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General introduction

Alessandro Tocchio®?

Fondazione Filarete, Viale Ortles 22/4, 20139 Milano, ltaly; 2SEMM, European School of Molecular
Medicine, Campus IFOM-IEO, Via Adamello 16, 20139 Milano.

Background

The emerging field of tissue engineering is dedicated to restore, maintain
or improve the functions of damaged or lost human tissues [1]. Current
tissue engineering approaches include: i) the use of cells isolated from
the patient and then injected in a desired location of the body, ii) the use
of injected or implanted biomaterials and iii) their combination to create
in vitro functional tissues to be used as transplants or in vitro test
systems [2, 3]. In the latter, cells are firstly isolated from the patient and
subsequently expanded in-vitro. When the sufficient amount of cells is
reached, they are seeded and cultured on a biomimetic scaffold in a
controlled culture environment. Once the construct become mature, it is
implanted in the desired site of the patient’s body to complete the tissue
regeneration [4]. In this method the scaffold acts as a support for tissue
growth and maturation both in vitro and when implanted in vivo, degrading
as cells deposit their extracellular matrix [5]. However, despite significant
successes have been achieved with this approach over the last 20 years,
a number of challenges still remain, preventing a pervasive clinical

application of tissue engineering [6,7]. Among all the scientific issues,
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one of the main challenges is the development of biomaterials able both
to support and guide cell growth, providing the appropriate biochemical
and mechanical stimuli for the specific engineered tissue [8,9]. Another
key issue lays in the design of biomaterials with a complex three-
dimensional architecture [5] able to match the requirements of
hierarchical porosity and roughness, and which mimic the complexity of
the in vivo milieu. A particular aspect of this problem is to overcome the
mass transport limit by enabling the provision of sufficient nutrients to
the engineered tissue, during in vitro growth, and enhancing the formation
of blood vessels, after implantation [10]. In fact, any tissue that is more
than a few 100 microns thick needs a vascular system because every cell
requires to be close enough to capillaries to absorb the oxygen and vital
nutrients that diffuse constantly out of these tiny vessels [7]. When this
condition is not satisfied, cells quickly become irreparably damaged.
Nowadays, only skin, cartilage and bladder grafts are successfully used in
clinics [10-16] while cornea grafts are far ahead [17,18]. This is mainly
thanks to their lower requirement for nutrients and oxygen that can be
met by the host's vascularization. However, only few tissues can be
successfully supplied via diffusion from distant blood vessel systems
[19,20]. Indeed, this approach fails when applied to large and complex
tissues [4]. This is due to the fact that the formation of new blood
vessels is a slow phenomenon and the deficiency of nutrients supply
rapidly causes widespread cell death in graft cores [21]. At present,
diffusion limitation is reducing the size of the engineered tissues to
smaller than clinically relevant dimensions. For this reason, overcoming
the current inability to engineer tissue with controlled blood vessel
systems architecture, mimicking the branched vascular system of the
human body [22], is critical to create large and complex in vitro tissues

[23] and to transfer tissue engineered constructs to the clinic [4,24,25].
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Aim of study

In the light of this overview, it is evident that the main scientific challenge
in tissue engineering lays in satisfying cellular demands both in terms of
scaffolding materials, providing adequate biochemical and mechanical
stimuli, and also in terms of three-dimensional architecture, mimicking
the complex organization of natural cellular microenvironment. The aim of
this PhD work, merging the study of novel biomaterials and the
development of original micro and nanofabrication methods, is to create
enabling technologies towards the design of innovative scaffolds for thick

and complex tissues engineering.

Outline

In this work, customizable biocompatible hydrogels were combined with
innovative fabrication approaches to engineer scaffolds with controlled
chemical, mechanical and biological features and a hierarchical three-
dimensional architecture. The abilities of these scaffolds to supply
nutrient perfusion and mass transport, and to promote in vitro

vascularization in large constructs are evaluated and discussed in detail.

In Chapter 2 the design of novel RGD-mimetic poly(amidoamine) (PAA)
based hydrogels with wide and controlled degradation rate and improved
mechanical and biological properties for biomedical applications is
presented. The results presented in this study indicate that PAA
hydrogels are excellent biomaterials for the fabrication of tissue

engineering scaffolds.

In Chapter 3 PAA hydrogels were further investigated to design a novel

photopolymerizable matrix for three-dimensional cell encapsulation and
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microfluidic applications. The results support the use of PAA hydrogels as
tunable and inexpensive biomaterials for the creation of complex cell-

laden microengineered constructs.

In Chapter 4 PAA hydrogels were fabricated in to macro porous foams
with the aim to recreate the complex microarchitecture of natural
extracellular matrix. An extensive screening of the biological, chemical
and mechanical properties was performed. The results confirmed that
macroporous PAAs hydrogels are able to support and enhance three-
dimensional cell growth and can be considered an optimal scaffold for

soft tissue engineering.

In Chapter 5 the development of innovative fabrication approaches to
engineer scaffolds with a perfusable microfluidic network is presented
[28]. Branched microfluidic networks were embedded within hydrogel
matrices through an innovative method based on sacrificial templates.
Results demonstrated that perfused microfluidic networks are able to
sustain the cell viability of murine fibroblast in the core of PAA hydrogel
cell-laden constructs and, when seeded with endothelial cells, to form

branched endothelialized networks.

In Chapter 6, there is a general review of the results obtained in this

work.

The Appendix explores issues involved in technological transfer of
nanomedicine products [29]. A detailed analysis of market, competitors
and investors in the sector has been performed. This overview aims to
help scientists, startup mangers and investors to understand the key
dynamics and successful cases in the transfer of nanotechnology in

medicine.
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1. Introduction

Hydrogels are defined as three-dimensional networks of hydrophilic
polymers that are able to absorb up to hundreds of times its dry weight in
water, thus acquiring biomechanical properties similar to the extracellular
matrix (ECM) and allowing cells to adhere, proliferate and differentiate
onto their surface. Several classes of hydrogels are characterized by
excellent biocompatibility, minimal inflammatory reaction and tissue
damage, which make them attractive materials for tissue engineering and
regenerative medicine [1]. Hydrogels based on synthetic polymers, thanks
to their versatility and low costs compared with natural biomaterials, have

been successfully employed in a variety of biomedical applications,
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PAA-based hydrogels with tailored mech. properties and degr. rates for tissue eng.

ranging from ophthalmic and vascular prostheses to drug delivery and
soft-tissue replacement [2-4]. In particular, hydrogels based on poly(2-
hydroxyethylmethacrylate) (PHEMA) have shown to hold several
advantages over other synthetic polymers [5]. Indeed, they display
excellent biocompatibility in vivo and can be fabricated with different
architectures and mechanical properties similar to natural tissue [6-9].
Even though PHEMA homopolymers cannot be degraded enzymatically or
by acidic/alkaline solutions, copolymers containing HEMA were found to
be biodegradable [8]. Another promising class of synthetic polymers for
tissue engineering application are poly(amido-amine)s (PAAs) [10]. They
are obtained by Michael-type addition of bis-acrylamides to primary
amines and/or secondary diamines, under mild conditions. Different
bioactive molecules can be incorporated in the PAA's backbone by
covalent attachment during the synthetic process [11-13]. PAA-based
hydrogels show good biocompatibility and are extremely versatile, being
easily modifiable by introducing different comonomers that carry
additional chemical functions such as carboxylic acids, thiols and amino
groups [14-20]. Biological properties of synthetic materials can be further
improved through surface/bulk modification with bioactive functional
groups able to interact specifically with cell receptors [21,22]. For
example, cell adhesion has been improved by introducing the tripeptide
arginin-glycin-aspartic acid (RGD). The RGD motif is a structural element
of many adhesion proteins, such as fibronectin, laminin, and vitronectin,
which is specifically recognized by cell surface receptors, like integrins
[23,24]. However, despite their good biological properties and Ilow
immunological reaction risk, RGD-modified hydrogels require complex
synthetic procedure and high production costs [25]. To overcome these
hurdles, Tanahashi and coworkers modified the surface of poly(propylene

fumarate-co-ethylene glycol) hydrogels with 4-aminobutylguanidine (ABG)
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units. Interestingly, he demonstrated that the increased fibroblast cell
adhesion was related to the RGD-mimetic structure of the guanidine side
groups [26]. The introduction of ABG units in a cross-linked amphoteric
PAA hydrogel, as demonstrated by Ferruti and co-workers, resulted in an
increased fibroblast cell adhesion [15]. However, PAA hydrogels displayed
some drawbacks such as non controllable degradation rate, scarce
mechanical properties and high risk of ruptures during hydrogel washing
due to osmotic pressure [14-15, 27]. Since it has been demonstrated
that the ABG residue in PAA hydrogels maintains cell adhesion promoting
ability even when copolymerized with other monomers, we supposed that,
by introducing HEMA as acrylic comonomer in the three-dimensional
network, it would be possible to control degradation rate and enhance
mechanical properties without hampering the cell adhesion efficiency
[28]. Therefore, in order to develop reliable and effective supports for
tissue engineering, we tested a library of PAA-based hydrogels, obtained
by varying several synthetic parameters such as monomer ratio and
reaction time (Fig. 1A and 1B). With the aim to improve mechanical
properties and to control the degradation rate of PAAs hydrogels, PHEMA
was grafted to PAA chains by free-radical polymerization. The obtained
PAA-based hydrogels showed finely controllable degradation rate, high
compressive strength, allowed a fast washing process and promoted cell

adhesion and proliferation with MDCK cells.

