as well as committed progenitors in
order to self-promote a general strategy for tismmewal [3]. So, non-severe superficial wounds
can be resolved by the skin’s self-healing ability promoting keratinocyte migration toward
damaged

regions [4]. However, in deep injuries, a negatiggulation of the wound-healing cascade may
occur, leading to formation of chronic wounds [B].these kind of lesions, re-epithelization can
only occur from the wound margins; thus, to prevexiensive scar formation and reduce skin

blemishes, skin grafting is necessary [6].
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Figure 1 A-B. The normal skin composition (A) and the cascadms of the self repair procedure (B).
(modified from [11])

The first surgical step in treating severe skin mdsiis the early excision of damaged skin to avoid
infections, acute inflammatory response, and markeat formation [7]. Most frequently, the
following step includes autologous skin graft (au#dt). This procedure is normally performed
with a dermatome, which cuts thin slices of thedepnis and initial part of the dermis; this is atfa

and permanent wound-closure method [8]. Nevertbeledereas this method is effective, it is
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limited by the available surface area of unaffedkitt and creates some degree of additional injury
[1]. Non-autologous skin grafting (allograft) inme situations represents a suitable alternative to
autograft. In this case, implantable skin is caedfrom cadavers. However, allografting leads to a
significant number of problems, such as viral traission (e.g., hepatitis B and C or HIV) and
immunogenic rejection [9]. Moreover, commercialtdimsition of tissue for allografting is provided
by a small number of European skin banks, and &wdtly is insufficient to meet the current
demand. In most severe cases of burns, one e#estlution to avoid patient death can be
represented by the implantation of tissue-engimesken substitutes. Thanks to the use of these
engineered substitutes, patients with involvemdna ¢arge area of the body have now a better

chance of survival [10, 11].

4.1.2. Tissue-engineered skin substitutes.

Tissue-engineered skin substitutes represent arieeff way of meeting the deficiency in donor-
skin-graft supplies. They are able to protect daedaggions from fluid loss and contamination and
promote release of cytokines and growth factoth@twound site, accelerating the wound-healing
processes [12]. They also act as a temporary pgingecover of the wound bed during healing.
Several commercially available models of engineesldd substitutes have now been developed,
which apply different techniques and use differamell sources. Celadefh (Advanced
BioHealing, New York, NY, USA) is representative tifis model, and its efficacy has been
validated in clinical trials for treating venouslelcers [13]. Allodertfi (LifeCell, New York, NY,
USA) is a commercially available de-cellularizesistie-engineered skin substitute consisting of a
cell-free matrix permanently incorporated into thheund bed [14]. A further example, represented
by engineered skin substitutes and created by tmbination of cells and biomaterials, is
Dermagraff (Smith and Nephew, London, UK), which comprisesnhn foreskin fibroblasts
cultured in a biologic polyglactin scaffold. Thigssem provides support for extracellular matrix,
growth factors, and cytokines released into the ndobed, facilitating the healing process and
involving quorum sensing, extracellular matrix fa@ton, paracrine interactions, angiogenesis,
immune system interaction, and neutrophil chemaetittn and activation [15]. Another model is a
collagen-based, full-thickness, cultured skin sitinst [16], which comprises fibroblasts seeded into
a bovine collagen type | matrix (dermal side), &edatinocytes cultured at the air-liquid interface
(epidermal side) [17]. These products are availablamercially as OrC&l(Fortificell Bioscience,
New York, USA). All these systems represent vergnusing tools to face severe skin lesions;
however, some questions still remain opened. A vemycial one is related to substitutes
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vascularization; in fact, nowadays no models amlalvle presenting vessels before implantation.
Furthermore, also the post-implantation neo-vas@aaton lack has been reported as a common
trouble related to skin substitutes [18]. Rejectisnanother open questions; most of these
substitutes are composed by artificial polymersatafiys able to perfectly integrate into host body
[19]. Moreover, when polymers are enriched withls;ethese are often non-self leading to

inflammation reactions processes. In this contéx, cell sheet (CS) technology represent an
interesting alternative. In fact, it allow to imptaa layer of cells without the necessity of a pody

as scaffold, skipping all the risks related to plodymer biocompatibility. The cell source could be

the patient itself, allowing the possibility to ifapt self-cells. Moreover, it has been previously
showed (Chapter 3) as the CS have the ability tmtsmeously adhere to the naive tissue without
the use of sutures by the cells natural ECM. irheivo model previously detailed in the results

session of the Chapter 3 suggested that the CS wvemeularized after a short period, giving

encouraging promises for the successful abilityatthere to damaged skin leading to the

regeneration process.

