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Abstract

Three-dimensional (3D) scaffolds are important tools for tissue engineering, and should ideally
provide both biochemical cues and biomechanical support for cells. Poly(ester amide)s (PEAs)
have emerged as promising materials for the preparation of tissue engineering scaffolds and the
pendant side chains of residues such as r-lysine and r-aspartic acid can provide sites for the
conjugation of biochemical signals. However, it has been challenging to combine scaffold
morphological stability with the presentation of reactive groups on PEA scaffolds. We describe
here a new approach involving the functionalization of a r-lysine-containing PEA with maleic
anhydride to simultaneously introduce cross-linkable alkenes and carboxylic acid conjugation
sites. Maleic-acid-functionalized PEA was processed to form 3D scaffolds using a salt leaching
method and the scaffolds were cross-linked in situ using a poly(ethylene glycol) dimethacrylate

cross-linking agent by thermal free radical curing. Micro-computed tomography analysis indicated



that the cross-linked scaffolds had higher polymer volume fraction, lower porosity, and smaller
pore size than the non-cross-linked scaffolds, but both scaffolds exhibited high morphological
stability and negligible mass loss upon incubation in phosphate buffered saline for 5 days. The
Young’s moduli of the cross-linked and non-cross-linked scaffolds were 28 and 9 kPa respectively.
Fluorescein-labeled bovine serum albumin was successfully conjugated to the scaffolds using a
carbodiimide-based coupling. Finally, it was shown that the scaffolds supported the attachment
and proliferation of mouse embryonic mesenchymal multipotent cells, showing their promise as
platforms for tissue engineering applications.
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Introduction

Tissue engineering involves the use of a combination of cells, scaffolds, and appropriate
biochemical and physicochemical factors to replace or improve biological tissues.!”> Scaffold
design and fabrication play critical roles in the process of engineering tissues as the ideal scaffold
should mimic both mechanically and functionally the properties of the tissues being regenerated.
> Biopolymers such as gelatin,®’ hyaluronic acid,® cellulose,’ and collagen'® as well as
decellularized tissues'! have been used to prepare tissue engineering scaffolds with the advantage
of retaining the biochemical and biomechanical properties of the native extracellular matrix
(ECM). However, they exhibit limited ability to be chemically and mechanically tuned. Many
synthetic polymers including polyurethane,!? poly(lactic acid),* poly(e-caprolactone)'? have also
been investigated for scaffold preparation. While often lacking the resemblance to the native ECM,

the mechanical properties, degradation rates and the porosities of scaffolds prepared from synthetic



polymers can be easily tailored.'* In addition, synthetic polymers can be reproducibly prepared
and purified on a large scale, and different functional groups can be introduced to the scaffold for
post-modification. !

Poly(ester amide)s (PEAs) have been emerging as a promising class of synthetic polymers for
the preparation of tissue engineering scaffolds.!5?2 The combination of both amide and ester
linkages in PEA backbones imparts excellent thermal and mechanical properties like polyamides
as well as the biodegradability of polyesters.?® In addition, amino acid-containing PEAs can benefit
from the pendant functionalities on the amino acid side chains.!”-24-26 Amino acid-containing PEAs

were shown to support the growth of bovine aortic endothelial cells?’-2

and human coronary artery
smooth muscle cells?* when incorporated into hydrogels or electrospun 3D scaffolds respectively.
In addition, they were shown to exhibit high blood and cytocompatibility as well as the ability to
prevent the corrosion of magnesium substrates, properties that are important for potential
biomedical device coating applications.?’-32 PEA scaffolds have also been used to encapsulate and
release bioactive molecules such as nitroxyl radicals,?® bactericides,!® fibroblast growth factor-9,3
and cell priming factors.® We have focused on the synthesis of PEAs having reactive pendant
groups>®-38 to which bioactive molecules such as growth factors can be conjugated. For example,
PEAs containing aspartic acid were used to fabricate 3D scaffolds by electrospinning and
transforming growing factor-pl was conjugated to the pendant acid groups.?’ However, the
scaffolds suffered from poor morphological stability, and fiber fusion was observed upon
immersion in buffer.

To preserve the 3D morphology of polymeric scaffolds, cross-linking has been used.’**° In

41-42

contrast with the intensive exploration of post scaffold fabrication methods, in situ scaffold

fabrication and cross-linking, has rarely been reported. However, taking advantage of the UV-light-



triggered thiol-ene reaction, a few examples of UV cross-linked fibers were reported recently.*>-4°

We report here a new L-lysine-containing PEA with maleic acid grafted to the pendant e-amines of
the lysine residues. The maleic acid simultaneously provides double bonds that enable thermal
cross-linking of the polymer, while its carboxylic acid provides a conjugation site. The preparation
and cross-linking of scaffolds using a salt leaching method is described, followed by their
physicochemical and mechanical characterization. Conjugation of a protein to the scaffolds is
described and the evaluation of cytocompatibility with mouse embryonic mesenchymal
multipotent cells is also explored. To the best of our knowledge, this work constitutes the first
example of a 3D porous PEA scaffold with pendant reactive groups.