2. Materials and Methods
2.1 Materials

4-aminobutylguanidine sulfate (ABG), ammonium persulfate (APS), 2-
hydroxyethylmethacrylate (HEMA), 2-hydroxy-4-(2-hydroxyethoxy)-2-
methylpropiophenone (HMP), lithium hydroxide monohydrate (LiOH),
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hydrochloric acid (HCI), N,N-ethylendiamine (EDA), trichlorododecylsilane
(TCS), and tetramethylethylenediamine (TEMED), potassium chloride
(KCl), sodium chloride (NaCl), sodium phosphate dibasic (Na2HPO4),
potassium phosphate monobasic (KH,PO,) were purchased from Sigma-
Aldrich at the highest degree of purity available and used as received.
Milli-Q grade water was used in all the experiments. The PBS buffer used
in the experiments contained 2.69 mM KCI, 136.89 mM NaCl, 3.21 mM
Na,HPO,, 1.47 mM KH,PO,. All solvents were purchased from Sigma
Aldrich and used without further purifications. Finally, 2,2-
bis(acrylamido)acetic acid (BAC) was prepared as previously reported and
its purity (99.9%) determined both by acid-base titration and by NMR
spectroscopy [29]. The reference PAA hydrogel was prepared according to

literature (see “Preparation procedure for AGMA1-75 hydrogel”) [17].

2.2 Glass slide silanization and mold fabrication

Glass slides were silanized for fabricating cylindrical molds. Briefly, glass
slides were washed with acetone, activated by plasma oxygen (70 W, 70
s) and immersed in a TCS solution (5% v/v in petroleum ether) for 10
minutes. Afterwards, glass slides were washed in succession with
petroleum ether and ethanol, dried with gentle air flow and stored at room
temperature (RT). Two types of mold were then prepared by interposing
between two silanized glass slides a preformed silicone spacer of 0.3 or

1 mm thickness and 5 or 20 mm of internal diameter, respectively.

2.3 Synthesis of PAA (PAA-based hydrogels) and PAH (PAA-HEMA-based

hydrogels) series

In a 50 mL round-bottom flask, BAC (1 eq), water, lithium hydroxide (1.2
eq) and ABG (specific amounts are reported in Table 1) are added in this

order so as to obtain a BAC concentration of 3 mM. After 24 hours
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stirring, 0.12 meq of APS (aqueous solution, 0.11 mM) was added in
presence or absence of HEMA, to achieve PAH and PAA series,
respectively. The resulting mixture was injected into the cylindrical mold,
and allowed to react at RT for 24 hours. Then the hydrogels were
recovered from the mold and washed (see "Hydrogel washing procedure™

paragraph).

2.4 Synthesis of OPAA (PAA Oligomers-based hydrogels) and OPAH (PAA
Oligomers-HEMA-based hydrogels) series

The mixture consisting of BAC, LiOH and ABG was prepared with the
same procedure followed for PAA and PAH series (specific amounts are
reported in Table 2), stirred for 72 h at RT, then diluted 1:50 with bi-
distilled water and neutralized with 1.0 M hydrochloric acid.
Subsequently, the solution was purified from unreacted BAC by
ultrafiltration using a 1000 Da cut-off membrane until no sodium chloride
was present in the eluates and subsequently freeze-dried (Telstar Cryodos
50). The purified PAA oligomers (yield, 70%) were dissolved in PBS buffer
to obtain a 42% w/w oligomer concentration. The photoinitiator HMP
(50% w/v in DMSO) was added to the oligomers solution to a final
concentration of 0.5% (w/w) with or without HEMA, to achieve OPAH and
OPAA series, respectively. The reacting mixture was stirred for 1 minute,
injected in the glass mold and photopolymerized by exposure to long-
wavelength UV light (365 nm, 10 mW/cm?) for 7 min. Then the hydrogels
were recovered from the mold and treated with the same procedure
followed for PAA and PAH series. The oligomers' average molecular

weight is shown in Table 2.
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ABG?® HEMA? Reaction Swelling
[mmol] [mmol] time® ratio (%)
PAA 3a 0.25 - 3h 150%
PAA 3b 0.5 - 3h 170%
PAA 3c 0.9 - 3h 195%
PAA 24a 0.25 - 24h 210%
PAA 24b 0.5 - 24h 250%
PAA 24c 0.9 - 24h 263%
PAA 72a 0.25 - 72h 290%
PAA 72b 0.5 - 72h 340%
PAA 72¢c 0.9 - 72h 351%
PAH I13a 0.25 0.125 3h 148%
PAH I13b 0.5 0.15 3h 214%
PAH 13c 0.9 0.19 3h 227%
PAH 124a 0.25 0.125 24h 176%
PAH 124b 0.5 0.15 24h 256%
PAH 124c¢ 0.9 0.19 24h 233%
PAH I72a 0.25 0.125 72h 190%
PAH 172b 0.5 0.15 72h 281%
PAH 172¢ 0.9 0.19 72h 257%
PAH m3a 0.25 0.313 3h 141%
PAH m3b 0.5 0.375 3h 155%
PAH m3c 0.9 0.475 3h 168%
PAH m24a 0.25 0.313 24h 164%
PAH m24b 0.5 0.375 24h 175%
PAH m24c 0.9 0.475 24h 179%
PAH m72a 0.25 0.313 72h 175%
PAH m72b 0.5 0.375 72h 182%
PAH m72c 0.9 0.475 72h 186%
PAH h3a 0.25 0.625 3h 124%
PAH h3b 0.5 0.75 3h 131%
PAH h3c 0.9 0.949 3h 143%
PAH h24a 0.25 0.625 24h 136%
PAH h24b 0.5 0.75 24h 146%
PAH h24c 0.9 0.949 24h 143%
PAH h72a 0.25 0.625 72h 149%
PAH h72b 0.5 0.75 72h 146%
PAH h72c 0.9 0.949 72h 166%

Table 1. Monomer molar amount, reaction specifications and swelling data related to PAA
and PAH hydrogel series. ®Starting reagent molar amounts related to 1 mmol of BAC.
PReaction time of the Michael-type addition reaction.
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ABG*® HEMA?® Oligomer® Swelling at

[mmol] [mmol] Mw/Mn 72h (%)
OPAA 1 0.515 - 1100/1000 235%
OPAA 2 0.724 - 2100/1900 290%
OPAA 4 0.852 - 4300/4100 363%
OPAA 8 0.923 - 8700/8200 416%
OPAH 11 0.515 0.242 1100/1000 219%
OPAH 12 0.724 0.276 2100/1900 275%
OPAH 14 0.852 0.296 4300/4100 338%
OPAH 18 0.923 0.308 8700/8200 378%
OPAH m2 0.724 0.552 1100/1000 240%
OPAH m4 0.852 0.593 4300/4100 325%
OPAH m8 0.923 0.615 8700/8200 343%
OPAH h2 0.724 0.845 1100/1000 205%
OPAH h4 0.852 0.907 4300/4100 279%
OPAH h8 0.923 0.942 8700/8200 330%

Table 2. Monomer molar amounts, reaction specifications, GPC and swelling data of OPAA
and OPAH series. ®Starting reagent molar amounts related to 1 mmol of BAC. °Purification
has been carried out by ultrafiltration on 1000 Da cut-off membrane and subsequent
freeze-drying.

2.5 Washing procedure of hydrogel slabs

In order to remove unreacted monomers and other impurities, hydrogel
slabs were immersed in a water/ethanol solution under gentle stirring on
an orbital shaker. The volume ratio of hydrogel to washing solution was
1:100. The washing solutions were different as a function of the hydrogel
slabs to be purified. Reference PAA hydrogel: washing solutions were
replaced after at least 3 hours using in sequence the following solutions:
water/ethanol 6/4, 4/6, 3/7, 2/8, 1/9, ethanol 99% (twice),
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water/ethanol 1/9, 2/8, 3/7, 4/6, 6/4, 7/3, 8/2, 9/1, bidistilled water
(4 times). PAA series; washing solutions were replaced after at least 60
minutes using the same sequence of solutions indicated for the
reference PAA hydrogel. PAH, OPAA and OPAH series; washing solutions
were replaced after at least 60 minutes in the following order:
water/ethanol 50/50, 25/75, ethanol 99% (twice), water/ethanol 25/75,
50/50, 75/25, bidistilled water (4 times). The wastewater resulting from
the washing process was freeze-dried and the impurities recovered were
analyzed by 'H-NMR until no impurities were detected. The
characterization of purified hydrogel slabs was performed within 24 hours

after the last washing cycle.

2.6 Chemical characterization

Size exclusion chromatography (SEC) traces of PAA-based polymers were
obtained with Toso-Haas 486 columns using 0.1 M Tris buffer pH
8.001+0.05 as a mobile phase, with a UV detector operating at 230 nm.
Sample concentration: 10 mg/ml; flow rate: 1 mil/min. The molecular
weight determination was based on pullulan standards. Proton nuclear
magnetic resonance (*H-NMR) spectra were run on a Bruker Advance 400
spectrometer operating at 400.132 MHz. Sample concentration: 30 mg
of oligomer per mL of deuterium oxide (Sigma-Aldrich). *H-NMR spectra
are given in the Supporting Information section. Fourier-transform infrared
spectroscopy (FTIR) spectra of dry hydrogel samples were measured
using a Jasco FTIR 300 spectrophotometer. Sample preparation:
hydrogels disks of 0.3 mm height and 5 mm diameter were dried for 5
days under vacuum (10 mBar) and subsequently analyzed through an

ATR-FTIR accessory with a Zn-Se crystal.
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2.7 Mechanical characterization

The compressive strength was measured by using a testing machine
equipped with a 100 N load cell (BR EMT503 A, MP Strumenti, Italy). The
hydrogels were prepared by injection molding into 15 mm diameter, 15
mm height cylinders. Axial load was applied with a crosshead constant
speed of 1 mm min-1 up to rupture. Six specimens of each sample were

tested at 20 °C and 60% relative humidity.