4.1.3. Elastin-based biopolymers for biomedical ggications.

Bio-mimicry, the concept of taking inspiration fronature is perhaps among the most appealing
strategies to create customized biomaterials wiiyf tuned peculiar features. Elastomeric proteins
are among the components that received considea#tigletion. Elastin, one of the components of
the extracellular matrix, possesses rubber-liketiei#ty undergoing deformation without rupture
and provides an important model for biomaterialsigle Another peculiar extensively studied
characteristic of elastomeric proteins is coacémat Under appropriate conditions of
concentration, ionic strength and increasing teatpee, the protein is known to separate from
solution as a second phase. It has been showthikdtehavior is mainly due to the presence of the
hydrophobic (VPGXG) pentapeptide, typical of thenmnaalian protein [20]. In the human protein,
the most structurally regular sequence is reprederty the repetition of the (VAPGVG)
hexapeptidic motif. It has been shown that the VA®RGNotif is biologically functional [20].

By a molecular biology approach, a regularly repéatomain from human tropoelastin was chosen
as a basic modulus to obtain the Human Elastin-IBkdypeptides (HELPS). These artificial
proteins can be employed in the production of iratime micro- and nano-structured biomaterials

with a huge potential for employment in the biotealogical and biomedical fields [21].
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4.1.4. Aim of the work.

In this part of the Thesis, the CS technology wppliad for the skin regeneration purpose.
Considering the '3 degree burn as clinical problem, the CS were zedliwith human primary
fibroblasts extracted from the gingival tissue (H@®nsidering that patients normally does not
present enough or potentially regenerative skimorey In order to improve the CS-skin model, a
layer of HELPs has been used as feeder for HGvatitin on the MC-hydrogel. The purpose was
to improve the mechanical and biochemical featafethe implantable CS. The HELP-HGF CS
were collected and used for skin regeneration & @egree model in mice consisting in the skin
complete excision. The natural regeneration wasidened as control. The skin-CS implant give
very promising results as the skin defect was ssfally repaired in about 1 week, while the
natural process needed at least 2 weeks.

4.2. MATERIALS and METHODS.

4.2.1. Primary Human Gingival Fibroblast extraction and cultivation.

Primary human gingival fibroblasts (HGF) were isethfrom a fresh gingival biopsy collected
from tissue excided from healthy teeth obtainednflarthodontic procedures. The entire tissue was
minced with a surgical blade and digested 45 mgae 37°C with a solution of 1% Type |
collagenase I, 0.1% dispase | (Worthington) and 2Bfssin (Sigma) in a serum free minimal
essential medium alpha modificatiam-MEM, Sigma). Afterwards, digested solution wasSpu#
filtered in order to remove undigested debris amatrifuged 10 minutes at 800 rpm. The pellet was
then resuspended ia-MEM supplemented with 10% foetal bovine serum (FEBfgma), 1%
antibiotics/antimycotics (penicillin/streptomyciefgtamycin, Anti-Anti, Sigma) and plated into
new polystyrene Petri plates containing fresh madiGells were grown up to a maximum of about
80% confluence and detached with trypsin/EDTA befese; cells from passage 1 to 3 were used

for experiments.