Experimental

General materials. BOC-Lys-PEA composed of sebacic acid and the bis(a-amino acid) o,m-
alkylene diesters prepared from 1,4-butanediol and either vr-phenylalanine (Phe) or e--
butyloxycarbonyl (BOC)-protected r-lysine (Lys) (80:20 Phe:Lys monomers) was prepared as
previously reported.?” The number average molar mass (Mx) was 31,300 g/mol and the dispersity
(D) was 2.64 (Figures S1). Poly(ethylene glycol) dimethylacrylate 2000 g/mol (PEG-DMA)?* and
fluorescein isothiocyanate-functionalized bovine serum albumin (FITC-BSA)** were
synthesized according to the previously reported procedures. All reactions were carried out under
a N> (g) atmosphere unless otherwise stated. Maleic anhydride was purchased from Alfa Aesar and
recrystallized from CHCl3 before use. Azobisisobutyronitrile (AIBN), BSA, and N-(3-
dimethylaminopropyl)-N ‘ethylcarbodiimide (EDC) were purchased from Sigma-Aldrich and used
as received. FITC and N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) were purchased from
Alfa Aesar. CH2Cly, trifluoroacetic acid (TFA), NEts, pyridine, N,N-dimethylformamide (DMF),

and diethyl ether were purchased from Caledon Laboratories and used as received unless otherwise



indicated. NEt; was freshly distilled over CaH> under N> (g). DMF and CH2Cl> were dried using
a solvent purification system based on aluminum oxide columns.

General procedures. Fourier transform infrared (FT-IR) spectra were obtained using a
PerkinElmer FT-IR Spectrum Two instrument in attenuated total reflectance (ATR) mode. "H NMR
spectra were obtained on 400 MHz or 600 MHz Varian Inova instruments. NMR chemical shifts
() were calibrated against the residual solvent signal of DMSO-ds (2.5 ppm) and are expressed in
parts per million (ppm). Coupling constants (J) are given in Hz. Size exclusion chromatography
(SEC) was performed using a Waters 515 HPLC pump equipped with a Waters In-Line Degasser
AF, two PLgel mixed D 5 um (300 % 1.5 mm) columns connected to a corresponding PLgel guard
column, and a Wyatt Optilab rEX refractive index detector operating at 658 nm. Samples were
dissolved in DMF containing 10 mM LiBr and 1% v/v NEt; at a concentration of ~5 mg/mL. Each
sample was filtered through a 0.22 um PTFE syringe filter prior to injection using a 50 pL loop.
Samples were run at a flow rate of 1 mL/min for 30 min at 85 °C. Molar masses of the samples
were calculated relative to poly(methyl methacrylate) standards. Thermogravimetric analysis
(TGA) was performed on a TA Q50 instrument with a heating rate of 10 °C/min up to a maximum
temperature of 1000 °C under N (g). Differential scanning calorimetry (DSC) thermograms were
obtained using a TA Q2000 instrument with a heating/cooling rate of 10 °C/min between -60 and
120 °C under N (g). The melting temperature (7,,) and midpoint glass transition temperature (7)
were obtained from the second heating cycle.

Preparation of TFA-H3N-Lys-PEA. BOC-Lys-PEA (2.3 g) was dissolved in 10 mL of dry
CHxCl, then 10 mL of TFA were added. The solution was stirred at room temperature for 2 h.
Afterwards, CH>Cl, and TFA were removed by evaporation under N> (g). Then, the crude product

was re-dissolved in CH2Cl> and precipitated into cold diethyl ether, yielding a white precipitate.



The precipitate was collected via filtration and dried under vacuum overnight. Yield: 1.4 g, 61 %.
After confirmation of BOC group removal by 'H NMR spectroscopy (Figure S3), the product was
immediately taken to the next step.

