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Many efforts have been devoted to bone tissue to regenerate damaged tissues, and the development of
new biocompatible materials that match the biological, mechanical, and chemical features required for
this application is crucial. Herein, a collagen-decorated scaffold was prepared via electrospinning using a
synthesized unsaturated copolyester (poly(globalide-co-pentadecalactone)), followed by two coupling
reactions: thiol-ene functionalization with cysteine and further conjugation via EDC/NHS chemistry
with collagen, aiming to design a bone tissue regeneration device with improved hydrophilicity and cell
viability. Comonomer ratios were varied, affecting the copolymer’s thermal and chemical properties
and highlighting the tunable features of this copolyester. Functionalization with cysteine created new
carboxyl and amine groups needed for bioconjugation with collagen, which is responsible for providing
biological and structural integrity to the extra-cellular matrix. Bioconjugation with collagen turned the
scaffold highly hydrophilic, decreasing its contact angle from 107 + 2° to 0°, decreasing the copolymer
crystallinity by 71%, and improving cell viability by 85% compared with the raw scaffold, thus promoting
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1. Introduction

Scaffolds for tissue engineering consist of 3D-assembled mate-
rials acting as an artificial extra-cellular matrix (ECM) capable
of supporting the attachment of cells and guiding their regen-
eration, thereby ensuring cell viability and growth." For this
reason, in addition to biologically desired properties, these
scaffolds require an ideal morphological structure, with their
architecture governing the physiology and delivery of nutrients
to cells and promoting vascularization and diffusion of nutri-
ents and oxygen.” To this end, choosing a proper technique to
assemble these 3D structures allows for the achievement of
desired mechanical characteristics, high cell adhesion, and
high porosity as required for tissue engineering devices.>* In
this context, electrospinning has emerged as a widely applied
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proteins created a promising device for bone repair in tissue engineering.

process to design scaffolds with topographical features, and
microscale to nanoscale fibers with facile processability, allow-
ing a high control of scaffold properties such as fiber diameter
and scaffold porosity, resembling the natural ECM.>"® This
technique also enables the interconnection between the porous
fiber structures, facilitating cell migration and nutrient trans-
portation during healing processes, matching the requirements
for tissue engineering applications.? Regarding the materials
applied to compose these 3D-assembled structures, aliphatic
polyesters derived from macrolactones have gained attention
owing to their suitable and tunable properties, such as biocom-
patibility and biodegradability.”'® They can be synthesized
using approaches with a high control of molecular weight
and dispersity, such as ring-opening polymerization (ROP),""
which can be catalyzed by enzymes (e-ROP), such as Novozym
435 (an immobilized enzyme, Candida antarctica lipase
fraction B). For biomedical applications, the use of enzymes
is particularly important because it results in polymers without
any remaining toxicity, avoiding several purification steps,
which are required when chemical catalysts are applied.'
Lipases are capable of acting as a catalyst for e-ROP of several
lactones and macrolactones, such as e-caprolactone,'*"?
o-pentadecalactone,™* and globalide," resulting in faster reac-
tions under lower temperatures.'*
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However, applying homopolymers derived from lactones in
biomedical devices still presents some drawbacks, which are
mainly related to their high hydrophobicity, low hydrolysis rate,
and poor resorbability. To overcome these problems, copoly-
merization with unsaturated macrolactones followed by con-
jugation with biomolecules appears to be an effective approach
to obtaining materials with tailored features, mainly related
to mechanical behavior, crystallinity, hydrolysis, biodegrada-
tion rates, and thermal properties.'® Besides, polymer functio-
nalization can also lead to desirable polymer properties,
allowing specific interactions within biological systems. The
direct functionalization during e-ROP is highly challenging
since the reaction does not tolerate the presence of functional
groups such as hydroxyl or amines, which act as initiators of
this reaction.'”” A feasible and fast alternative for post-
polymerization modification is the click reactions, such as
thiol-ene. In this reaction, combinations of alkenes and thiols
occur with high reaction rates, forming harmless products.'”"*®
Thus, choosing specific functional groups to add to the copo-
lymer structure and tuning the ratio between the monomers
allows the design of polymers with desired physicochemical
properties or affinity for different human tissues."® These
possibilities turn functionalized polyesters into great candi-
dates for developing biofunctional materials.

The incorporation of amino acids (AA), proteins, and pep-
tides in a polymer chain represents an excellent alternative to
tune the biomaterial’s properties, allying features of conven-
tional artificially degradable polymers and available peptides
with enhanced hydrophilicity and biocompatibility.>® Cysteine,
a hallmark of anti-oxidative stress, consists of a hydrophilic
and reactive thiol-containing amino acid with the ability to
react with oxygen and nitrogen species, being easily bound on
polymer chains via thiol-ene chemistry.>"** The previous func-
tionalization with amino acids such as cysteine on a polyester
chain introduces hydrophilic functional groups (i.e., amines
and carboxylic acids), which enabled the conjugation between
the polymer and biomacromolecules, potentially improving the
material’s performance for biomedical applications. In this
sense, collagen, a right-handed bundle of three polypeptide
chains, appears as a great candidate to be covalently bound to
these hydrophilic functional groups. Since it is one of the major
proteins in the ECM, distributed in connective tissues, it plays a
key role in creating biological and structural integrity in the
designed scaffold.®** Besides, its amorphous structure can
reduce the polymer crystallinity, and its hydrophilic behavior
can reduce the overall polymer hydrophobicity, providing
improved cell adhesion and proliferation.>*?*