2.8 Equilibrium swelling measurements

Hydrogels cylindrical slabs, having 0.5 cm diameter and 0.3 mm
thickness, were previously dried at 20 °C and 0.1 Torr. Their weight was
40 mg = 2 mg. Each specimen was placed inside a 10 mL tube
containing 5 mL PBS (pH 7.0), incubated at 37 °C and weighed at regular
intervals. The uptake of water was measured gravimetrically until the
maximum mass was obtained. The percent amount of water absorbed

was calculated using the following formula:
Swelling (%) = W,/ W, x 100, (1)

where W, is the hydrogel sample’s weight at time t and W, is the weight of

the dry sample at time zero.

2.9 Degradation study

Hydrogels cylindrical slabs having 0.5 cm diameter and 0.3 mm
thickness, were placed inside a 10 mL test tube containing 5 mL PBS (pH
7.0) and incubated at 37 °C. At fixed time points they were freeze-dried

and weighed. The percent degradation was calculated using the following:
Degradation (%) = W,/ W, x 100, (2)

where W; is the dry weight at time t, W, is described before.
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2.10 Cell Culture

Madin-Darby Canine Kidney (MDCK) epithelial cells (NBL-2; ATCC) were
maintained in Minimum Essential Medium with Earle’s balanced Salts
(MEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, 100 units ml? penicillin, 100 pg ml-1 streptomycin, 1 mM
pyruvic acid (sodium salt) in 5% CO02, 98% air-humidified incubator
(Galaxy S, RS Biotech) at 37°C. Subcultures were routinely established
every 48-72 h day.

2.11 2-D cell culture on hydrogel disks

MDCK (1.25 x 104 cells cm?) cells were seeded into 12 well plates
containing UV-sterilized hydrogel discs (2 cm diameter and 1 mm
thickness) containing dishes (12-24 wells) and were cultured for 24-48h
monitoring their growth with an inverted microscope (Axiovert 40 CFL;

Zeiss, Germany). Digital images were collected with an AxioCam ICm1.

2.12 Cell attachment/spreading assay

After 24 h, cells on discs were washed with PBS, fixed with 3%
paraformaldehyde (15 minutes, RT), washed again and stained with
BisBenzimide H 33258 (Hoechst) 5 pg/ml. Then, fluorescent nuclei
digital images were collected (8 fields for disc, 10X) and their number

was measured by Image) software.

2.13 Immunofluorescence staining

Experiments were performed after 48 hours from cell plating. Samples
were fixed and immunostained for F-actin (the actin polymer form),

vinculin (a membrane-cytoskeletal protein in focal adhesion plaques) and
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nucleus. For cell staining we used the following: Monoclonal Anti-Vinculin
primary antibody (clone hVIN-1), Alexa Fluor® 488 goat anti-mouse
IgG1(yl) secondary antibody (Invitrogen), Alexa Fluor® 555 phalloidin
(Invitrogen) and nuclei were counterstained with DAPI (4’-6-Diamidino-2-
phenylindole). Briefly, at room temperature cells were rinsed twice with
PBS and fixed with 4% paraformaldehyde in PBS for 15 min; after
washing, cells were treated with a permeabilization buffer containing
0.2% BSA (Albumin from Bovine Serum, Fraction V, Biochemical) and
0.1% Triton X-100 for 10 min, blocked with 2% BSA, stained with anti-
vinculin, washed with 2% BSA, stained with Alex488-anti-mouse
secondary antibody and Alexa555-phalloidin in 2% BSA for 45 min,
washed twice in PBS and stained with DAPI. Samples were rinsed twice

with PBS and mounted with Mowiol 4-88 (Calbiochem).

2.14 Cytotoxicity assay

MDCK (1.25 x 104 cells cm?) cells were seeded into dishes adding PBS
recovered from hydrogels degradation test after 16 weeks and incubated
at 37°C in 5% CO2 and 98% air-humidified for 48 h. Then a MTT
colorimetric assay (Roche) for measuring enzymes activity was performed
(see company data sheet for details). Formazane product absorbance

(550 nm) was measured (Tecan sunrise).

2.15 Statistical Analysis

Each hydrogel type was tested at least 5 times with similar results. All
data are expressed as 100*sample arithmetic mean/control arithmetic
mean = S.E.M.. Significance of differences was determined using

Student’s t-test (p<0.05).
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3. Results

3.1 Hydrogel synthesis

In this work, four different series of amphoteric PAA hydrogels containing
ABG as RGD-mimetic unit were prepared by a two-step synthesis. At first,
a Michael-type addition was carried out in presence of ABG and an
excess of BAC, to achieve diacrylamide-terminated homobifunctional PAA
oligomers [30]. In the second step, the reaction mixture containing the
PAA oligomers and unreacted BAC was polymerized by free-radical
polymerization in presence or absence of HEMA, to obtain PAH (PAA-
HEMA-based hydrogels) and PAA (PAA based hydrogels) series,
respectively. Alternatively, PAA oligomers were purified from unreacted
BAC by ultrafiltration, and then UV-induced photopolymerization was run
either with or without HEMA, thus obtaining OPAH (PAA Oligomers-HEMA-
based hydrogels) and OPAA (PAA Oligomers-based hydrogels) series (Fig.
1A).

The ratio of acrylic to PAA chains ratio was correlated to water uptake,
degradation rate in physiological conditions, compressive strength and
biological response with MDCK cells. Moreover, to assess the role of
acrylic chains in the above-mentioned physico-chemical and biological
properties of the synthesized hydrogels, a PAA hydrogel without acrylic
chains was prepared according to the literature method and used as

reference [17].

In order to study the effect of the PAA chains length in the hydrogel,
diacrylamide-terminated homobifunctional PAA oligomers of controlled
molecular weight ranging from 1000 to 8000 Da were synthesized by
varying the amount of BAC added into the reaction mixture. The chemical

structure of the synthesized oligomers was verified by *H-NMR
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spectroscopy and FT-IR. The data related to monomers ratios, reaction
time, GPC data and the equilibrium swelling of the PAA-based hydrogels
obtained in the presence or absence of unreacted BAC are shown in

Table 1 and 2, respectively.

In all preparations, the relative amounts of the monomers were adjusted
in order to balance the total numbers of aminic hydrogens and the
acrylamido functions. The main factors affecting the average molecular
weight of the final oligomers are the reaction time and the ratio of the
total numbers of aminic hydrogens with the acrylamido functions. The
average molecular weight of the starting PAA oligomers is inversely

proportional to the hydrogel's cross-linking degree [10].

The hydrogels' optical transparency was qualitatively evaluated to assess
their suitability for in vitro experiments. The transparency was found
higher by increasing the reaction time of the Michael-type addition step,
the ABG/BAC ratio and the concentration of HEMA (Fig. 2). FT-IR analyses
of dry hydrogels confirmed that the polymer composition was consistent

with their ratio in the starting reagent mixture (data not shown).

A critical point in hydrogel preparation is the purification from unreacted
monomers or other impurities. Usually, this step requires large amounts
of water and time-consuming procedures, which can take more than 10
days. However, such an extensive extractions can cause hydrogels
ruptures due to internal mechanical stress caused by swelling. In this
study, the hydrogels synthesized showed an improved resistance to
osmotic shock, allowing a fast washing process ranging from 2 (PAH,
OPAA and OPAH series) to 3 working days (PAA series).
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Figure 1. (a) Synthetic scheme of PAA, OPAA, PAH and OPAH hydrogel series [30]; (b)
chemical structure of the synthesized hydrogels.
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OPAH h2

Figure 2. Comparison of the optical transparency of selected hydrogels as a function of
the following parameters, increasing from left to right: (a) Michaeltype addition reaction
time, (PAA 3a, PAA 24a and PAA72a); (b) ABG/BAC molar ratio, (PAA 72a, PAA 72b and
PAA 72c); (c) concentration of HEMA, (OPAA 2, OPAH 12 and OPAH h2).

3.2 Hydrogel characterization

The equilibrium swelling ratio was systematically examined as a function
of the starting reagents composition (Table 1 and 2). As expected, the
PAA and PAH hydrogels displayed a lower swelling ratio compared to
OPAA and OPAH because of the higher degree of cross-linking. Further,
the presence of HEMA generally decreased the swelling ratio, which could
be due to the lower hydrophilicity of PHEMA compared to PAA chain. In
confirmation of this, it was noted that PAH and OPAH series showed

higher swelling ratio in ethanol, compared to PAA and OPAA series [31].

A major hurdle in the development of PAA hydrogels for tissue engineering
is their brittleness when external forces are applied, especially during
washing and handling steps [15,32]. The hydrogels synthesized in this
study showed improved compressive strength, thanks to the presence of

cross-linked acrylic chains within the three dimensional PAA polymeric
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network. To assess the mechanical properties of the synthesized
hydrogels compressive strength measurements were performed on
selected samples representing the four developed hydrogels series and
the reference PAA hydrogel lacking acrylic chains. As shown in Fig. 3, the
compressive strength was clearly enhanced in all the PAA-based
hydrogels compared to reference PAA hydrogel. The difference between
PAA/PAH series and the OPAA/OPAH series is due to the different cross-
linking density, since in the latter case the excess of unreacted
bisacrylamide was removed by ultrafiltration, thus decreasing the number
of bifunctional monomers in the reacting mixture and thus the degree of
cross-linking. The inclusion of HEMA does not affect the rupture strain,
whereas plays a key role in the compression strength, being negative for
the PAH and positive for OPAH hydrogels. This is likely due to the fact
that the mechanical behavior of the HEMA containing PAA hydrogels tend
to approach those of pure PHEMA hydrogels [33].
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Figure 3. Representative stress-strain curves of PAA 24a (a), PAH h24a (b), reference PAA
hydrogel (c), OPAH h2 (d) and OPAA 2 (e). In the inset table, mean values of stress and
strain at rupture point are presented + standard deviation on six samples.
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3.3 Degradation rate

The degradation rate was found to increase with the starting PAA
oligomers' average molecular weight as expected due to PAAs’
degradation mechanism involving hydrolytic cleavage of the amidic bond
[10]. Moreover, the time required for a complete degradation was higher
if compared to the reference PAA hydrogel lacking acrylic chains [15]. The
PAA and PAH hydrogels displayed a lower degradation rate compared with
OPAA and OPAH hydrogels (Fig. 4) because of their higher crosslinking
density and the fact that the amides of the Michael-type adduct are more
easily hydrolysable than those of the bisacrylamide itself. Interestingly,
the degradation rate of OPAA and OPAH was high at the beginning (25-
37% of the hydrogel dry weight lost in the first 20 days) and moderate in

the following weeks, resulting in the range of 49-82% after six months.