Synthesis of maleic acid-PEA. TFA-H3;N-Lys-PEA (1.4 g, 0.80 mmol of amine, 1.0 equiv) was
dissolved in dry DMF (10 mL) under N> (g). NEt3 (2.8 mL, 20 mmol, 25 equiv) was added to the
solution then it was stirred for 10 min. Pyridine (5.6 mL, 70 mmol, 87 equiv) was then added and
the resulting solution was stirred for 5 min. Finally, maleic anhydride (157 mg, 1.60 mmol, 2.0
equiv) was added to the mixture and the reaction was stirred overnight at 70 °C. Afterwards, the
solution was cooled to room temperature, and transferred to a regenerated cellulose dialysis
membrane with molecular weight cut-off of 10,000 g/mol. The product was dialyzed against DMF
for 24 h, with one change of DMF at 8 h. The DMF was then removed under vacuum, and the
product was re-dissolved in CH2Clz. The CH2Cl: solution was precipitated into cold diethyl ether,
yielding a light yellow solid. The yellow solid was collected by filtration and dried overnight under
vacuum. Yield: 800 mg, 57%. 'H NMR (400 MHz, DMSO-ds): 8 9.34-9.16 (br, 0.3H, NH-C(O)-
CH=CH-COOH), 8.23 (d, 2H, J = 8.2, -C(O)-NH-C,H-CHPh), 8.15 (d, 0.4H, J= 5.5, C(O)-NH-
CoH-(CH2)sNH-C(O)-CH=CH-COOH), 7.32-7.06 (m, 10H, Ph), 6.49-6.39 (d, 0.2H, J=12.7, NH-
C(0)-CH=CH-COOH), 6.28-6.17 (d, 0.2H, J = 12.4, NH-C(O)-CH=CH-COOH), 4.53-4.35 (m,
1.8H, CoH-CH;Ph), 4.23-4.08 (br, 0.4H, C(O)-NH-C,H-(CH2)sNH-C(O)-CH=CH-COOH), 4.08-
3.85 (m, 4.3H, -C(0)O-CH>-), 3.08-2.73 (m, 4H, C,H-CH>Ph, C,H-CH,.CH,-CH,-CH>-NH-
C(0)-CH=CH-COOR), 2.75 (br, C4H-CH».CH>-CH>-CH>-NH-C(O)-CH=CH-COOH), 2.21-2.07
(m, 0.8H, C,H-CH>.CH>-CH>-CH>-NH-C(0O)-CH=CH-COOR), 2.03 (t, 4H, J = 7.0, NHCO-CH>-
CH»-CH-CHy-CHy-CHo-CHo-CH>-CONH), 1.60 (br, 1H, C,H-CH>.CH>-CH>-CH,-NH-C(O)-

CH=CH-COOH), 1.53-1.28 (m, 9H, -C(0)-O-CHy-CH>-, NHCO-CH,-CH,-CH,-CH,-CH,-CHa-



CH>-CH»-CONH, C,H-CH».CH>-CH,-CH>-NH-C(O)-CH=CH-COOH ), 1.28-1.0 (m, 10H,
NHCO-CH»-CH>-CH>-CH>-CH>-CH>-CH»-CH,-CONH).  FT-IR (cm!): 3305 (N-H, stretch,
amide), 3065 (C-H stretch, aromatic), 3031 (C-H stretch, aromatic), 2925 (C-H stretch, aliphatic),
2857 (C-H stretch, aliphatic), 1736 (C=0 stretch, ester), 1649 (C=0 stretch, amide I), 1537 (N-H
bend, C-N stretch, amide II), 1498 (C=C stretch, aromatic), 1455 (CH> wag, aliphatic), 1180 (C-
O stretch, ester), (CH=CH out of plane bend) SEC: M, = 20,100 g/mol, M,, = 49,400 g/mol, b =
2.46.

Gel content determination. Maleic acid-PEA (100 mg) was dissolved in 0.40 mL of DMF in a
Schlenk flask. To this solution, PEG-DMA (25 mg, 25 wt% relative to maleic acid-PEA) and AIBN
(9 mg) were added. The mixture was degassed by three freeze-pump-thaw cycles and sealed in
under N». The sealed flask was heated at 75 °C for 48 h. Afterwards, the flask was cooled to room
temperature and the product was washed vigorously with DMF using a vortex mixer for 15 min,
and the yellow supernatant was discarded. The washing process was repeated three times to ensure
the unreacted maleic acid-PEA and PEG-DMA were removed. The remaining solid was then
washed with acetone and dried under vacuum at room temperature overnight. The experiment was

repeated in triplicate and the gel content was determined as follows:

Gel content (%) = mass of the insoluble material 100
et content L) = mass of maleic acid — PEA + mass of PEG — DMA X

Fabrication of non-cross-linked maleic acid-PEA scaffold. Ground and sieved NH4Cl particles
(180-210 um), serving as a porogen, was packed into a cylindrical glass infiltration chamber with
a diameter of 6 mm. The maleic acid-PEA in DMF (500 mg/mL, 0.4 mL) was subsequently poured
over the porogen bed. The solvent was then evaporated in a fume hood for two days at room
temperature. Afterwards, the scaffold was pushed out from the glass tube and the porogen NH4Cl

and any residual DMF were leached by immersing the scaffold in deionized water for 24 h at room



temperature. The scaffold was then dried in a fume hood for one day at room temperature.
Fabrication of cross-linked maleic acid-PEA scaffold. For the fabrication of the cross-linked
scaffold, AIBN (18.8 mg) and PEG-DMA (50 mg) were added to the PEA-maleic acid DMF
solution (500 mg/mL, 0.4 mL). Following infiltration, the porogen scaffold construct was put in a
Schlenk tube and the system was gently purged with N> for 30 min to remove the oxygen. Then,
the Schlenk tube was sealed under N> and heated at 75 °C for 40 h in an oven. Afterwards, the
Schlenk tube was cooled to room temperature and the scaffold was pushed out from the glass tube.
The porogen NH4Cl and any residual DMF were then leached by immersing the scaffold in
deionized water for 24 h at room temperature. The scaffold was then allowed to dry in a fume hood
for one day at room temperature.