Collagen has been used as a potential material to build
porous lattice sponges to support the in vitro growth of many
types of tissues.”® Collagen-based scaffold materials can be
designed either using collagen as the main component of the
structure,®”*® or as a functional biomolecule employed to
functionalize a specific surface. In the first case, a cross-
linking agent, such as glutaraldehyde-based agents, is usually
employed to achieve the required mechanical properties and
stability. However, concerns related to cytotoxicity and bio
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incompatibility have been raised regarding these materials.®
In the latter case, collagen could be combined with several
types of materials and can create biocompatible structures with
high porosity and adhesion. Materials such as polymers derived
from natural monomers,**~> natural ceramics such as hydro-
xyapatite and tricalcium phosphate,®*** or composite materials
have been widely employed as main components of scaffolds to
further collagen-based surface functionalization. These collagen
combinations can be developed via polymeric blends, coatings
involving physical adsorption in porous structures,** or collagen
covalently binding through bioconjugation.®® Bioconjugation
appears to be an advantageous strategy to bind collagen to
scaffolds due to the high stability of the formed covalent bonds
and the more efficient collagen attachment when compared to
other functionalization methods.>

In this context, the present work proposes the design of a
novel 3D-assembled scaffold for bone tissue engineering.
Herein, we accomplished the synthesis of the copolyester
poly(globalide-co-o-pentadecalactone) (PGIPDL), followed by
its 3D-assembling into scaffolds by the electrospinning techni-
que. The 3D scaffolds were then functionalized with cysteine
via photo-initiated thiol-ene reactions, aiming to provide NH,
and COOH functional groups for further bioconjugation with
collagen via carbodiimide chemistry, aiming to improve the
hydrophilicity and cell viability. PGIPDL was synthesized via
enzymatic ring-opening polymerization (e-ROP) using Novozym
435 as a catalyst. The effect of the comonomer ratio on the
physicochemical properties of the copolymer was extensively
studied. The resultant materials were analysed regarding their
chemical structures, crystallinity, water contact angle, and
melting temperatures. The interactions of the designed scaf-
folds with pre-osteoblast cells were evaluated in vitro in order to
determine the material biocompatibility and mineralization
performance. To the best of our knowledge, this work reports
the bioconjugation of PGIPDL electrospun scaffolds with col-
lagen for the first time. This study can be a starting point for
designing bone-regenerator materials with proper characteris-
tics, contributing to developing more effective medical devices.

2. Experimental

2.1 Material preparation

Dichloromethane P.A. 99.8% (DCM), propanone P.A. and etha-
nol P.A. were purchased from Vetec Quimica Fina Ltda. (Rio de
Janeiro - Brazil) and used without previous purification.
Toluene P. A. was purchased from Dindmica Quimica Contem-
pordnea Ltda. (Sdo Paulo - Brazil) and used as received. The
enzyme Novozym 435 was donated by Novozymes A/S (Barigui -
Brazil), which corresponds to the commercial lipase B from
Candida Antarctica immobilized on cross-linked polyacrylate
beads. Esterification activity assays were performed according
to a methodology proposed in the literature®> and resulted in
28.5 U g~ '. Enzymes were dried under vacuum before polymer-
ization for 24 h at 65 °C and stored in a desiccator over silica
and 4 A molecular sieves. The monomer w-pentadecalactone
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was purchased from Sigma Aldrich (Sdo Paulo - Brazil), and
globalide was kindly donated by Symrise (Sdo Paulo - Brazil).
Both monomers were dried before polymerization for 24 h
at 80 °C under vacuum conditions. After drying, they are also
stored in a desiccator over silica and 4 A molecular sieves.

Cysteine hydrochloride was purchased from Vetec Quimica
Fina Ltda. (Rio de Janeiro - Brazil), and the hydrolyzed collagen
type I and Verisol® collagen, a pure bioactive peptide derived
from collagen optimized for skin health, were purchased from
Iberoquimica do Brasil (Sao Paulo - Brazil). Verisol® collagen
has a shorter chain when compared with the hydrolyzed
collagen, resulting from further enzymatic hydrolysis during
its processing, which is expected to increase its bioavailability.
They were employed without any pre-treatment. The photoini-
tiator Omnirad 2959 (1-[4-(2-hydroxyethoxyl)-phenyl]-2-hydroxy-
2-methylpropanone) was kindly donated by IGM resins do
Brasil Ltda. (Sdo Paulo - Brazil). N-Hydroxysuccinimide (NHS,
98%) and N-(3-dimethylaminopropyl)-N"-ethylcarbodimide
hydrochloride (EDC) were purchased from Sigma Aldrich (Sdo
Paulo - Brazil). Sodium chloride (NaCl), potassium chloride
(KCl), disodium hydrogen phosphate (Na,HPO,), and potas-
sium phosphate monobasic (KH,PO,) were purchased from
Sigma Aldrich (Sao Paulo - Brazil) and employed to prepare
the PBS and phosphate buffered solutions (at 0.15 M and 0.1 M,
respectively).