100

=4A= PAA 24a
=&l= PAA 72a
80 ——PAA 24c
_ -8+ PAA 72¢
if 60 —8—PAH h72a
=) =+= PAH m72b
g —=—PAH I72c
2 a0 ce— OPAA 1
-2- OPAA4
20 ={=OPAH 12
——OPAH 14
0 | —8—OPAH h2
0 50 100 150 200

Time (days)

Figure 4. Degradation behavior over time of selected synthesized hydrogels representing
PAA, PAH, OPAA and OPAH series (lines are added for clarity). Experimental data are
presented as mean * standard deviation.
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On the contrary, the PAA and PAH showed a slower and more linear
degradation rate, leading to loss of dry weight in the range 5% - 50% after
six months. The presence of HEMA monomer units in the PAA polymeric
network reduced the hydrogel degradation rate, which is consistent with
the lower swelling degree of PAH/OPAH towards PAA/OPAA. Indeed the
lower was the quantity of water absorbed by the macromolecular network

the lower the degradation rate.

3.4 Biological behavior

To assess the adhesion and proliferation efficiency of the PAA-based
hydrogels, Madin-Darby Canine Kidney (MDCK) cells were chosen as a
model epithelial cell line. The hydrogels were seeded at a cell density of
10,000 cells cm? and observed for 96 hours, when generally confluence
was reached. As shown in Fig. 5 and 6, all the tested hydrogels were
shown to promote cell adhesion. Moreover, no toxic substances were
released in the environment during cell culture, as a high number of
viable cells was found adherent to the Tissue Culture Polystyrene (TCPS)
well bottom. After 2 hours, cells on both the hydrogels and control glass
appear to be mainly round and pearly. After 4 hours a substantial amount
of cells on samples PAA 24b, PAH m24a, OPAA 1, OPAH 12 and control
glass started to show a polygonal-like morphology typical of the
phenotype of adherent MDCK cells. On the same hydrogels, at 24 and 48
hours after seeding, cells start to form a monolayer, which was already
complete, whereas on the control glass it needed 72 hours to reach
confluence. On all the remaining hydrogels confluence was reached after
72 to 96 hours. MDCK cells grown on the reference PAA hydrogel without
acrylic chain exhibited modest adhesion and a proliferation comparable

with the glass control (data not shown).
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Figure 5. Cell proliferation at 48h after cell seeding of the PAA and PAH hydrogels series
compared with glass control. In the table on the left side, "H" is the molar percentage of
HEMA over the sum of BAC and ABG in the polymerizing mixture; "t" is referred to the
reaction time of the Michael-type addition step; "r" is the ABG/BAC molar ratio. Horizontal
bars are referred to the corresponding hydrogel in the table and represent the proliferation
efficiency. The symbol “% " represents statistical significance by students T-test (p<0.05),
comparing each sample against control. Optical images of the hydrogels with the highest
proliferation at 48h are shown on the right side (scale bar, 150 um).
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Interestingly, the introduction of HEMA moieties seemed not to hamper
the adhesion properties of PAA hydrogels. In particular, PAH hydrogels
with r = 0.25 showed higher cell adhesion and proliferation compared to
the sample with r = 0.5 and 0.9 for all the reaction time tested. Among
all the tested hydrogels, PAA 24b displayed the highest proliferation; the
hydrogels obtained after 48 and 72 h reaction time appear to perform
generally better than those synthesized after 24 h reaction time. This
could be related to the surface chemistry, whose changes depend on

starting monomer ratio and the Michael-type addition reaction time [10].

Cell proliferation (%)
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Figure 6. Cell proliferation efficiency at 48h after cell seeding of the OPAA and OPAH
hydrogels series compared with glass control. In the table on the left side, "H" is the
molar percentage of HEMA over the sum of BAC and ABG in the polymerizing mixture; "r"
is the ABG/BAC molar ratio. Horizontal bars are referred to the corresponding hydrogel in
the table and represent the proliferation efficiency as measured by MTT assay. The
symbol “%” represents statistical significance by students T-test (p<0.05), comparing

each sample against control. Optical images of the hydrogels with the highest proliferation
at 48h are shown on the right side (scale bar, 150 ym).

On average, the OPAA and OPAH hydrogels showed a higher proliferation
than the PAA and PAH hydrogels. The inclusion of HEMA chains into the
OPAH hydrogels slightly improved the cellular adhesion and proliferation,
with the exception of OPAH 11, showing lower proliferation than OPAA 1,
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probably due to unfavorable effects of stiffness and surface chemistry
(Fig. 6). The results obtained for OPAA and OPAH showed that the lower
the starting oligomer's molecular weight, the higher was the cell
proliferation. However, the cellular morphology seems to be somewhat
rounded (Fig. 7). Finally, the cytotoxicity of the degradation products was
measured by MTT assay. The MDCK cells were mixed with solutions
retrieved from degradation tests after 16 weeks, and no evident toxicity

of the degradation products was observed.

Figure 7. Adhesion complexes and actin organization of adherent MDCK cells after 48h
from seeding on glass (a), PAA 24b (b), PAH [24a (c), OPAA 1 (d) OPAH 12 (e). Vinculin
(green), actin (red) and nucleus (blue) fluorescent staining (scale bar, 50 ym).

4. Discussion

Here, a thorough investigation on the mechanical and biological
properties of PAA-based hydrogel has been performed to design tailorable
scaffolds for tissue engineering. Four different series of hydrogels were
synthesized by varying the following parameters: reaction time of the
Michael-type addition, ABG/BAC molar ratio and, only for PAH and OPAH
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series, HEMA/(BAC+ABG) molar ratio. We investigated the effect of these
experimental parameters on several hydrogel properties, including
swelling degree, transparency, compressive strength, degradation rate,
as well as cellular adhesion and proliferation. Based on the current
knowledge on PAAs, both the ABG/BAC ratio and the Michael-type
addition reaction time affect the average molecular weight of the PAA
oligomers [10]. These oligomers were further reacted by radical
polymerization to achieve hydrogels. The PAA oligomers' average
molecular weight affected in turn surface chemistry and mesh size of the
resulting hydrogels. The HEMA concentration in the polymerizing mixture
was found to influence different features such as hydrophilicity,
transparency and mechanical properties. The UV-induced
photopolymerization was found to be successful in the preparation of
OPAA and OPAH series, whereas PAA and PAH were obtained by redox-
initiated polymerization. The photo-induction was ineffective for the latters
probably because of the lower transparency of the starting liquid mixture.
The synthesized hydrogels showed generally high versatility and excellent
resistance to mechanical stress during washing steps, resulting in a
faster washing process compared to reference PAA hydrogel. However,
the hydrogel transparency was inversely proportional to the (HEMA +
unreacted BAC)/PAA oligomers weight ratio before the radical
polymerization step. This can be addressed to the phase separation
following the appearance of acrylic chains in the polymerizing mixture
[34]. We carried out a characterization of the mechanical properties by
compressive strength measurement of selected samples representing the
four studied hydrogel series in comparison with the reference PAA
hydrogel. Thanks to the inherent mechanical properties of the acrylic
chains within the polymer network, PAA-based hydrogels showed

enhanced compressive strength and deformation capacity compared with
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the reference PAA hydrogel. In particular, PAA and PAH hydrogels showed
higher rupture load, whereas OPAA and OPAH displayed a much higher
rupture strain compared to the reference PAA hydrogel, that is
addressable to cross-linking density, which is, respectively, higher in the
former and lower in the latter [35]. The equilibrium swelling degree was
found inversely proportional to the HEMA/(BAC+ABG) ratio, due to the
lower hydrophilicity of PHEMA chains. To assess the correlation between
the acrylic-PAA chain balance and the degradability of the hydrogel,
degradation tests of selected hydrogels representing the four studied
series were carried out in physiologic environment at 37 °C. The
degradation rate was found to be linearly dependent on the ratio of acrylic
to PAA chains. Indeed, the higher the number of acrylic (i.e., non
degradable) chains, the lower was the degradation rate. Accordingly, PAA
and PAH hydrogels were characterized by lower degradation rate
compared to OPAA and OPAH hydrogels. The mechanical and degradation
tests demonstrated that it is possible to achieve a fine control of both
compressive strength and degradation rate by varying the amount of BAC
reacted in the radical polymerization. According to these results, the
synthesized PAA-based hydrogels can match the requirements of different
in vitro and in vivo applications, such us cell culture substrate, 3D matrix
for tissue engineering and controlled drug release. Finally, extensive in
vitro adhesion and proliferation tests with MDCK cells were carried out to
correlate the biological properties with the investigated physico-chemical
parameters. In particular cell proliferation onto the PAA-based hydrogels
was up to 208% compared to glass control. By comparing the
proliferation efficiency with the theoretical r ratio, it was evident that
hydrogels with lower ABG/BAC ratio, showed better biological properties.
This cellular response could be mainly due to the surface chemistry

variation, with the contribution of stiffness variation. In fact, hydrogels
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with higher cross-linking degree, which, at fixed ABG/BAC ratio, is higher
for lower Michael-type addition reaction time, showed a poorer cellular
proliferation. Interestingly, the presence of increasing concentration of
HEMA did not result in decreased cell adhesion, despite the anti-fouling
properties of PHEMA toward proteins, that could hinder the formation of
an adequate protein substrate for cell adhesion [36]. This outcome
enables the variation of HEMA concentration in PAA hydrogels to adjust
transparency and mechanical properties, without hampering the optimal

performances as substrate for cell culture.