Scanning electron microscopy (SEM). The scaffolds were mounted on carbon taped aluminum
stubs and sputtered with gold at a rate of 5 nm/min for 4 min (Hummer-6 sputtering system,
Anatech, Union City, California). SEM was performed on a Hitachi S-3400N instrument at a
voltage of 10 kV (Hitachi, Toyko, Japan). Images were obtained after scaffold preparation as
described above. Scaffolds were then incubated in pH 7.4 phosphate buffered saline (PBS) at 37
°C for 5 days, carefully rinsed three times with deionized water, dried at room temperature in a
fume hood, and imaged again.

Mass loss from maleic acid-PEA scaffolds. Scaffolds were cut into small species with diameters
of 4.0 mm and thicknesses of 1.3 mm and then accurately weighed. The scaffolds were then placed
into capped tubes containing 2 mL of pH 7.4 PBS and incubated at 37 °C for 5 days. The PBS was
changed on day two. Afterwards, the samples were carefully rinsed three times with distilled water
and subsequently lyophilized overnight. The scaffolds were re-weighed and the final mass was

compared to the initial mass to calculate the mass change. The experiments were performed in



triplicate for each scaffold type.

Micro-computed tomography (micro-CT). Scaffolds were imaged using an eXplore Locus SP
microCT (GE Healthcare, Canada). The samples were scanned at 20 um voxel resolution, using
an exposure time of 4500 ms, 10 frames per view, and a total of 900 views at an increment of 0.4°.
Two-dimensional slice images were reassembled from the isotropic slice data, and compiled to
generate a 3D image. 3D Images were analyzed and displayed using commercially available
trabecular bone analysis software (MicroView version Viz+2.0, GE Healthcare). Detailed analysis
of these micro-CT images includes measurements of hybrid volume fraction, porosity, pore wall
thickness and pore sizes, and surface area to volume ratio.

Measurement of Young’s moduli of the scaffolds. Scaffolds were cut into small slices with
diameters of 4-5 mm and thicknesses of 1.4-1.6 mm using a razor blade. The exact dimensions
were measured using a caliper. The scaffolds were measured in both dry and hydrated conditions.
For the hydrated conditions, the scaffolds were incubated in PBS (pH = 7.4) for 2 h before
measurement. All samples were measured in at least triplicate. Measurements were performed
using a unconfined compression apparatus similar to that previously reported by Keller and
Sottos,* using a 10 g load cell. Additional details on the instrument are described in the supporting
information (Figures S8-S9, Table S1). Displacement was applied at a rate of 5.0 um/s over a
distance of 2.4-3.5 mm, affording a maximum load of 4-5 mN/mm?. Young’s moduli were
calculated as the slopes of the linear regions of the stress-strain curves (Figure S10).
Conjugation of FITC-BSA to the maleic acid-PEA scaffold. FITC-BSA as a model protein was
conjugated to the maleic acid-PEA scaffold. The scaffold (8.0 mg) was immersed in 4-
morpholineethanesulfonic acid (MES) buffer (0.1 M, pH = 5.0, 4.0 mL) in a 20 mL glass vial

which contained EDC (2 mM) and sulfo-NHS (5 mM) to activate the pendant carboxylic acid



groups on the scaffold. After 15 min, the MES buffer was removed and replaced by phosphate
buffer (10 mM, pH 8.5, 4.0 mL). Then, the FITC-BSA was added to reach a final concentration of
1.5 mg/mL and was reacted for 2 h. The conjugated scaffold was then washed three times with
PBS (pH 7.4) and deionized water (5 min each wash). FITC-BSA was conjugated to both non-
cross-linked and cross-linked scaffolds. For the control experiments involving physical adsorption,
the scaffold was subjected to the same conditions but without the addition of EDC coupling agent
and sulfo-NHS.

Confocal microscopy. Scaffolds with FITC-BSA conjugated or adsorbed were imaged using a
Zeiss LSM 510DUO Vario confocal microscope (Zeiss, Canada). The samples were excited at 488
nm using an Argon/2 laser with laser intensity of 17 % and the signal was captured with an LP 505
nm emission filter. The same gain (708) and digital offset (0.01) were used for the FTTC-BSA
conjugated or adsorbed scaffolds.