4.2.2. Methylcellulose hydrogel- Human Recombinarilastin composite preparation.
Methylcelulose (MC) derived thermo-reversible hygebwas prepared as previously described in
Chapter 3, paragraph 3.2.1. Two hundred microlixétguid hydrogel were spotted into each wells
of a 24 multiwell plate that was hydrated O.N. &edted 2 hours at 37°C prior to use. The Human
Elastin-Like Polypeptides (HELP) were kindly progdiby Prof. Antonella Bandiera; HELP were
prepared as described elsewhere [21] and used fatak concentration of 4mg/ml. At this
concentration, the sol-gel transition of HELP swintresults as no reversible; thus, a continuous
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HELP layer was realized onto the hydrogel surfagespotting 5@! of liquid HELP solution.
Afterwards, MC-hydrogel-HELP composites were indedaat 37°C 2 hours prior to use with cells
to allow the complete HELP layer solidification;itaprove cells adhesion, gl0of type | collagen
(BD Bioscience, 2mg/ml) were even used to coat HEURace (Figure 2 A). Cells (HGF) were
seeded at high-density (3¥1€n) onto the MC-hydrogel-HELP surface and cultiva#&hours at
37°C, 5% CQ atmosphere usingi-MEM. Cells adhesion and spread were investigatgd b
immunofluorescence staining using phallodin (AbCdns00) to visualize F-actins cytoskeleton
structure; images were collected using a fluoresgemicroscope (Leica DM5500 B, Leica
Microsystems, IL, USA). The colorimetric MTT assé$igma) was used as described in the

previous chapters in order to verify cells vialilit

4.2.3. HELP-HGF CS collection andn vitro characterization.

Cells were cultivated onto MC-hydrogel-HELP compesifor 48 hours, daily checking the cells
adhesion, spread and confluence by fluorescenceoscmpe. After 48 hours, HGF formed a
continuous monolayer and the cell sheets forme#ilByP and HGF (hamed by now skin-CS for
their application) were detached by lowering thetem temperature to 4°C for 20 minutes allowing
the MC-hydrogel gel-sol phase transition. Skin-G#rganeously detached from the hydrogel
surface as monolayer that were collected, washeatm8s with PBS and used for in vitro
characterization. Skin-CS were washed 3 times WBS, fixed 30 minutes at room temperature
with 4% phosphate buffered formaldehyde, embeddediiik (Sigma-Aldrich, St.Louis, MO,
USA) tissue freezing compound and stored at -8@&nples were cryosectioning atuh® and
slices were seeded 30 minutes onto charged gla&gserFrost, Menzel-Glaser, Germany);
afterwards samples were stained with phalloidinGAim, 1:500), type Il collagen (AbCam, 1:150)
and a HELP-specific primary antibody. Samples wiemibated O.N. at 4°C with the primary
antibody and then co-stained with the appropriseosdary antibody (1:500). Samples were
observed with fluorescence microscope (Leica DM5B0Deica Microsystems, IL, USA).

4.2.4. 1n vivo 39 degree burn treatment using skin-CS.

Skin-CS werein vivo tested for their regenerative potency towards dgwaskin. All animal
procedure was performed after local committee amdrand by using pre-approved surgical
procedures. A '8 degree burn skin damage wasvivo simulated using nude mice (Hsd:Athymic
NudeFoxn™ mice, obtained from Harlan) as described by Malef22]. Briefly, a 1cm diameter
skin excision was create using forceps into thesaloside (both left and right side) of recipient
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mice; the right side excision was filled using #ien-CS as regenerative tool, while the left side
was not treated and considered as control for tlee matural regeneration ability. The skin-CS
were attached to the skin defects by spotting sdroes of fibrin glue (prepared following the
manufacturer’'s instructions (Sigma)) around theis@n boundaries. The same procedure was
followed for the control excisions. Mice were séied after 1, 2 and 3 weeks after implantation; the
skin excisions regions were collected, fixed byn®drs immersion in buffered formalin and stored
at -80°C embedded in Kilik (Sigma-Aldrich, St.LeuyMO, USA) tissue freezing compound.

4.2.5. Hystological analysis.

Tissues samples were cryosectioning gimi0and slices were seeded 30 minutes onto charged
glasses (SuperFrost, Menzel-Glaser, Germany)veitels samples were stained with Hematoxylin
and Eosin (H/E) following manufacturer’s instructso(Sigma) in order to evaluate the new-formed
tissue around the skin excision. Furthermore, sliwere incubated with anti-alpha smooth muscle
antibody (-SMA, 1:150, AbCam) and co-stained with the 4’i&ndidino-2-phenylindole (DAPI,
Sigma) the in order to study the neovascularisatimhco-visualize the cells nuclei.