Compressive Transparency Degradation Swelling MD(?K )
Strength rate degree Proliferation
PAA/PAH
-1 (ABG/BAC ratio) ¥ ) ) ) v
- reaction time 7 ) ) A X
- HEMA/ (BAC+ABG) ratio v p» v v X
OPAA/OPAH
-1 (ABG/BAC ratio) v ) A A
- HEMA/(BAC+ABG) ratio ) ) v v X

Table 3. Final assumptions on the observed correlations between the reaction parameters
and the studied physico-chemical and biological properties. The symbol "A" indicates
direct proportionality; the symbol "¥" indicates inverse proportionality; the symbol "x"
indicates that no linear relation could be determined between the variables.

The morphology after 48 hours of cells cultured on PAA and PAH
hydrogels was similar to the control, whereas cells cultured on OPAA and
OPAH were smaller and round shaped despite showing high proliferation.
This could be explained by considering the difference in substrate
stiffness between OPAA/OPAH and PAA/PAH hydrogels, that affects the
cells spreading to the hydrogel's surface [37]. The complex inter-relation

of monomers' ratios and reaction time with mechanical properties,
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transparency, degradation rate, swelling degree and cellular proliferation

are shown in Table 3.

5. Conclusions

The aim of the present study was to investigate the correlation of
selected synthetic parameters such as monomer ratio, Michael-type
addition reaction time and presence of various amounts of HEMA, to the
physico-chemical and biological properties of the PAA-based hydrogels in
order to develop a versatile platform for tissue engineering. Four series of
innovative, biodegradable and biomimetic hydrogels based on
poly(amidoamine)s with tailorable mechanical properties and degradation
rate were successfully designed, synthesized and characterized. The
introduction, through free-radical polymerization, of acrylic chains in the
PAA macromolecular network improved cell adhesion and allowed the
control of their mechanical properties and degradation rate. Even though
the presence of PHEMA chains (up to 30%mol) in the PAA
macromolecular network did not influence the adhesion and proliferation
ability of the hydrogels, it was found to affect the swelling degree, the
degradation rate and the mechanical properties, as well as to improve the
transparency. Tailoring the swelling behavior may be useful for the
application of PAA-based hydrogels as sensors or in microfluidics. Thanks
to their mechanical properties, the PAA and PAH hydrogels seemed more
suitable for in vitro culture and research purposes, whereas the OPAA and
OPAH hydrogels would be more useful for in vivo applications as well as
for cell encapsulation and hydrogel 3D printing applications, due to the
mild conditions of the photopolymerization process and the higher
degradation rate. Our results show that this class of hydrogels represents
a very promising platform for the development of biomaterials and

technologies for Tissue Engineering applications.
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1. Introduction

In recent years three-dimensional (3D) cell culture is receiving increased
attention as a tool for in vitro biological experimentation [1]. In fact,
researchers come to appreciate the different biological response between
cells cultured in monolayer and 3D cell culture, more consistent to the
environment in which cells physiologically operate [2,3]. In particular, as
the complex relationships between cells and the extracellular matrix
(ECM) in vivo plays a critical role in controlling their behavior and
functioning [4], great efforts have been made to design synthetic ECMs,
able to mimic the properties of the natural 3D cellular milieu, ensuring
that cells cultured in vitro behave similarly to their counterparts in vivo
[5]. The potential of 3D cell culture approach to create in vitro models, for
toxicity/drug screening and disease or cellular studies [6,7], has
encouraged the development of materials with controllable biological,
chemical and mechanical properties [8,9], that are also able to
recapitulate natural ECM microstructures, with the ultimate goal of

achieving a precise control over cellular and tissue functions [5,10-13].
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To this aim hydrogels have emerged as desirable biomaterial systems for
guiding 3D cell behavior to specific functions [14]. Hydrogels offer
numerous advantages such as high water content and biocompatibility.
Naturally derived molecules were commonly used to create cell-laden
hydrogels owing to their intrinsic bioactivity, biocompatibility, and
biodegradability. In particular, cell-laden hydrogels have been created
from a wide variety of native ECM molecules, including collagen [15],
fibrin [16] [17], hyaluronic acid [18,19], Matrigel [20,21], and gelatin
[22]. These biomolecules naturally contain cell-signaling attributes that
enable high cellular viability and proliferation. Nevertheless, the same
cues that allow cells to prosper in these materials are so abundant that
become challenging to precisely control and assess their effects on
cellular behavior. In addition, batch-to-batch variability generates
hydrogels whose physico-chemical properties are difficult to reproduce
and engineer [5]. This results in modest mechanical properties and in the
inability to control their microarchitecture, limiting their use in the
creation of durable cellular constructs. On the other hand, synthetic
polymer-based hydrogels, in which the chemical and biophysical
properties of the cell microenvironment can be easily tuned [8, 9, 12-14],
are becoming increasingly attractive as 3D culture platforms.
Poly(ethylene glycol) (PEG) is considered the gold standard for synthetic
hydrogels thanks to its high hydrophilicity and its inert network resistant
to protein adsorption [4,11]. However, the lack of cell-responsive features
resulted in its inability to promote cellular proliferation and mobility,
crucial for the creation of 3D organized cellular constructs. Modifications
with binding motif Arg-Gly-Asp (RGD) [23-25], or physical mixing with ECM
components [19], have been presented to increase cell adhesion and
proliferation. PEG hydrogels, containing both cell binding RGD motifs and

matrix metalloproteinase (MMP)-sensitive degradation regions [26-33],
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have been shown to promote cell elongation, migration and
interconnection in vitro with different cell lines. Their main drawback lies
in the use of peptide sequences, which contribute to increase the cost
and complexity of the synthesis and may weaken their micropatterning
ability in comparison to unmodified photopolymerizable materials [22].
For these reasons, the use of PEG hydrogels is still limited to the creation

of microscale in vitro tissue.

Another promising class of synthetic polymers for cell culture applications
are poly(amidoamine)s (PAAs) [34]. They are obtained by Michael-type
addition of bis-acrylamides to primary amines and/or secondary
diamines, under mild conditions. Different bioactive molecules can be
incorporated in the PAA's backbone by covalent attachment during the
synthetic process [35-37]. PAA-based hydrogels show good
biocompatibility and are extremely versatile, being easily modifiable by
introducing different comonomers that carry additional chemical functions
such as carboxylic acids, thiols and amino groups [38-43]. In order to
improve cell adhesion properties of PAA hydrogels, Ferruti and co-workers
developed an RGD-mimetic PAA with a repeating unit constituted by 2,2-
bisacrylamidoacetic acid (BAC) and 4-aminobutylguanidine (ABG,
Agmatine) [44]. The introduction of ABG units in a cross-linked
amphoteric PAA hydrogel resulted in an increased fibroblast cell
adhesion. However, PAA hydrogels displayed some drawbacks such as
non-controllable degradation rate, poor mechanical properties and high
risk of ruptures during washing due to osmotic pressure. Since it has
been demonstrated that the ABG residue in PAA hydrogels maintains cell
adhesion by promoting this ability even when copolymerized with other
monomers, we supposed that, by copolymerizing the PAA-based ABG with
Jeffamine® , it would be possible to obtain a hybrid hydrogel with optimal

cell-adhesion and mechanical properties, avoiding the use of the
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expensive RGD peptide. In this study, the synthesis of a new
photocrosslinkable, biomimetic PAA-Jeffamine-PAA triblock copolymer
(OAPAO) hydrogel is presented and its physico-chemical properties are
extensively discussed. OAPAO hydrogel surface and 3D cell encapsulation
behavior were deeply investigated. Additionally cell-laden OAPAO
hydrogels were patterned with perfusable microchannels and seeded with
endothelial cells, to investigate the potential use of OAPAO gels for micro

tissue engineering applications.

2. Materials and Methods

2.1 Materials

4-aminobutylguanidine sulfate (ABG, agmatine), ammonium persulfate
(APS), 0,0’ - Bis (2 -aminopropyl) poly(propylene glycol)-block-poly(ethylene
glycol)-block-poly(propylene glycol) with molecular weight of 600, 900 and
2000 (Jeffamine® 600, 900 and 2000, respectively), Poly(ethylene
glycol) diacrylate 4000 (PEGDA), 2-hydroxy-1-(4-(hydroxyethoxy)phenyl)-2-
methyl-1-propanone (Irgacure 2959, CIBA Chemicals), Dimethyl sulfoxide
(DMSO0), lithium hydroxide monohydrate (LiOH), hydrochloric acid (HCI),
trichlorododecylsilane (TCS), and tetramethylethylenediamine (TEMED),
sodium chloride (NaCl), sodium phosphate dibasic (Na,HPO,), potassium
phosphate monobasic (KH,PO,) were purchased from Sigma-Aldrich at the
highest degree of purity available and used as received. Milli-Q grade
water was used in all the experiments. Phosphate buffered saline (PBS)
used in the experiments contained 2.69 mM KCI, 136.89 mM NaCl, 3.21
mM Na,HPO,, 1.47 mM KH,PO,. Finally, 2,2-bis(acrylamido)acetic acid
(BAC) was prepared as previously reported and its purity (99.9%)
determined both by acid-base titration and by NMR spectroscopy [45].
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2.2 Glass slides silanization and molds fabrication.