Cell culture and DNA content assay. Mouse embryonic mesenchymal multipotent cells (10T1/2
cells) were maintained in high glucose Dulbecco’s Modified Eagle’s medium (DMEM, Gibco,
ThermoFisher Scientific, Burlington, ON) with 5% fetal bovine serum, incubated at 37 °C and 5%
COsz. On the day of cell seeding, scaffolds were sterilized in 70% ethanol for 30 min followed by
three rinses with Hank’s Balanced Salt Solution (HBSS, Invitrogen, Burlington, ON), and then
changed to normal culture medium for equilibration in a tissue culture hood. Cell proliferation was
evaluated by quantifying the DNA content with CyQUANT® Cell Proliferation Assay kit
(ThermoFisher Scientific, Burlington, ON). 3000 cells per scaffold were seeded and cultivated for
3 and 7 days. On the day of harvesting, samples were rinsed thoroughly with PBS and stored at -
80 °C. Frozen samples were lysed in 200 pL of lysis buffer to release the DNA. The supernatants

were collected for assay after brief centrifugation. Fluorescence intensity of DNA content was
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determined fluorometrically using an excitation wavelength of 480 nm and an emission
wavelength of 520 nm on a PerkinElmer 1420 Multilabel Counter. The background reading of a
cell-free control was subtracted. Three independent experiments were conducted in triplicate
scaffolds for each experiment. Statistical analyses were performed using student’s t-test.
Fluorescence staining and confocal microscopy. Cell-seeded scaffolds at 4 and 7 days of culture
were fixed in 4% (w/v) paraformaldehyde (EMD Chemicals Inc. Gibbstown, NJ) followed by
permeabilization for 10 min in PBS containing 0.1% (v/v) Triton X-100. 4’,6-Diamidino-2-
phenylindole (DAPI; 300 nmol in PBS; Life Technologies) was used to visualize cell nuclei and
F-actin was observed with Alexa™ Fluor 594-conjugated phalloidin (1:100; Life Technologies).
Images were taken with a Zeiss LSM 510 confocal microscope (Zeiss, Canada) equipped with an
Ar/Ne as well as a UV laser.

Results and Discussion

Synthesis of maleic acid-PEA

BOC-Lys-PEA with an M, of 31,300 g/mol with D of 2.64 was synthesized using an interfacial
polycondensation procedure as previously reported,’® 3® and then the BOC protecting groups were
removed using 1:1 TFA:CHCl, to afford TFA-H3N-Lys-PEA (Scheme 1). As shown in Figure 1a,
a peak in the 'H NMR spectrum at 7.65 ppm (labeled d) was attributed to the protons from the
amine salt. Peaks at 4.17 ppm (labeled c) and 8.1 ppm (labeled b) arising from C,H and NHCO
adjacent to CoH, respectively, further confirmed the presence of Lys monomer after deprotection.’®
The maleic acid modified PEA was synthesized by the reaction of TFA-H3N-Lys-PEA with maleic
anhydride in the presence of NEt; and pyridine. In the 'H NMR spectrum, the peak at 7.65 ppm
assigned to protons in the protonated amine salt of TFA-H3;N-Lys-PEA disappeared after the

reaction (Figure 1b). In addition, two doublets at 6.2 and 6.4 ppm (labeled e and f) corresponding
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to the alkene moieties on the maleic acid>® were observed. Relative peak integrations suggested

that at least 95% of the pendant amines on the Lys had been reacted (Figure S4).
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Scheme 1. Synthesis of maleic acid-PEA.
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Figure 1. 'H NMR spectra for (a) TFA-H3;N-Lys-PEA and (b) maleic acid-PEA (DMSO-ds, 400
MHz) showing peaks consistent with the conversion of the protonated amines to the corresponding

amides following reaction with maleic anhydride.

The chemical structure of maleic acid-PEA was further confirmed using FT-IR spectroscopy.
Peaks at 1736 cm™ and 1649 cm™! corresponding to the ester and amide C=0 stretches respectively
and at 1537 cm™! attributed to the N-H and C-N in the amide3® were observed for both TFA-H3N-
Lys-PEA and maleic acid-PEA (Figure 2). The expected C=C stretching from maleic acid-PEA,
which should appear at 1640 cm™!, was not observed, likely due to overlap with the peak at 1649
cm!, However, analysis of the fingerprint region of the spectra showed that peaks at 833 cm™!, 798

cm! and 720 cm! ascribed to the amine TFA salt>!52 were observed for TFA-H3N-Lys-PEA (Figure

13



2a) but disappeared in the spectrum of maleic acid-PEA (Figure 2b). A new broad peak at 798 cm-
!"due to CH=CH out of plane bending and a new peak at 851 cm! corresponding to the NH from
the NHCOCH=CH out of plane bending were observed, confirming the presence of maleic acid

groups in the maleic acid-PEA (Figure 2b).