2.2 Synthesis of poly (globalide-co-®-pentadecalactone) via
enzymatic ring-opening polymerization

The copolymer synthesis involving the comonomers globalide
and o-pentadecalactone was carried out in a 25 mL vial in a
proportion of 2:1 of the total monomers to the solvent
(toluene). To evaluate the influence of each comonomer on
the final copolymers’ properties, different monomer feed mass
ratios (Gl: PDL) were employed in the copolymer formulations:
100:0; 75:25, 50:50, 25:75, and 0:100. Monomers, solvent,
and enzyme were weighed in a precision balance (ATX224
Shimadzu, Japan) and the reaction system flask was placed
inside a sand bath to control the reaction temperature. The
concentration of the enzyme Novozym 435 was fixed at 5 wt%,
relative to the total amount of the monomers. After reaching
the reaction temperature of 65 °C, the reaction proceeded for
2 h under magnetic stirring. The reaction conditions were
chosen based on previous studies,>™**> where similar macro-
lactones were employed in the synthesis of copolyesters. Novo-
zyme 435 and its amount were chosen based on the results of
previous works®® that elucidated the effect of enzyme amount
and enzyme nature on the kinetics of e-ROP.

After the polymerization reaction, the copolymers were
purified, being first solubilized in dichloromethane (DCM),
followed by the enzyme removal by filtration and precipitation
of the polymer chains in cold ethanol : acetone (3 : 1) solution to
separate the copolymers from residual monomers or oligomers.
For the precipitation, the cold mixture of ethanol and acetone
was added to the polymer solution in a proportion of 1:6 (v/v).
After the precipitation, copolymers were dried in an oven at
60 °C overnight. The purification followed the same procedure
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proposed by Guindani and coworkers'? and was confirmed by
NMR analysis since no monomer peaks remained in the
spectrum after the purification step. Typical yields of the
copolymerization reactions were 70%.

2.3 Scaffold preparation via electrospinning

Scaffold conformation was carried out in an electrospinning
apparatus and a fixed collector using operational conditions of
10 kv of tension, 15 cm of distance tip-to-collector, and a
flow rate of 1 mL h™". All copolymers were solubilized in
chloroform to design 5 different doping solutions. In the first
electrospinning tests, the solution concentration of all copoly-
mer ratios was set at 25 wt%, which ranges into the typical
polymer concentration employed in the electrospinning
process.’” However, samples containing higher fractions of -
pentadecalactone in the copolymer composition resulted in
damaged fibers due to the high solution viscosity. For this
reason, copolymers containing high amounts of globalide (GL:
PDL of 100:0, 75:25, and 50: 50) were employed in a concen-
tration of 25 wt%, while the copolymers using the Gl:PDL mass
ratios of 25:75 and 0:100 were solubilized in a concentration
of 15 wt%. The copolymer concentrations were set based on the
adequate viscosity range of the solutions that allowed electro-
spinning without the formation of beads. The electrospinning
assays were carried out for 60 min.

2.4 Thiol-ene functionalization of poly (globalide-co--
pentadecalactone) scaffolds with cysteine

Scaffold functionalization assays involved polymers with var-
ious globalide contents (Gl : PDL ratios of 100: 0, 75:25, 50: 50,
and 25:75). The thiol-ene reactions were photoinitiated by
the hydrosoluble photoinitiator 1-[4-(2-hydroxyethoxy)phenyl]-
2-hydroxy-2-methyl-1-propan-1-one (Omnirad 2959), in an aqu-
eous media of 10 mL, using an excess of cysteine (5 times
the stoichiometric amount required to functionalize all
double bonds). The copolymer scaffolds were immersed in a
solution containing cysteine and the photoinitiator, and the
thiol-ene reaction was carried out for 5 h in a UV camera. After
the reaction, the cysteine-functionalized PGIPDL scaffolds
(PGIPDL-cys) were washed several times with distilled water
to remove the remaining initiator and non-reacted cysteine.

2.5 Scaffold bioconjugation with collagen via EDC/NHS
chemistry

For bioconjugation, the two types of collagens were separately
solubilized in deionized water at a concentration of 1 mg mL .
A PBS bulffer solution was prepared at 0.15 M (pH 7.4), and a
phosphate-buffered saline was prepared at 0.1 M (pH 6). The
scaffolds functionalized with cysteine (PGIPDL-cys) containing
25% of PDL in the copolymer composition were immersed in
10 mL of a buffer phosphate-buffered saline (0.1 M, pH 6) for
10 min in a soaking step to enable the buffer to penetrate the
fibers before activation. The activation of functional carboxyl
groups consisted of immersing the fibers in a phosphate-
buffered saline (0.1 M, pH 6) containing EDC + NHS, in a
proportion of 1:3:1 (COOH:EDC:NHS) for 30 min. The
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stoichiometry was calculated considering 20% of double bonds
functionalized with cysteine. Scaffolds were removed from the
solution containing EDC + NHS and immersed in a PBS
solution (45 mL) + collagen (5 mL, at 1 mg mL ™), which were
retained for 24 h. All reaction steps were carried out at 25 °C.
After the reaction, the collagen-decorated scaffolds (PGIPDL-
hydrolyzed and PGIPDL-Verisol®) were washed several times
using distilled water in order to remove the remaining non-
reacted cross-linkers and collagen.