Glass slides were silanized for fabricating cylindrical molds. Briefly, glass
slides were washed with acetone, activated by plasma oxygen (70 W, 70
s) and immersed in a TCS solution (5% v/v in petroleum ether) for 10
minutes. Afterwards, glass slides were washed in succession with
petroleum ether and ethanol, dried with gentle air flow and stored at room
temperature. Molds were then prepared by interposing between two
silanized glass slides a preformed silicone spacer (0.3 and 1 mm thick).
Into the preformed silicone spacers were previously cut void circles of
internal diameter of 10 and 15 mm, respectively. The mold for
microfluidic experiment was fabricated in a similar manner using two
preformed silicone spacer of 1 mm thickness, cut to obtain a rectangular
void area of 15X5 mm. In a different experimental setup a needle of 300

pum was placed between the two spacers.

2.3 PAA Oligomer synthesis

In @ 50 mL round-bottom flask, BAC (200 mg, 1.0 mM), water (333 uL),
lithium hydroxide (48.8mg, 1.14 mM) and ABG (for OPAA-2: 168.8 mg,
0.717 mM; for OPAA-4: 199.4 mg; for OPAA-6: 210.7 mg) were added in
this order and the resulting mixture was stirred at 35°C for 7 days in the
dark and under inert atmosphere. Afterwards, the mixture was diluted
1:50 with bi-distilled water and brought to pH 4.0 through addition of
concentrated hydrochloric acid. The resulting solution was purified from
unreacted BAC by ultrafiltration on membrane with a cut-off of 1000
(OPAA-2) or 3000 (OPAA-4 and OPAA-6) and subsequently freeze-dried
(Telstar Cryodos 50). Yield: OPAA-2, 88%; OPAA-4, 82%; OPAA-6, 86%.
GPC data: OPAA-2, Mn = 2100, d = 1.31; OPAA-4, Mn = 4300, d = 1.25;
OPAA-6, Mn = 6400, d = 1.35. *HNMR spectra of all the synthesized
oligomers showed the following characteristic peaks: *H NMR (400 MHz,
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D,0, 25°C, §): 1.55 (br, NHCH,CH,CH,), 1.71 (br, NHCH,CH,), 2.74 (br,
NHCOCH,CH,), 3.13 (m, NHCH,, NCH,), 3.39 (br, NHCOCH,), 5.51 (s,
CHCOOH).

2.4 OAPAO oligomer synthesis

OAPAO diacrilamide terminated oligomers were synthesized by Michael-
type addition of PAA to Jeffamine. In brief, in a 5 mL cuvette, PAA
oligomers (600 mg, 0.3 mmol) water (884 pL), Jeffamine (for OAPAO-4,
Jeffamine 500, 50.0 mg, 0.1 mmol; for OAPAO-5, Jeffamine 800, 80.0
mg, 0.1 mmol; for OAPAO-6, Jeffamine 2000, 195.0 mg, 0.1 mmol) and,
only in the case of OAPAO-5 and OAPAO-6, 250 uL of ethylene glycol were
added to improve reagents solubility. The pH of the resulting mixture was
brought to 10.5 by addition of LiOH. The reactant solution was stirred at
35 °C for 24 hours under inert atmosphere and in the dark. The solution
was then diluted 1:50 with bi-distilled water, acidified to pH 7.0 with a
few drops of HCI (37 %), ultrafiltrated (5000 Da cut-off membrane) and
freeze-dried. Yield: OAPAO-4, 87%; OAPAO-5, 70%; OAPAO-6, 57%.

2.5 Hydrogel preparation and characterization

Freeze-dried OAPAO and PEGDA oligomer was mixed into PBS. Irgacure
2959 (1000 mg/ml in 100% DMSO) was added, as a photoinitiator, to
the hydrogel pre-polymer solution to yield final concentrations of 0.5%
(w/v). The reacting mixture was stirred for 1 min, injected in the glass
mold and photopolymerized by exposure to UV light (365 nm, 10

mW/cm?) for 3 min. Then the hydrogels were recovered from the mold.

2.6 Chemical characterization

Size exclusion chromatography (SEC) traces of PAA-based polymers were

obtained with Toso-Haas 486 columns using 0.1 M Tris buffer pH
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8.001£0.05 as a mobile phase, with a UV detector operating at 230 nm.
The molecular weight determination was based on pullulan standards.
Proton nuclear magnetic resonance (*HNMR) spectra were run on a
Bruker Advance 400 spectrometer operating at 400.132 MHz. Fourier-
transform infrared spectroscopy (FTIR) spectra of dry hydrogel samples

were measured using a Jasco ATR-FTIR 300 spectrophotometer.

2.7 Mechanical characterization.

The compressive strength was measured using a testing machine
equipped with a 100 N load cell (EMT503A, MP Strumenti, Pioltello (Ml),
Italy). Each measurement was run six times at 20 °C and 60 % relative
humidity. Axial load was applied with a crosshead constant speed of 1
mm/min. The hydrogels were prepared 15 % (w/v) concentration by

injection molding into 12 mm diameter, 7 mm height cylinders.

2.8 Swelling test

Hydrogels cylindrical samples, having 1.5 cm diameter and 0.3 cm
thickness, were previously dried at 20 °C and 0.1 Torr. Their weight was
40 mg = 2 mg. Each specimen was placed inside a 10 mL tube
containing 5 mL PBS (pH 7.0), incubated at 37 °C and weighed at regular
intervals. The uptake of water was measured until the maximum mass
was obtained. The percent amount of water absorbed was calculated

using the following formula:
Swelling (%) = W, / Wy x 100, (1)

where W, is the water mass absorbed at time t and W, is the mass of

the dry sample at time zero.
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2.9 Degradation test

Hydrogels cylindrical slabs having 1.5 cm diameter and 0.3 cm thickness,
were placed inside a 10 mL test tube containing 5 mL PBS (pH 7.0) and
incubated at 37°C. At fixed time point they were freeze-dried and
weighed. The percent degradation was calculated using the following

formula:
Degradation (%) = W; / W, x 100, (2)

where W; is the dry weight at time t, W, is the mass of the dry sample at

time zero.

2.10 Cell culture

NIH 3T3 murine embryonic fibroblasts (CRL-1658, ATCC, Manassas,
Virginia) were kept at 37°C in 5% CO, 98% air-humidified incubator. The
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% Fetal Bovine Serum (FBS), 2 mM L-Glutamine,
100 units/ml penicillin and 2100 pg/ml-streptomycin. Once 80%
confluent, the 25-cc flasks were passaged (subculture ratio 1:4 for
multiple flasks) every 2-3 days for both experiments. Human umbilical
vein endothelial cells (HUVECs) were obtained from PromoCell Gmbh
(Heidelberg, Germany). The cells were cultured in M199 medium
supplemented with 2 mM L-Glutamine, 100 units/ml penicillin and 100
pg/mi-streptomycin and freshly added with 20% FBS, 50 ng/ml ECGF and
100 pg/ml Heparin. In microfluidic experiments stable GFP expressing
HUVECs (Pelobiotech, US) were used. They were perfused with
endothelial cell growth media EBM-2 (Lonza) supplemented with EGM-2
singleQuot Kit Supplemets and Growth (Lonza), and they were used
through passage 8. All products were purchased from Sigma Aldrich

unless otherwise specified.
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2.11 Cell adhesion
2-D cell culture on hydrogel discs.

3T3 and HUVEC (cell density: 10* cells/cm?) cells were seeded on UV-
sterilized hydrogel discs containing multiwell plate (24-48 wells) and
incubated at 37°C in 5% CO, and 98% air-humidified. Cells were cultured
for 24-48 h monitoring their growth with an inverted phase contrast
microscope (Leica micro systems, Germany) equipped with a digital
camera Leica DFC 295.

Cell attachment/spreading assay.

After 48h hydrogels discs cells were washed with PBS solution, fixed with
4% paraformaldehyde 15 minutes at room temperature, washed again
with PBS and finally stained with BisBenzimide H 33258 (Hoechst) 5
pg/ml. Than, fluorescent nuclei digital images were collected with a Leica
SP5 confocal microscope (5 fields for disc, 10x magnification zoom 2)

and their number was measured by ImageJ software.

Fluorescence staining

After 48 h in culture, cells were fixed in situ with 4% paraformaldehyde,
rinsed with PBS, permeabilized with 0.1% Triton X-100, blocked with 2%
BSA and then incubated with Alexa fluor 555 directly conjugated to
phalloidin, 0,11uM, (Invitrogen, Inc., Eugene, OR) for 40 min at room
temperature for filamentous actin staining. After washing in PBS, cells
were stained with Hoechst, 9.4uM. Images were captured along the
channel length and channel depth (at 0.2-0.5mm depth intervals) using a
Leica SP5 confocal microscope. All scaffolds were imaged through the
glass cover slip wall. HUVEC cultured on gelatin-coated glass served as

positive control.