4.4, RESULTS and DISCUSSION.

4.4.1. MC-hydrogel-HELP composites production.

The Human Elastin-Like Polypeptides (HELP) solutiosuccessfully adhered to the
methylcellulose-based (MC) hydrogel forming a contius and homogeneous layer (Figure 2 B).
The HELP solution was prepared at a concentratidrdmg/ml; this high amount was voluntary
selected as the HELP solution-gelation phase was amymore reversible. In fact, HELP
polypeptides act in solution as an hydrogel by mgvrom a liquid solution at 4°C to a solid-gel
phase at 37°C. However, HELP hydrogel could notdmesidered as a smart materials like MC-
hydrogel since the use of enzymes is necessaritp on the phase transition. Thus, temperature is
not the only parameter necessary for the transitdhe gel phase. Furthermore, a HELP peculiar is
that the eventually phase reversion to the liglhdse is inseparable related to the polypeptides
concentration; the selected 4mg/ml concentratitmwato obtain a very compact layer of elastin

which gel phase is not reversible anymore to tipaidi phase.
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Figure 2 A-C. Representative scheme of the skin-CS biofabdnatising the MC-hydrogel as scaffold and the alasti
layer as cells support (A). The addiction of tHell? layer has not interposed the hydrogel phasesitian process for
the CS production; the composites resulted asestatd comparable with the previous model with geltaalone (B).
The HELP layer (cells free) was successfully detdcdinom the hydrogel surface (C).

This step is fundamental for the successful HELRebrd cell sheet (CS) detachment; in fact, the
spontaneous CS detachment is leaded by the tempem@dcrease that permit the MC-hydrogel
phase transition from gel to liquid. If the HELR/éa was still sensitive to temperature, this step
inevitably damaged the layer that was reported h® liquid phase too. Thanks to the high
polypeptides concentration, the HELP layer remaiimethe gel phase even when the temperature
was lowered, allowing the detachment of a contisueyer (Figure 2 C). This layer represent the

holding structure for the skin-CS development.

4.4.2. HELP-HGF CS production.

Human gingival primary fibroblasts (HGF) were swsxfally extracted from fresh tissue isolates;
after tissue digestion, single cells suspensiach#d to plates surface and proliferate (Figurg.3 A
Cells seeded onto HELP layer correctly attachetie¢csurface in about 12 hours; afterwards, a cells
monolayer was observed after 48 hours of cultivaieigure 3 B). Cells viability was verified by
the MMTT assay: at each time-points, cells viapipercentage was comparable with controls and
no statistically significant differences were obser between the two groups (Figure 3 C). This
findings are encouraging because they are verylaimvith the data obtained with mouse
fibroblasts and described previously in ChapteFt&refore, the presence of the HELP layer seems

to not interfere with the cells adhesion, spreadi\dability.
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Figure 3 A-C. Human primary fibroblasts were obtained by enzyer@igestion of fresh tissues and used from passag
1 to 3 (A). The cells seeded onto HELP layers aethéo the surface in about 12 hours and a contsleyer was
observed after 48 hours by phalloidin staining (Bréd). Finally, cells viability onto HELP surfag@eas comparable
with controls (C). Bars represent means and standieviations, bar scale=20®.

This is an important step in the protocol developmé&he improvement of the CS tool by the
addiction of the HELP layer was aimed to enhance ritechanical properties and the matrix
complexity of a model studied for the skin regetiera In fact, skin represents a stratified complex
tissue holding a remarkable flexibility from a maaical point of view. Thus, the skin-CS present
an elastin layer that (1) act as an improvemerthefnatural cells ECM and (ll) confers to the CS a

better mechanical ability to fit with natural tigsu

4.4.3. Skin-CS characterization.

Detached skin-CS immunofluorescence staining aported in Figure 4. The cell sheets are

composed by cells tightly connected to each otbenihg a continuous monolayer as showed by

phalloidin stain. Cells morphology resulted as ectriconfirming the adhesion study results. One of

the improvement speculated by the addiction ofeflastin layer was related to the enrichment of