2.6 Copolymer characterizations

2.6.1 Monomer conversion and copolymer composition.
"H NMR spectroscopy was performed on a Bruker AC-200F
NMR (Bruker Company, USA) operating at 200 MHz. Chemical
shifts are reported in ppm, relative to tetramethyl silane (TMS)
0.01% (v/v) (6 = 0.00). All samples weighing 10 mg were
solubilized in 0.55 mL of CDCl; (6 = 7.26 for "H NMR). NMR
was employed to determine the monomer conversion and
copolymer composition (%mol of each comonomer). The cal-
culation of the composition of the copolymers was performed
using the NMR spectra of the purified polymers. In that case,
the calculation was based on the integral value referent to the
double bond from the Gl monomer (around 5.5 ppm) to the
methylene peak (4.01-4.15 ppm). Thus, the copolymer compo-
sition was determined based on the GI content on the final
copolymer.

Poly(globalide-co-w-pentadecalactone) "H NMR (CDCl; 200 MHz):
d (ppm) 5.6-5.22 (m, CH—CH), 4.14-3.97 (m, CH,0(C=0)), 2.45-
2.19 (m, CH,(C=O0)0), 2.18-1.82(m, CH,(CH—CH)), 1.78-1.47,
1.45-1.08 (m, CH,).

2.6.2 Molecular weight distribution. The copolymer mole-
cular weight was determined by gel permeation chromatogra-
phy (GPC) using high-performance liquid chromatography
equipment (HPLC, model LC 20-A, Shimadzu do Brasil - Brazil)
equipped with a refraction index detector (RID-10A) and a Shim
Pack GPC800 Series column (GPC804 and GPC 807, Shimadzu
do Brasil - Brazil). Molecular weight average (M,,), number
average molecular weight (M,), and polydispersity were calcu-
lated using polystyrene standards with molecular weights ran-
ging from 580 to 3 000 000 g mol~*. Chloroform was employed
as an eluent with a volumetric flow rate of 1 mL min~" at 40 °C.
For the analysis, samples weighing 15 mg were dissolved in 4
mL of chloroform.

2.6.3 Thermal properties. Experiments were conducted
from 0 to 120 °C. Samples of approximately 5 mg were analyzed
using differential scanning calorimetry (DSC) (Jade DSC Perki-
nElmer®™, USA) at a heating and cooling rate of 10 °C min* in
an inert atmosphere of nitrogen at 50 mL min'. The second
heating runs determined melting temperatures (7,,) and melt-
ing enthalpies (AH,,). DSC analyses were carried out for the
copolymer before and after the thiol-ene functionalization and
after the bioconjugation of the selected scaffold with collagen.
Copolymer crystallinity was estimated using the melting
enthalpy of copolymers and the melting enthalpy of a standard
100% crystalline poly(pentadecalactone).
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2.6.4 Fiber morphology. Scanning electron microscopy
(SEM) using a conventional scanning microscope with a tung-
sten filament (VEGA3 TESCAN, Czech Republic) allowed the
evaluation of the fiber morphology and fiber diameter. SEM
images were taken before and after the copolymer functionali-
zation and bioconjugation. Before the analysis, samples were
sputter coated with gold using LEICA EM SCD500 equipment
(Leica Microsystems®™, Germany).

2.6.5 Wettability and surface free energy. The contact
angles (0) (DataPhysics OCA20, Germany) of three test liquids
(water, dimethyl sulfoxide, and formamide) and the application
of these angles in the Owens-Wendt-Kaelble equation (eqn (1))
helped to determine the surface free energy (SFE) of the
samples.

7= (1+cos0) =201 x 99" +20F x 9" (1)

It is important to denote the separation of y° into two
components, one dispersive (7%) and the other polar (yP),
through the relation 7* = y¢ + yP. Subscripts S and L represent
the solid and the liquid surfaces, respectively. In this way,
inserting the values of 0 obtained for the three solvents used,
which have known values of 1%, 7%, and P, the equation is solved
in the SCA-20 software (USA). The contact angle assays were
performed on the copolymer fibers before and after functiona-
lization with cysteine and bioconjugation with collagen.

2.6.6 ATR-FTIR analyses. The bioconjugation between col-
lagen and the copolymer was qualitatively evaluated by Fourier
transform infrared spectroscopy (FTIR) using attenuated total
reflection (ATR) on the fiber's surface (Tensor 27 Bruker,
Netherlands).