Page | 47



Biomimetic poly(amidoamine)-based hydrogel for 3D cell culture

2.12 Cell encapsulation

Murine fibroblasts were trypsinized, counted and suspended within
PEGDA, OPAA-2 and OAPAO macromer solution containing 0.5% (w/v)
photoinitiator at a concentration of 5x10° cells/mL. Different macromer
concentrations (5, 7.5, 10, 15% w/w) were tested. The cell-macromer
solution was injected in the glass mold and photopolymerized by
exposure to long-wavelength UV light (365 nm, 10 mW/cm?) for 1 min.
Agarose gel was used as a control. In this case low-melting point agarose
was dissolved in sterile PBS (pH 7.4) to yield a final concentration of
2.5% (w/v) and heated to 70°C. NIH 3T3 fibroblasts were trypsinized,
counted and suspended within the agarose solution at 5x10° cells/mL
that was cooled to ~42°C and pipetted to ensure even cell distribution.
Agarose solution was injected in the glass mold and cooled to 4°C for 20
min. Hydrogels were then recovered from the mold and incubated in
DMEM under standard culture conditions. Media was changed every 48 h.
Murine fibroblast viability within the microgels was quantified by live/dead
fluorescence assay (Calcein AM/Propidium lodide, Life Technology) at

different time points (0, 24, 48hours)

2.13 Microfluidic cell-laden hydrogel fabrication

To create perfusable microchannels, 200 mL of 15% (w/v) OAPAO-4 with
1% (w/v) of photoinitiator and containing 2x10° cells/mL (NIH 3T3) was
injected in the mold described in section 2.2. The mixture in the mold
was evenly photopolymerized by exposure to long-wavelength UV light
(365 nm, 10 mW/cm?) for 1 min. The rectangular gel was then demolded
and the needle was gently withdrawn. Perfusion studies were performed
using fluorescent nanoparticles (Latex beads, amine-modified
polystyrene, fluorescent blue aqueous suspension, 0.05 pm mean

particle size) and connecting the microfluidic gel to a peristaltic pump
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with small silicon tubing to enable perfusion. For cell perfusion
experiments, 20 pl GFP-HUVECs suspension (5x10° cells/ml) was
injected into the channel. Microfluidic gels were immersed in media and
placed at standard cell culture conditions. To perform a dual-color live
imaging labeled 3T3 cells were used and constructs were visualized with

Leica SP5 confocal microscope incubator equipped.

2.14 Statistical Analysis

Each hydrogel type was tested at least 5 times with similar results. All
data are expressed as 100*sample arithmetic mean/control arithmetic
mean = S.E.M.. Significance of differences was determined using

Student’s t-test (p<0.05).

3. Results

3.1 Hydrogel preparation

Diacrylamido-terminated PAA oligomers with average molecular weight of
2000 (OPAA-2), 4000 (OPAA-4) and 6000 Da (OPAA-6) were synthesized
by Michael-type addition between BAC and ABG and subsequently purified
by ultrafiltration and freeze-drying. In order to obtain an OPAA-Jeffamine-
OPAA triblock copolymer with different molecular weights and terminated
with acrylamide functions, the synthesized PAA oligomers were coupled
through Michaeltype addition with Jeffamine (Fig. 1). The coupling
reaction successfully occurs only when OPAA-2 was coupled with
Jeffamine. In fact, mixtures of Jeffamine with OPAA-4 and OPAA-6 allowed
poor coupling reaction resulting in phase’s separation in a wide pH and
temperature range. Three different triblock copolymers (OAPAO-4, OAPAO-
5 and OAPAO-6) with molecular weight of 4600, 4900 and 6000 Da,

respectively, were produced. After ultrafiltration and freeze-drying, the
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final triblock oligomer was photopolymerized through free-radical
polymerization to yield degradable hydrogels for cell encapsulation with

RGD-mimetic monomeric units.
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Figure 1. Synthetic scheme of the triblock diacrylamido-terminated (OAPAO) oligomer: a)
water, 30°C, pH 9, inert atmosphere, 72h; b) water, 30°C, pH 10.5, inert atmosphere;
24h.

3.2 Mechanical properties

Mechanical properties of the extracellular environment have been shown
to affect cell function and differentiation. To determine the effect of the
oligomer’s molecular weight on the mechanical properties of the OAPAO
hydrogels, unconfined compression was performed on hydrogels of
OAPAO-4, OAPAO-6 and the control PAA oligomers at the fixed
concentration of 15% w/w. In general, increasing the molecular weight of
the starting oligomer decreased stiffness and compressive modulus, due
to lower crosslinking density. As illustrated in Figure 2a, hydrogels
obtained from OAPAO are characterized by higher compressive elastic

modulus (E’) than those obtained from diacrylamide-terminated PAA
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oligomers of the same average molecular weights. Such a characteristic
is much evident in the case of OAPAO-4 hydrogels, where the elastic
modulus was five times higher than the control hydrogel obtained from
OPAA-4 oligomers. Following the same tendency, load failure was found to
be higher for OAPAO-4 hydrogels (9.2 N) than OPAA-4 control (3.5 N). The
enhanced elastic behavior of OAPAO hydrogels, compared to the control,
underline the role that PEG segments play in the contrast of non-covalent
interaction among PAA macro-domains, which is the main reason for PAA

hydrogels fragility.
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Figure 2. Compressive modulus (a) and stiffness (b) of the synthesized hydrogels. Error
bars represent the SD of measurements performed on at least 3 samples.
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3.3 Swelling and Degradation characteristics

The swelling characteristics of a polymer network are important in various
applications as they affect solute diffusion, surface properties,
mechanical properties, and surface mobility. The degree of gel swelling is
dependent on the pore size of the polymer network and the interaction
between the polymer and the solvent. As hydration can have a substantial
effect on the physical properties of the resultant hydrogel, e.g. the
replication fidelity of the desired micropattern, the change in the mass to
swelling ratio of OAPAO was investigated relative to the hydrogel
concentration. Hydrogels were made as described previously at 15% (w/v)
OAPAO. Hydrogels were allowed to reach equilibrium over a 24 h
incubation period in PBS at room temperature, then the mass swelling
ratio of the swollen mass to the dry mass of polymer and the degradation
rate in PBS at 37°C was calculated. Measured mass swelling ratio was
264 = 2% for OPAA-2, 405 = 5% for OAPAO-4 and 380 + 5% for OAPAO-6.
These data shows a higher mass to swelling ratio of OAPAO compared to
OPAA-2, demonstrating that the conjugation Jeffamine had a significant
effect on the material’s ability for storing water within the polymer
network. The degradation rate was higher for OAPAO hydrogels than for
control OPAA-2 hydrogel, consistently with the higher swelling ratio of the
studied polymers (Fig. 3). The degradation rate was found to increase
with the oligomers' average molecular weight. In fact, among the OAPAO
hydrogels, OAPAO-4 showed the highest rate of degradation reaching 45%

of weight loss after approximately 120 days.
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Figure 3. Degradation curves of 15% (w/v) OAPAO-4 (squares), OAPAO-6 (diamonds) and
control OPAA-2 hydrogels (triangles).

3.4 3T3 Cell adhesion to 2D OAPAO surfaces

The ability of a scaffold to promote cell binding strongly affects cell
behavior and is an essential requirement in tissue engineering [46]. In
order to validate the use of OAPAO hydrogels for potential application in
tissue engineering, we measured their cell adhesion properties using
murine fibroblasts as a model cell type. Fibroblast adhesion was
determined on different OAPAO hydrogels fixing the concentration at 15%
(Fig. 4a) and 30% (w/v) (Fig. 4b) and varying the macromer molecular
weight or increasing the concentrations at 7.5%, 10%, 15%, and 30%
(w/v) at fixed molecular weight (Fig. 4c). Changes in the molecular weight
of the OAPAO macromer was obtained by combining Jeffamine with
increasing molecule weight to the same PAA oligomers. Cell adhesion

was also investigated on pure PAA oligomers, PEGDA hydrogel and glass.
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Pure PAA and PEDGA hydrogels represented, respectively, the highest
concentration and the absence of RGD-mimetic sites. Glass was used as
positive control. 3T3 readily bound to OAPAO surfaces of all
concentrations with roughly the same affinity following initial seeding but
after 48h some differences emerged. In Figure 4a is shown that OPAA-2
had the best adhesiveness as expected for the RGD-mimetic binding
sites abundance (more than 3 times compared to glass) followed by
OAPAO-4 and OAPAO-5 (more than 2 times compared to glass) and
OAPAO-6 (almost comparable to glass). As expected, few cells adhered to
PEGDA surfaces, as PEG is not cell adhesive, and adhesion was observed
to decrease over time (results not shown). Doubling macromer
concentration of OAPAO-4 from 15% to 30% (w/v) improved the
performances showing the best result on OAPAO hydrogels (Fig. 4b).
Interestingly, OAPAO-5 was prevented in its performance and decreased
to glass control values. In order to better evaluate the performances of
OAPAO-4 we measured cell adhesion at different OAPAO concentration
(Fig. 4c). This experiment showed that OAPAO-4 has much better or at
least the same performance as control glass in all the concentrations
tested. Overall, these results confirmed that OAPAO-4 is best hydrogel for

2D cell culture.
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Figure 4. Cell proliferation values of 3T3 cells cultured for 48h on 2D hydrogels using
glass slide as a control. The symbol “%” represents statistical significance by students T-
test (p<0.05), comparing each sample against the control (GLASS).
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3.5 HUVECs Cell adhesion to 2D OAPAO surfaces

Surface adhesion characteristics of OAPAO-4 were determined at 7.5%,
10%, 15%, and 30% (w/v) OAPAO-4 concentration (Fig. 5). The 4000
molecular weight was chosen as this formulation performed best in 3T3
cell adhesion experiments. HUVECs were chosen as a model cell type for
potential application of OAPAO in vascularized tissue engineering, as well

as to explore the compatibility of OAPAO with a human cell type.

a 180% 1 *
160%
140% A *
e 120% 4
S
g 100%
S 80% *
o
= 60% 1 I
o *
40%
I
20% 1
0%

OAPAO4K 7,5% OAPAO4K 10% OAPAO4K 15% OAPAO4K 30% C-GLASS

Figure 5. (a) Cell proliferation values of HUVECs cultured for 48h on 2D hydrogels of

”

increasing OAPAO-4 concentration. The symbol “%” represents statistical significance by
students T-test (p<0.05), comparing each sample against the control (C-GLASS). Confocal
microscopy images of HUVECs conformation on OAPAO-4 at 15% (b) and 30% (w/v) (c) on

glass (d) and (scale bar, 20um).
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Cells on OAPAO surfaces 15% and 30% attached and proliferated better
than control, whereas on 10% and 7.5% less cells were found but still
with a good morphology and viability (Fig. 5). Significant differences in the
cell density, defined as the number of Hoechst positive cells per fixed
area, demonstrated that cell density significantly increased with
increased OAPAO concentration. These differences in cell behavior are
likely due to a combination of variations in the stiffness of the OAPAO
surfaces relative to the gel concentration, and increases in the density of

bioactive sequences with increased macromer concentration.