(a)

(b)

1736 cm™!
C=0 ester —{

1649 cm * 1537 an-1
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l
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jW\,v/vww

720 cm™!
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1000 900 800 700 600 500
Wavenumber (cm™

Figure 2. FT-IR spectra for (a) TFA-H3;N-Lys-PEA and (b) maleic acid-PEA. Spectra on the bottom
are zoomed versions of the fingerprint regions. The dotted lines identify peaks present only for

TFA-H3N-Lys-PEA, while the solid line shows a peak only present in maleic acid-PEA.
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SEC was used to measure the molar mass of maleic acid-PEA to confirm that significant
degradation did not occur during the reaction sequence. Compared to BOC-Lys-PEA, maleic acid-
PEA exhibited a slightly longer retention time (Figure 3), corresponding to lower M, of 20,000
g/mol and a similar D of 2.46. This modest reduction in M, without an increase in P may be caused
by interactions between the carboxylic acid groups in maleic acid-PEA and column packing

materials or a change in polymer hydrodynamic volume resulting from maleic acid incorporation.
1.00
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Refractive index response
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Figure 3. DMF SEC traces for BOC-Lys-PEA (grey dotted curve) and maleic acid-PEA (black

solid curve) showing a minor increase in the retention time for maleic acid-PEA.

Cross-linking of maleic acid-PEA

The double bonds on the pendant maleic acid groups confer to the PEA the potential to be
covalently cross-linked. The cross-linking of maleic acid-PEA (25 wt/vol%) in DMF at 75 °C in
the presence of AIBN was investigated, but no gelation was observed, likely due to the low
reactivity of the alkene group. However, upon the addition of 25 wt% PEG-DMA relative to maleic
acid-PEA, gelation was observed and a gel content of 74 + 6 % was obtained. To verify the
occurrence of cross-linking, the gel fraction was analyzed using FT-IR spectroscopy. Characteristic

peaks at 1736 cm™!, 1537 cm! and 1641 cm™! arising from PEA dominated the spectrum, and the
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intensity of the peak at 798 cm! corresponding to the alkene on maleic acid-PEA was reduced in
cross-linked maleic acid-PEA, confirming the polymerization of the alkenes into the network

(Figure 4).

2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm™)

Figure 4. FT-IR spectra for maleic acid-PEA (red, top) and the cross-linked maleic acid-PEA

(black, bottom), showing a reduction in the peak at 798 cm™ following cross-linking (dotted line).

Scaffold fabrication and characterization

Salt leaching is a commonly used method for scaffold fabrication, as the pore size and porosity of
the scaffold can be controlled by using porogens of different size and quantity.!> >3 For the current
work, NH4Cl particles sieved to diameters of 180-210 um were employed to achieve suitable pore
sizes for cells. DMF was selected as the solvent as maleic acid-PEA was highly soluble in DMF.
In addition, its high boiling point facilitated the thermally-initiated free radical cross-linking
reaction. To achieve a viscous polymer solution to infiltrate the prepacked porogen bed, we
selected 500 mg/mL of maleic acid-PEA as the concentration because beyond this the solution
became extremely viscous and did not infiltrate. AIBN and PEG-DMA were added for the cross-

linked scaffolds and the polymer-porogen construct was heated at 75 °C for 48 h before the
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evaporation of the DMF. Then, the salt and any residual DMF were leached out and the scaffold
was dried. For the non-cross-linked scaffolds, no heating or addition of AIBN/PEG-DMA were
performed. Instead, the DMF was evaporated and the salt was leached following scaffold
preparation. The first evidence of a successful cross-linking was that while the non-cross-linked
scaffolds were readily dissolved in DMF, the cross-linked scaffolds were not soluble in DMF
(Figure S5). Instead, the cross-linked scaffolds swelled by 17 & 4 % relative to their initial masses.

After salt leaching, the scaffolds were examined by SEM both before and after incubation in
PBS at 37 °C for 5 days. The images showed that microporous structures were formed for both
cross-linked and non-cross-linked maleic-acid-PEA (Figure 5). The cross-linked and non-cross-
linked scaffolds had similar morphologies prior to immersion in PBS (Figure 5a,b.e,f). After
immersion in PBS, some micrometer-scale wrinkling was observed for the non-cross-linked
structures, but overall the scaffolds maintained their structural integrity (Figure 5c,d,g,h). This
result contrasted with our previously reported work on electrospun mats prepared from an aspartic
acid-containing PEA with pendant carboxylic acid functional groups, where rapid fiber fusion was
observed in PBS.? For the cross-linked maleic acid-PEA scaffolds, structural integrity was also
preserved during immersion in PBS, though porosity at the micron and sub-micrometer level
increased. This may correspond to the beginning of PEA degradation through hydrolysis,
facilitated by the incorporation of hydrophilic PEG-DMA into the materials. To further probe the
degradation of the scaffolds, their mass loss was measured after immersion in PBS at 37 °C for 5
days. The non-cross-linked maleic acid-PEA scaffolds underwent a mass change of +8 £ 11%
while the cross-linked maleic acid-PEA scaffolds underwent a mass change of -3 + 5%. These
results were not different statistically (p = 0.2). Thus, there was no significant mass loss from either

set of scaffolds after 5 days in PBS. This result is consistent with that of previous work where the
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in vitro degradation of a scaffold based on a similar PEA (without L-lysine moieties) was found to

be slow, with only 21% mass loss over 28 days.>*

High magnification

Figure 5. SEM images showing the porosity of scaffolds before and after immersion in PBS for 5
days at 37 °C: (a)-(d) non-cross-linked maleic-acid-PEA scaffolds and (e)-(h) cross-linked maleic
acid-PEA scaffolds. No significant changes were observed for the non-cross-linked scaffolds,
while the porosity of the cross-linked scaffolds at the micro and sub-micrometer level increased

for the cross-linked scaffolds.