2.7 Cell viability and mineralization assays

Cell viability and mineralization tests were performed before
and after the thiol-ene functionalization to determine cystei-
ne’s influence on biological scaffold properties. Similarly, these
tests were performed after the bioconjugation of PGIPDL-cys
scaffolds with collagen. To prepare the cell culture, pre-
osteoblast cells of murine lineage MC3T3-E1 (American Type
Culture Collection-ATCC) were cultured in minimal essential
medium (a-MEM, Gibco), together with 10% fetal bovine serum
and 1% (v/v) streptomycin/penicillin. After reaching conflu-
ence, the cells were trypsinized and resuspended in o-MEM,
then seeded in 24-well plates with 5 x 10* cells per well density
containing the scaffolds. One aluminum foil (without scaffold
presence) was used as a control. The scaffolds containing the
cells were maintained in an osteogenic medium (o-MEM sup-
plemented with 10% fetal calf serum (FCS), 50 pg ml~ "' of
ascorbic acid, and 6 mM of B-glycerophosphate). Cell viability
was evaluated using the classic MTT assay following the meth-
odology described by Faria and coworkers.*® Briefly, the sam-
ples incubated in the cell culture at 7 days (37 °C and 5% CO,
atmosphere) were added to 1.0 mg mL™' of MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) and then incu-
bated at the same conditions for 4 h more. During this process,
a tetrazolium salt, a highly coloured compound (formazan),

This journal is © The Royal Society of Chemistry 2024
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upon reduction with NADH is produced, which reflects the
cellular dehydrogenase activity. After 4 h of incubation, the
formazan crystals were dissolved in 2-propanol and stirred until
complete dissolution. Absorbance was read at 560 and 690 nm
on a spectrophotometer (SpectraMaxM3. USA) to determine the
concentration of mitochondrial dehydrogenase. Cell viability
was expressed as the percentage of the average of 3 experi-
ments, compared to the control (aluminum foil) for the period
analyzed, 7 days (100%).

The formation of the mineralized matrix after 7 days of the
samples in the cell culture was evaluated with the alizarin Red
(AR) staining methodology described by Gregory, C. A.; Gunn, W.
G.; Peister, A.; Prockop.*® To this end, the samples containing the
cells were rinsed with PBS to remove possible nonspecific pre-
cipitated phosphate particles. The formation of mineralized
nodules was quantified by dissolving the content of the wells
after staining with AR in acetic acid and neutralizing with
ammonium hydroxide. The absorbance at 405 nm was read with
a spectrophotometer. Aluminum foil was used as a control.

3. Results and discussion

3.1 Synthesis and fiber conformation of poly(globalide-co-c-
pentadecalactone) (PGIPDL)

3.1.1 Synthesis and composition of poly(globalide-co-o-
pentadecalactone) (PGIPDL). The e-ROP reaction of monomers

View Article Online
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Gl and ®-PDL was carried out in toluene for 2 h. The monomers
and enzymes were carefully dried before the reaction because
water is the initiator of the reaction. A high amount of water
could result in a significant number of chains with low mole-
cular weight, which was not desired for the aimed application.
The initial Gl: PDL mass ratio was set at 100:0, 75:25, 50: 50,
25:75, and 0:100. The mass ratio of the comonomers was
varied to evaluate the influence of each monomer on the
resultant copolymer properties. Other reaction parameters,
such as temperature and time, were maintained constant in
the experiments. The reaction yields after purification ranged
from 65 to 90%. The general diagram of the polymerization
reaction is illustrated in Fig. 1(a).

Fig. 2 shows the "H NMR spectrum of the copolymer with a
75:25 (Gl:PDL) monomer ratio. The monomer conversions
were calculated based on the methylene peak (4.08-4.18
ppm). This peak is presented in the monomers and the final
copolymers. In the latter, the peak was shifted to the right
(3.98-4.10 ppm). The evaluation of monomer conversion was
performed with the copolymers before purification by compar-
ing the methylene peaks between the monomer and the final
copolymer (Fig. S1, ESIf). The copolymer spectra did not
present any peaks corresponding to the monomer, indicating
the absence of any unreacted monomer in the analyzed sam-
ples. For this reason, independent of the initial comonomer
ratio, all e-ROP reactions reached 100% conversion. Table 1
summarizes the "H NMR spectroscopy and GPC results of the
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Fig. 1 Representation of (a) enzymatic ring-opening copolymerization between Gl and o-PDL, (b) thiol-ene functionalization of PGIPDL scaffolds with
cysteine, and (c) bioconjugation of PGIPDL-cys scaffolds via EDC/NHS chemistry.

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. B, 2024,12, 3047-3062 | 3051


https://doi.org/10.1039/d3tb02665e

Published on 20 February 2024. Downloaded on 10/29/2025 10:37:54 PM.

Paper

(a)

Globalide

O o

L

View Article Online

Journal of Materials Chemistry B

(b)

w-Pentadecalactone

(0) (6]

8 7 6 5 4 3 2 1 0 1 =2
Chemical shift(ppm)

T T T T T T T T T

8 7 6 5 4 3 2 1 0 -1 -2
Chemical shift (ppm)

(C) Poly(globalide-co-w- pentadecalactone) (PGIPDL)

PARAAAAAgAAAAAAAN

55 50 45 40 35

3.0 2.5
Chemical shift (ppm)

20 15 10 05 00

Fig. 2 'H NMR of (a) globalide, (b) w-pentadecalactone, and (c) PGIPDL at 75: 25 (Gl: PDL) monomer ratio.