the natural ECM. Collagen Il staining confirmedtttize cells forming the detached skin-CS (1)

successfully produced and (Il) maintained theiuretmatrix. This finding is very important since

a crucial feature of the cell sheet technologyhésdbility of adhere to a naive tissue withoutubke

of sutures thanks to the presence of cells ECM dhats “glue”. Cells produced high amount of
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collagen as reported in Figure 4, upper panel.tBymg the skin-CS sections in the lateral site, i
was possible to appreciate the monolayer of ceterc¢onnected and supported by the elastin layer
(lower panel). Cells correctly spread onto elaltyrer forming a complex composite.

Merge

phalloidin DAPI collagen Il

phalloidin DAPI elastin

Figure 4. Immunofluorescence staining of detached skin-T cells sheets resulted as formed by high-densitg
interconnected to each others; furthermore, cefieevable to produce collagen onto the elastin laygper panel). By
cutting the skin-CS in the lateral side, it wasgiole to appreciate the cells monolayer intercotetewvith the elastin
layer that act as matrix in addition to the natalagen (lower panel). Bar scales50.

Merge

Thus, it was verified the possibility to preparecells-elastin skin-CS. The entire protocol was
comparable to the cell sheet production using tli&hydrogel as scaffold described in Chapter 3
as no significative modifications were applied. S8 an important data since it suggests that it is
possible to introduce improvements in the cell slvaghout compromise the hydrogel thermo-
reversibility. So, it will be possible in the fututo further improve the technology (for example by
trying to orientate the cells). The skin-CS comfmssreported matrix very interesting features; in
fact, the presence of the natural collagen produnedhe cells was verified together with the
connection with the elastin layer. Therefore, timtire matrix of the skin-CS resulted as very
complex allowing to improve the adhesion to natuistue. The regenerative potency and the
ability to support the mechanical stress relateith wie natural skin will be verified by the vivo

test.
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4.4.4. Skin-CS regenerative potenay vivo evaluation.
The implanted skin-CS were able to adhere to theemssue without sutures and to promote skin
regeneration in a significative lower time lap cargdl to the natural process. In vivo assay results

are summarized in Figure 5.

o ® ©
skin-CS implant 1 week (after implant) 3 weeks (after implant)

(A) without sutures

control skin-CS skin-CS

Figure 5 A-C. In vivo 3rd degree burn skin damage repair (A)e Bkin-CS were attached to the skin defect using
fibrin glue (A, right panel); after 1 week the skirs implant side showed to be able to promote tefasgeneration (B,
right side) compared to the natural tissue regeioerability (B, left side). After 3 weeks, alsoetatural repair
process regenerated the damaged region (C, left) #vthe skin-CS implanted side appeared as mompact (C,
right).

After 1 weeks after skin-CS implant, a great défere was noticed compared to the control. In fact,
the skin-CS were able to promote a very fast amtessful regeneration of the artificial damage
(Figure 5 B). On the opposite, the natural repaicess did not showed new generated skin. The
natural process was comparable with the skin-C$ after 3 weeks (Figure 5 C); however, by
handling the skin for the excision after mice dam¥| it was possible to notice that the CS
implanted skin was more dense and thick. The rdiffees between the skin regeneration induced
by CS and natural process were very noticeable dapatoxylin/eosin (H/E) staining of the
collected tissues and by the neovascularizatioestigation by immunofluorescence (IF).

In Figure 6 are reported the H/E and IF analysithefl week sections.
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Figure 6 A-C. 1 week implants analysis. H/E analysis of the sléfect regions revealed that the skin-CS wag@ffe
in the regenerative process induction (A, starscatd the new formed tissue, arrows and lines #fead limits) that
was not yet started in the natural repair procB3s Kurthermore, in the skin-CS implants regionwrdood vessels
were noticed by staining with a-SMA (C, in red); vessels were visualized in the controls. Bar scz06um.