The scaffolds were also characterized by micro-CT. Three-dimensional models of the scaffolds
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were constructed (Figure 6), enabling calculation of their bulk volume, polymer volume fraction,
porosity, surface to volume ratio, pore wall thickness and pore diameter (Table 1). Both the non-
cross-linked and cross-linked scaffolds had the same bulk volume (i.e., the same radius and height).
The cross-linked scaffolds had a higher volume fraction of polymer and consequently lower
porosity, which can be attributed to the addition of PEG-DMA to the cross-linked formulation,
which results in the incorporation of more polymer into the network. The cross-linked scaffolds
also had a higher surface to volume ratio, a lower pore wall thickness, and a smaller pore size,
suggesting the presence of more smaller pores, compared to a smaller number of larger pores for
the non-cross-linked scaffolds. A larger number of smaller pores results in a higher surface to
volume ratio. While SEM images (Figure 5) indicated pore diameters similar to those of the
porogens used, the pore sizes indicated by micro-CT were about 3 to 7-fold smaller. This difference
can be attributed to the inclusion of micro-pores along the struts, pore walls, and the pore

interconnecting windows in the micro-CT analysis.
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Figure 6. Micro-CT images of (a) non-cross-linked and (b) cross-linked maleic acid PEA scaffolds

showing their porosity.

Table 1. Comparison of the non-cross-linked and cross-linked PEA-maleic acid scaffolds by

micro-CT analysis.

Parameter Non-cross-linked scaffold  Cross-linked scaffold
Polymer volume fraction (%) 39+ 1 48+0.1

Porosity (%) 61.1+0.9 51.9+0.1

Surface area to volume ratio 60.2 + 2.1 724+1.2

(mm™)

Pore wall thickness (um) 333+1.2 27.7+0.5

Pore size (um) 52.6+2.8 292+0.4

The thermal properties of the scaffolds were evaluated by DSC and TGA. TGA indicated that both
the non-cross-linked and cross-linked scaffolds had high thermal stability, with onset degradation
temperatures of about 320 °C (Figures S6-S7). PEG-DMA was highly crystalline, with a 7, of 46
°C (Figure 7). The non-cross-linked maleic acid-PEA scaffold was amorphous with a 7, of 44 °C.
The cross-linked maleic acid-PEA scaffold had a peak corresponding to a 7,, of 28 °C, likely
corresponding to small crystalline domains of PEG, overlaid on a broad glass transition, likely

corresponding to domains of mixed PEG and PEA.
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Figure 7. DSC curves for PEG-DMA (top, blue) as well as the non-cross-linked (red, middle) and
cross-linked (black, bottom) maleic acid-PEA scaffolds showing that PEG-DMA is primarily

crystalline, the non-cross-linked scaffold is amorphous, and the cross-linked scaffold has both

crystalline and amorphous domains.

We also measured and compared the Young’s moduli of the scaffolds in the dry and hydrated
states. In the dry state, the non-cross-linked scaffold had a modulus of 78 kPa, compared to 41 kPa
for the cross-linked scaffold (Table 2, Figure S10). The lower modulus for the cross-linked material
can likely be attributed to the incorporation of PEG. The moduli of the non-cross-linked and cross-
linked scaffolds in the wet state were 28 and 9 kPa respectively. Lowering of the moduli upon
hydration was expected as water is known to have a significant plasticizing effect on amorphous
polymers.>* In addition, the modulus of the cross-linked scaffold decreased more in the wet state,
and the PEG domains became highly hydrated. Overall, the moduli are in the range of soft organs

and tissues such as the human aorta.>®

Table 2. Young’s moduli of the maleic acid-PEA scaffolds in the dry and hydrated state measured
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under unconfined compression.

Scaffold Non-cross-linked Cross-linked
Young’s modulus for dry scaffold (kPa)* 78+ 13 41 £ 11
Young’s modulus for hydrated scaffold 28+ 1 9+1
(kPa)*

¢ Errors on the measurements represents the standard deviation for three different samples of

scaffold.