Table 1 Properties of PGIPDL copolymers synthesized with different GlL: PDL ratios based on *H NMR and GPC data

Initial Gl: PDL NMR Gl: PDL copolymer

Double bonds

(mol ratio) composition (mol ratio) M, N (polymerization degree) D per chain
100:0 100:0 8440 35 3.96 35.0
75:25 70.4:29.6 9220 39 4.63 27.5
50:50 44.8:55.2 13 860 58 4.31 26.0
25:75 22.1:77.9 13600 57 5.87 12.5
0:100 0:100 9930 41 7.24 0

copolymers with different Gl: PDL ratios. The molecular weight
distributions are presented in Fig. S2 (ESIT).

By analyzing Table 1, it is possible to infer that both
monomers were successfully copolymerized, as indicated
by the excellent match of the experimental copolymer

3052 | J Mater. Chem. B, 2024,12, 3047-3062

compositions with the theoretical ones. The resulting M,
values of all copolymer compositions ranged from 8.000-
14.000 g mol™', and no clear tendency with copolymer
composition could be evidenced. Similar results were
obtained by Tinajero-Diaz, Ilarduya and Mufioz-Guerra® in
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Table 2 Thermal properties (melting enthalpy, AH; temperature, T,,; degree of crystallinity, Xc), water contact angle (0), and free surface energy of
PGIPDL copolymers at different monomer ratios, PGIPDL-cys, PGIPDL-Verisol®, and PGIPDL-hydrolyzed

Melting Melting Degree of Polar Dispersive Surface free

enthalpy temperature crystallinity Contact angle component component energy (ys)

AH)(Jg™")  (Tw) (O (Xc)” (%) ) () G8) (mym=?) () (mJ m~?) (mJ m™)
100: 0“ 65 44 28 107 + 22 0.18 + 0.03¢ 32.65 + 0.23¢ 32.83 + 0.20¢
75:25% 80 63 34 107 + 2° 0.16 + 0.02¢ 32.35 + 0.20¢ 32.41 + 0.20¢
50:50% 82 79 35 108 + 12 0.24 + 0.01° 34.41 + 0.10° 34.65 + 0.10°
25:75% 97 89 42 109 + 3% 0.27 + 0.05° 35.31 + 0.13° 35.58 + 0.13°
0:100“ 127 96 55 109 + 22 0.41 £ 0.02° 36.37 + 0.09° 36.90 + 0.09%
100: 0 Gl: PDL-cys 57 43 25 100 + 69 0.25 &+ 0.05*  37.61 &+ 0.13°*  37.86 £ 0.10%
75:25 Gl: PDL-cys 90 63 38 102 + 7° 0.41 + 0.02"  37.69 + 0.09*  38.10 & 0.11%*
50:50 Gl: PDL-cys 98 78 42 112 + 92 0.44 + 0.05™  38.10 + 0.13"*  38.54 & 0.08™*
25:75 Gl: PDL-cys 127 86 54 110 + 10* 0.51 + 0.02*  40.38 + 0.09**  40.89 + 0.19**
75:25 Gl: PDL-verisol 25 57 10 0 — — —
75:25 Gl: PDL-hydrolyzed 26 57 11 0 — — —

% Thermal properties (in italics) for these conditions were evaluated before electrospinning. Water contact angle and free surface energy were
evaluated in the copolymer scaffolds. ” Based on a 100% crystalline PPDL sample.*?a-c: different letters indicate a statistically significant
difference between the samples (Tuckey, p < 0.05)A and B: different capital letters indicate a statistically significant difference between the
samples with the same proportion of PDL:PGL but without or with cysteine (Tuckey, p < 0.05).

the copolymerization of Gl and o-PDL, with M,, in the range of
9.000-12.000 ¢ mol ™" for different copolymer compositions,
without apparent correlation between M, and the measured
composition. In the copolymerization of Gl and &-CL via e-ROP,
Guindani, Dozoretz, Veneral, Silva, Araujo, Ferreira, and
Oliveira® also reported full incorporation of both monomers
in the copolymer composition, where none of the monomers
reacted preferentially, despite the different sizes of macrolac-
tones employed in their work. In that case, an increase in M,
was observed with increasing globalide content, and it was
explained by the larger size of Gl compared to &-CL.

Intermediate copolymer compositions led to a broad mole-
cular weight peak with a tendency to bimodality (Fig. S2, ESIT).
The increased ®-PDL content in copolymer compositions led to
higher weight average molecular weights and dispersities and
also higher viscosities, easily observed at room temperature.
The high viscosity reduces chain mobility, enclosing them for
longer periods near the enzyme’s active site. As a result, these
chains react for longer times, growing more and reaching
higher molecular weights than the chains located far away from
the enzyme’s active site. The higher the molecular weight, the
more limited the mobility of the chains, and the more pro-
nounced this effect becomes. Then, significant differences in
the chain size are obtained, resulting in high dispersities
and bimodal distributions. Polymerization via e-ROP of macro-
lactones generally results in non-monomodal molecular weight
distributions, as reported in the literature in e-ROP of poly(e-
caprolactone),*’ poly(globalide-co-g-caprolactone)™® and PPDL."*

The polymerization degree and the number of double bonds
per mol, also displayed in Table 1, were calculated using the
information on monomer conversion and copolymer composi-
tion obtained from the "H NMR results of each copolymer. In
this case, the weight of each copolymer was divided by the
molecular weight of each comonomer (in the proportion deter-
mined by NMR). Then, the number of repeat units of each
copolymer was determined, also leading to the estimation of
the number of double bonds per mol of the copolymer.