3.6 3D cell encapsulation in OAPAQO

To further demonstrate the use of OAPAO as a hydrogel for tissue
engineering application, encapsulated cell behavior was studied within
OAPAO hydrogel. In these experiments NIH 3T3 fibroblasts were
encapsulated in 0.3 mm thickness and 10 mm diameter slab of OAPAO-4
at concentrations of 5%, 7.5%, 10% and 15% (w/v). OAPAO-4 gels
performed similarly to PEG in terms of pattern replication accuracy and
UV exposure time (data not shown). Viability at 4 h after encapsulation
was 94 = 1% in 5% OAPAO and 92 = 1% in 7.5%, which were slightly
higher than that in 10% (91% = 1%) or 15% (91% = 1%) (w/v) microgel
samples. Initial viability was similar to that exhibited in agarose hydrogels
(89 + 3%), demonstrating that UV polymerization and micropatterning did
not considerably alter cell viability. Consistently with these data, in
previous works cell viability has been shown to decrease with macromer
concentration in other hydrogel matrices [11,47]. This viability loss is due
to encapsulation stress, nutrient limitations and swelling stress after
polymerization. This behavior is more evident at 24 h when the viability
was 85 = 3% in 5% OAPAO-4 and 83 + 3% in 7.5% OAPAO-4, which was
higher than that in 10% (79% = 3%) and 15% (72% = 2%) (w/v) microgel
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samples. Evolution of cell viability in bulk OAPAO until 15% was similar to
the viability of agarose gel at all the time point whereas at more

increased concentration showed reduced cell viability (Fig. 6f and g).

100%

Cell Viability

Cell Viability

0 24 48 0 24 48
OAPAO-4 10% AGAR 2.5%

Figure 6. Characterization of encapsulated cell behavior. 3T3 fibroblasts embedded in
OAPAO-4 at 5% (a), 7.5% (b), 10% (c), 15% (d) (w/v) and in agarose (e) microgel were
stained with live/dead assay at 48 hours after encapsulation. Quantification of
encapsulated cells cell viability for different OAPAO-4 concentration, at 48 hours (f) and
different time points and fixed concentrations (g), demonstrated excellent cell survival at
all conditions, compared to agarose. The symbol “%” represents statistical significance

by students T-test (p<0.05), comparing each sample against the agarose control. Error
bars represent the SD of averages obtained on 4 images from each of 6 independent
samples per condition.

3.7 Endothelialized microfluidic channels in cell-laden OAPAO hydrogel.

To investigate the use of OAPAO for the creation of complex cell laden
microengineered construct, labeled NIH 3T3 fibroblasts were embedded

within microfluidic bulk OAPAO-4. In particular the mixture, containing
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cells and macromers, was polymerized around a syringe needle, which,
when removed, created a 300 pm perfusable channel in a cell-laden
matrix (Fig. 7). In these experiment OAPAO-4 was used at 15% w/v
concentration to reach an optimal compromise between encapsulated
murine cell viability and HUVECs adhesion also ensuring enough gel
stiffness needed for the perfusion of the microfluidic channel. Fluorescent
nanoparticles were injected within the microchannel to demonstrate the
ability to create defined microfluidic pathways within cell-laden OAPAO

construct.

Figure 7. Optical (left) and confocal (right) images at 24h of endothelialized microfluidic
channels in cell-laden OAPAO. Channels were created in OAPAO containing 3T3 fibroblasts
(red) and seeded with GFP-HUVEC (green) cells demonstrating the ability to create cell-
laden hydrogels with endothelial-lined, perfusable microvasculature (scale bar 500 pym).

To demonstrate the ability to create cell-laden structures with
endothelialized microchannels, GFP-HUVECs were seeded into the
channel of microfluidic OAPAO cell-laden hydrogel and allowed to adhere,
as described in section 2.13. The microfluidic cell-laden gel was able to
support HUVECs attachment, spreading and function also when externally
perfused. The coculture of encapsulated 3T3 cells and HUVECs seeded
on the surface of microchannel demonstrates the potential for making

complex engineered microtissue with perfusable vascular networks.
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4. Discussion

In this work, photo-crosslinkable PAA-based oligomers were synthesized
as precursors of matrices for 3D cell culture and the physico-chemical
and mechanical properties were studied in correlation to cell viability and
proliferation with HUVECs cells in 2D (culture on hydrogel) and with NIH
3T3 fibroblasts in 2D and 3D (encapsulation) and their combination in a
co-cultured construct. The produced oligomers contained the ABG-BAC
monomeric unit, which acts both as an RGD-mimetic site and as a
hydrolytically degradable function. These functions were inserted in
diacrylamide-terminated oligomers able to yield soft hydrogels by
photopolymerization compatible with the presence of cells. The oligomers
used to obtain the studied hydrogels were synthesized through Michael-
type addition of PAA and Jeffamine oligomers of selected molecular
weight. In particular, PAA oligomers with molecular weights of 2000,
4000 and 6000 were tested for the Michaeltype addition to Jeffamine.
However, only the one type of PAA oligomer, OPAA-2, yielded the desired
product, since shorter and longer PAA oligomers generated phase
separation in presence of Jeffamine in water in a large temperature and
pH ranges. The studied hydrogels were compared with the related
products obtained by diacrylamido-terminated PAA oligomers, OPAA-2,
OPAA-4 and OPAA-6. Compared to PAA-based control hydrogels, OAPAO
hydrogels showed improved performances in terms of stiffness, storage
and elastic modulus, equilibrium swelling ratio and degradation rate. In
particular, extensive physico-chemical measurements revealed that the
presence of Jeffamine segments in the PAA oligomer resulted into two
main effects: (1) improvement of the mechanical properties, due to
crystalline domains in the crosslinked network generated by Jeffamine
segments increasing the hydrogel’s stiffness [48]; (2) Increased swelling

ratio, due to intrinsic hydrophilicity of Jeffamine, that resulted in a higher
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degradation rate able to improve the limited degradation ability of PAA
crosslinked by free-radical polymerization [38].

This study confirmed the superior OAPAO adhesion performance in 2D
compared to the glass control, for both NIH 3T3 and HUVECs. High cell-
binding properties are the result of RGD-mimetic binding sites abundantly
present in the OAPAO macromer. OAPAO hydrogel was also employed for
encapsulation of murine fibroblasts to form cell-laden hydrogels able to
encourage cell viability in vitro. In particular, encapsulated cells showed
cell viability comparable to the ones embedded in agarose gels. To our
knowledge, this is the first study involving a 3D cell culture with a PAA
based RGD-mimetic hydrogel. However, in all the encapsulation
experiments cells did not migrate or degrade the OAPAO gels. This is due
to the fact that OAPAO hydrogels are hydrolytically degradable, but lack of
enzymatic degradation motifs. Without the possibility for cells to degrade
and remodel the matrix, cell movement and organization in 3D is
inhibited. In order to solve this limitation OAPAO hydrogels could be easily
modified by incorporating protease-sensitive regions, similarly done in
literature with PEG [26,28,31,33,49]. This will enable the use of OAPAO
in most applications in which PEG has been successfully used, with
comparable, or better performances as PEG containing cell binding and
degradation motifs. Photopatterning ability of OAPAO was demonstrated
in the fabrication of perfusable microfluidic channels. In these
experiments OAPAO behaved similarly to PEGDA in terms of UV exposure
time, fidelity and optical transparency. This indicates that OAPAO could
potentially be used in most of the applications in which
photopolymerizable PEG has been demonstrated in, with similar, or even
better, performances. In order to demonstrate the potential of OAPAO in
the creation of tissue-like structures, functional cells (NIH 3T3) were

encapsulated in microfluidic OAPAO lined with endothelial cells (HUVECs)
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and successfully characterized by confocal imaging. Cell-laden
microvascular OAPAO has been shown to encourage cell-responsive
behavior and surface binding. In the same experiment OAPAO hydrogels
showed good mechanical stability when externally perfused (results not
shown). Overall, these studies support the use of OAPAO hydrogels as
tunable and inexpensive biomaterials for the creation of complex cell-

laden constructs with features controllable on the microscale.

5. Conclusions

In the present study we demonstrated, for the first time, the use of PAA
for 3D cell culture applications, highlighting the unique properties that
make OAPAO an attractive material for creating cell-laden micro construct.
The physico-chemical properties of OAPAO were demonstrated to be
controllable through the variation of the molecular weight and the gel
concentration yielding a tunable range of mechanical, swelling and
degradation properties for different applications. Similarly to other
synthetic hydrogel, OAPAO was easily patterned to fabricate consistent
cell-laden hydrogels that can be used as monolithic microfluidic device.
Unlike other synthetic UV crosslinkable hydrogels, cells rapidly adhered
and proliferated on OAPAO surface, remaining viable when encapsulated
in 3D. Overall these data suggest that OAPAO could be used for many
applications where other synthetic hydrogels are too expensive or not
appropriate, such as for creating endothelialized vascular network within
engineered tissues. We envision that OAPAO hydrogels could ultimately
become a tool for the creation tissue-like structures to be used as
improved in vitro models to enhance the efficacy of drug screening and

clinical treatments.
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