Conjugation of FITC-BSA to the scaffolds

The purpose of incorporating pendant carboxylic acid groups into the scaffolds was to enable the
conjugation of peptides and proteins that could serve as modulators of cell behavior in tissue
engineering applications. Some ligands, such as those activating Notch signaling function only
when immobilized.>® Alternatively, gradual degradation of the PEA scaffold could provide a slow
release of soluble ligands. It is ideal to conjugate the proteins after scaffold fabrication to avoid
their denaturation during the cross-linking process. Therefore, to confirm the reactivity of the acid
groups in our prepared scaffolds we conjugated FITC-BSA, a model protein with a molar mass of
69,324 g/mol. The conjugation was performed using EDC/sulfo-NHS activation of the maleic
acid-PEA scaffold, followed by the addition of the protein. To demonstrate that the resulting
conjugation was covalent rather than simply physical adsorption of FITC-BSA to the scaffold, a
control experiment was conducted using the same conditions but without EDC/Sulfo-NHS. No
fluorescence was detected in confocal microscopy for the control systems involving either cross-
linked or non-cross-linked maleic acid-PEA scaffolds (Figure 8a,c), whereas covalent conjugation
afforded fluorescent scaffolds with visible porous structures (Figure 8b,d). Thus, the pendant

carboxylic acid groups were still reactive when incorporated into the scaffold.
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Figure 8. Fluorescence confocal microscopy images of maleic acid-PEA scaffolds following the
adsorption or covalent conjugation of FITC-BSA: (a) adsorption to the non-cross-linked scaffold;
(b) conjugation to the non-cross-linked scaffold; (c) adsorption to the cross-linked scaffold; (d)
conjugation to the cross-linked scaffold. Only covalent conjugation afforded fluorescently labeled

scaffolds.

Cell proliferation on the cross-linked PEA scaffolds

To investigate cell proliferation, attachment, and spreading on the new scaffold, we used mouse
embryonic multipotent mesenchymal progenitor cell (10T1/2 cells). The rationale for using these
cells is based on our prior study differentiating them towards vascular lineage for elastin-
containing model tissue fabrication.>” The cell culture work focused on the cross-linked scaffold,
as the non-cross-linked scaffold was stiff and brittle, making it difficult to work with. We seeded
the cells in the cross-linked maleic acid-PEA scaffold discs and cultured them for 3 and 7 days. As
a control, we used a previously reported PEA composed of sebacic acid, Phe, and 1,4-butanediol,
which we have already established to exhibit morphological stability as a scaffold, high

cytocompatibility and to support cell proliferation.? 34 38
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Cell proliferation, as indicated by the CyQUANT® DNA content assay, was significantly
higher on the cross-linked scaffolds at both 3 and 7 days when compared to the controls, showing
that the scaffolds were cytocompatible and supported proliferation of 10T1/2 cells (Figure 9). The
cell proliferation data suggested that the cross-linking process did not introduce toxic residues to
the scaffolds. Furthermore, while PEG has been found to inhibit protein adsorption and
consequently protein-mediated cell adhesion,*®-> the portion of PEG-DMA incorporated into the
cross-linked scaffolds did not appear to have this effect. The robust cell proliferation was further
confirmed by confocal fluorescence microscopy imaging (Figure 10). Morphologically, 10T1/2
cells were well-spread on the maleic acid-PEA scaffold with abundant F-actin expression and with
cell-cell contact. Qualitatively, cells on the maleic acid-PEA scaffolds appeared to be denser and

more organized as observed by well-defined F-actin fibers.
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Figure 9. Fluorescence intensity measured by the CyQUANT® DNA content assay for C3HI10T1/2
cells cultured for 3 and 7 days on control PEA or cross-linked maleic acid-PEA scaffolds. *

indicates significantly higher cell proliferation on the cross-linked maleic acid-PEA scaffolds at

both time points (p < 0.05, N=3,n=3).

24



Cross-linked
PEA control maleic acid-PEA

4 days culture

7 days culture

Figure 10. Fluorescence confocal microscopy images of 3D scaffold discs after culture for 4 days
and 7 days with C3H10T1/2 cells, then staining of cell nuclei with DAPI (blue) and F-actin with
Alexa™ Fluor 594-conjugated phalloidin (green) (scale bar = 50 pm). Both the PEA control and
cross-linked maleic acid-PEA scaffolds supported the adhesion of cells and increased cell densities

were observed at 7 days compared to 4 days.

Conclusions

A maleic acid-functionalized PEA was successfully synthesized, providing both pendant alkenes
and carboxylic acids on the polymer. It was possible to use the polymer to fabricate three-
dimensional scaffolds using a salt leaching approach, and to cross-link the alkenes in the scaffolds
through a thermal free radical curing approach, stabilizing their structure and altering their
mechanical properties. It was also demonstrated that the carboxylic acids on the resulting scaffolds
could be used to covalently immobilize proteins. The cross-linked scaffolds supported the

adhesion, spreading, and proliferation of mouse embryonic multipotent mesenchymal progenitor
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cells. Overall, the new scaffold represents a promising platform for three-dimensional cell culture.

Through the conjugation of specific biomolecules such as growth factors it should be possible to

use the platform to control and modulate the behavior of cells for a diverse range of tissue

engineering applications.

Supporting information

Additional SEC and 'H NMR data, scaffold swelling/dissolution, TGA data, details and data for

mechanical testing
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