In Figure 6 A, the skin-CS implanted region is skdwThe arrows indicate the limit of the artificial
defect created by skin excision, while the stadicate the new-formed tissue. In the skin-CS
implant, the regeneration was clear. New tissuewsaslized all around the limits of the excision;
moreover, the new-formed tissue appeared as congwakttthick with no lack regions. On the
opposite (Figure 6 B), the control sections apparedevoid of tissue in the excision region. This
is a very important finding as suggest that thésdalyer composing the skin-CS was successfully
attached to the naive tissue undergoing and helpimgestoration process. Moreover, the elastin-
collagen complex matrix of the skin-CS lead tofttvenation of a thick and dense layer comparable

with the natural tissue. During the first 7 daysiraplantation, mice were daily checked and no
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movements limitation caused by the skin excisiomewaoticed; moreover, none of the mice
reported the skin-CS detachment during the tesbgheas confirmation of the optimal adhesion
property of the cells elastin-improved ECM. Anotlvaportant result is related to the presence of
blood vessels inside the excision region whereskie-CS were implanted (Figure 6 C); in fact,
neovascularization is a crucial step in the regeher process, as the vessels are the “tools” to
include the new-formed tissue into the natural ¢expart biochemical signaling. The lack of
vessels normally lead to the failure of the impla@bviously, in the control no vessels were
visualized as no tissues was present yet; thiswasaconfirmed by DAPI staining that evidenced
the excision region limits (Figure 6 C).

Results after 3 weeks of implant are reported gufg 7. After 21 days, the skin-CS implanted
regions resulted as completely repaired with nk Gdissue in the neo-formed part (Figure 7 B). at
this time-point, also the controls showed the preseof new-formed tissue in the excision regions.
Thus, also the natural repair process was effedtivihe skin regeneration. However, the H/E
staining revealed that the skin-CS region was camgoby a more dense and thick tissue,
comparable to the natural one. This is not a ssinidata because the regenerative process was
found to be effective since the first week, suggesthat the new-formed tissue was undergoing a
complete integration in the following two weeks.eThetter host-guest integration of the skin-CS
derived new-formed tissue was confirmed by the asowlarization analysis. The control showed
the presence of vessels confirming that the napmadess was effective undergoing after 3 weeks;
however, the number and complexity of vessels ndtwas superior for the skin-CS regions. This
represent a confirmation of the H/E results thatlléo suppose that the regenerative process was
induced by the presence of the skin-CS faster thamatural process; thus, even if after 3 weeks it
was possible to notice for both control and skinaO®8generation process, the skin-CS derived new
formed tissue was completing the integration preceghile the controls were still facing the
production of tissue and vessels.

In conclusion, the skin-CS regenerative potency i degree burn defect was confirmed. The
implant of skin-CS improved the natural abilitytbe naive tissue to repair the tissue damage. This
is the most important finding thinking of a possildliinical application. In fact, the appliance of
skin-CS could be moved in a patient self-procesgdiiecting a small biopsy from the gingival
tissue skipping the rejection process. The skineGdd be applied to the damaged tissue without
sutures; the regenerative potency of the skin-Gfddoelp the repair of the injured tissue and, more
important, supply to the loss of the regenerativecess in the damaged site such §sd@gree
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burns. Thus, even if more evidence are still nergd® validate the clinical use of the skin-CSs th

tool represent a very promising technique for sigsue engineering.

(A) (B)

Figure 7 A-C. 3 weeks implants analysis. After 21 days, thenadtskin regeneration process was observed (#s sta
indicate the new tissue and arrows the limit of éxeision); however, the skin-CS implants reporgéedew-formed
tissue more compact and thick (B) more similarite haive one. Furthermore, the skin-CS regions eticavmore
complete vessels network (C) than the controls.d8ale=200am.

skin-CS

(yuejdwi 1oye) syeem ¢

4.5. CONCLUSIONS.

In this fourth part of the Thesis, it was demortstiahe regenerative potency of the cell sheet (CS)
technology for skin repair. In vivo®3degree burn defects were successfully repairet vireek,
while after 3 weeks a dense and high-vascularimstié was formed. The skin-CS induced repair
was more effective and fast than the natural ohe.S was even improved by the introduction of
the elastin layer as scaffold for cells, showingvitbe CS technique represent a suitable tool for

further improvements in order to expand the useé®ffor the treatment of other tissues.
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