This journal is © The Royal Society of Chemistry 2024

Copolymer thermal properties, such as melting temperature
(Tm), melting enthalpy (AH,,), and degree of crystallinity, are
presented in Table 2. The degree of crystallinity was calculated
based on a 100% crystalline sample of PPDL.** DSC thermo-
grams are shown in Fig. S3 (ESIT). The melting temperatures of
the pristine homopolymers (before electrospinning), 44 °C for
PGL and 96 °C, agree with those from the literature, 46 °C** and
97 °C, respectively."* The lower Ty, of PGl is due to unsatura-
tion, which is responsible for a more irregular and less packed
structure. An increase in melting temperature can be observed
with the increase in PDL content in the copolymer composition.
For instance, Ty, increased by almost 20 °C by replacing 25 wt%
of Gl by PDL in the copolymer synthesis, as shown in Table 2.
These results evidence a great advantage of copolymerization in
tuning the polymer thermal properties by employing different
monomer ratios. In addition, no double melting behavior was
observed in any copolymer compositions (Fig. S3, ESIt), indi-
cating that there is no competition between the melting and
recrystallization during the second heating run of DSC. The
presence of a single intermediate melting temperature in the
copolymers indicates isomorphic crystallization, suggesting
that they are indeed random copolymers. Several studies,
including those on enzyme-catalyzed copolymerization of lac-
tones and macrolactones, consistently yielded copolymers with
random microstructures.”>**™*> This observed microstructure
is attributed to the rapid transesterification induced by Novo-
zym 435 during enzymatic copolymerization. Notably, the enzy-
matic mechanism does not promote the formation of well-
organized copolymers, such as alternate or diblock structures.
The study of thermal properties of the copolyesters aimed at
selecting the comonomer composition resulted in a proper T,
for the proposed application, with a high number of double
bonds for subsequent functionalization.

The crystallinity of the pristine PGl homopolymer is 28%
and that of the PPDL homopolymer is 55%, with a fair agree-
ment with literature values of 64%.*® Thus, like the melting
temperature, crystallinity also decays with the increasing Gl
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content, turning the copolymer more amorphous. This char-
acteristic is interesting when dealing with applications
requiring bioresorbable materials; when less crystalline, the
greater the susceptibility to hydrolysis and enzymatic
degradation.”” Thus, the copolymerization strategy can modify
the polymer crystallinity besides the melting temperature. All
evaluated conditions of different monomer ratios formed semi-
crystalline copolymers, with the degree of crystallinity of the
homopolymers PGl and PPDL consistent with those from the
literature.>**®

3.1.2 Scaffold preparation: wettability and fiber morphol-
ogy. The morphology of the electrospun fibers and the number
average fiber diameter of Gl:PDL (75:25) raw scaffolds are
shown in Fig. 3 (upper left side). SEM images of the raw
copolymer scaffolds of all evaluated copolymer compositions
are displayed in Fig. S4 (ESIt). All copolymer solutions resulted
in homogeneous cylindrical fibers, with diameters ranging
from 5.12 to 9.90 um with no bead formation. The PGl homo-
polymer resulted in the most uniform fibers with the narrowest
fiber diameter distribution, with distributions becoming
broader with increasing amounts of PDL in the copolymer.
The homopolymer PPDL resulted in fibers with irregular
shapes resembling the initial bead conformation. It is worth
mentioning that the copolymer concentrations in chloroform
were different among the copolymer compositions. Polymers
with higher amounts of globalide (100:0, 75:25 and 50:50
Gl:PDL ratios) were dissolved at a concentration of 25 wt%,
while the polymers with higher PDL amounts (25: 75 and 0: 100

0=102+72
Dn =521+ 3.36 um

75:25 GI:PDL

SEM MV 160KV WD: 1435 men
SEM MAG: 2.00 kx Det: SE 20 m
Vicw fleld: 138 ym  Date(micy): 0711422 Performance in nanospace

6=0
Dn=7.39+3.4 um

VEGA3 TESCAN| SEM HV:150kV | WD:1456mm
SEM MAG: 2.00 kx Det: SE
View fleld: 138 ym _ Date(mialy): 11/22/22

SEMHV: 100KV WD: 1498 mm ||| ||| ||| (] WD: 15.43 mm
SEM MAG: 2.00 kx Det: SE 20 pm 0k Det: SE
View fleld: 138 um  Date(m/dly): 12/15122 8 ym _ Date(midly): 12115122

Fig. 3 Morphology, number average fiber diameter (D,) and water con-
tact angles (0) of 75:25 Gl: PDL raw scaffolds after functionalization with
cysteine (75:25 Gl:PDL-cys) and after bioconjugation with hydrolyzed
and with Verisol® collagens, respectively, (75 : 25 Gl: PDL-hydrolyzed) and
(75:25 Gl: PDL-verisol).
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Gl:PDL ratios) were dissolved at a concentration of 15 wt%,
since higher concentrations of these two polymers did not
completely solubilize in chloroform, resulting in unfeasible
solutions for electrospinning.

The wettability of electrospun fibers (Table 2 and Fig. $4,
ESIY) is related to the material’s surface energy and roughness.
The wettability is generally reduced when the overall surface
free energy of the solid surface is lowered; thus, the decrease in
surface free energy is recognized as the primary means of
developing hydrophobic surfaces.*’

The copolymer surface free energy and their components
(Table 2) evidenced an increase in the copolymer surface free
energy with higher PDL ratios in the copolymer composition.
The increase in the surface free energy might be related to the
higher molecular weight of the copolymers with higher rates of
PDL. The polarity of high molecular weight copolymers is much
higher than for low molecular weight copolymers, resulting
from higher ratios of Gl because more polar carbonyl groups
are constituting the polymer structure and undergoing intra-
molecular coupling via hydrogen bonds. Thus, surface free
energies are expected to be higher with increasing molecular
weight of the copolymer.>°

Nevertheless, this increase in surface free energy did not
lead to a decrease of wettability since no significant differences
were observed, and all evaluated fibers resulted in hydrophobic
surfaces, with water contact angles ranging from 107 to 109°.
This result is attributed to the high roughness provided by the
overlapping of electrospun fibers.’® Biomaterials with low water
contact angles are required for biomedical applications, espe-
cially dealing with biomaterials for tissue engineering. The
copolymer hydrophilicity highly affects cell attachment, which
increases with the higher surface free energy of the material.
For this reason, strategies to increase the hydrophilicity of the
designed materials play a key role in their further applications
in tissue engineering.

3.2 Functionalization of PGIPDL scaffolds with cysteine

The incorporation of amino acids (AA), such as cysteine,
allows for designing biofunctional materials, conceding
desired features to conventional degradable polymers and
available peptides, such as enhanced hydrophilicity and
biocompatibility.>® In the present work, cysteine groups were
introduced via thiol-ene click reactions in the unsaturated
PGIPDL chains located at the surface of the electrospun fibers
(Fig. 1(b)). The main goal of this functionalization was to
provide carboxyl groups in the copolymer chain to enable the
subsequent bioconjugation with proteins such as collagen
through EDC/NHS chemistry. EDC/NHS activates the carboxyl
groups of cysteine to further form covalent bonds between
carboxyl groups from cysteine and amine groups from collagen.
Additionally, cysteine is expected to improve polymer hydro-
philicity, reduce its crystallinity, and enhance cell biocompat-
ibility, as observed by Guindani and coworkers.”” Due to the
antioxidant potential of cysteine, the functionalized copoly-
mers can also present an enhanced mechanism in healing
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Fig. 4 ATR-FTIR spectra of 75:25 Gl: PDL raw scaffolds after functiona-

lization with cysteine (75:25 Gl: PDL-cys) and after bioconjugation with

hydrolyzed and with Verisol® collagens (75:25 Gl: PDL-hydrolyzed) and

(75:25 Gl: PDL-verisol).

damaged tissues once the antioxidant character plays a crucial
role in combating oxidative stress."’

The chemical structures of PGIPDL and PGIPDL-cys scaf-
folds were evaluated by ATR-FTIR analyses, as illustrated in
Fig. 4 for the copolymer with the 75:25 Gl: PDL ratio. ATR-FTIR
spectra for all the copolymer compositions before and after
functionalizations are presented in Fig. S5 (ESIT).

All ATR-FTIR spectra were normalized according to the C=0
ester peak (1750-1735 cm™ '), which remained the same in all
samples. The pristine copolymers (before functionalization)
presented a band corresponding to the C—O stretch at
1750 cm ' and a second band stretching to C-O bonds at
1300 cm ™', corresponding to ester groups on the polyester
chemical composition.” By analyzing the ATR-FTIR data of
functionalized copolymers, two main bands, located in the
fingerprint and functional group regions, proved cysteine’s
presence on the polymer surface. These peaks are related to
1575 cm™ " and 3440 cm ™', corresponding to the presence of
primary amines. Besides, both peaks decrease with the
decrease in globalide content in the copolymer composition
(Fig. S4, ESIt), which agrees with the reduced number of double
bonds available for functionalization.

When modifying PGICL in a bulk approach before electro-
spinning using N-acetyl-cysteine (NAC), Beltrame and
coworkers® and Guindani and coworkers™ observed a double
melting point behavior and a decrease in the melting tempera-
ture after functionalization, indicating less stable crystalline
domains. Indeed, in these works, the polymer modified with
NAC presented a completely amorphous domain because no
melting points were observed in the thermograms. This beha-
vior was not observed in the current work because modification
with hydrophilic cysteine occurred only at the surface of the
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Fig. 5 DSC thermograms of 75:25 Gl:PDL raw copolymer and of the
scaffolds after functionalization with cysteine (75:25 Gl:PDL-cys) and

after bioconjugation with hydrolyzed and with Verisol® collagens (75:25
Gl: PDL-hydrolyzed) and (75:25 Gl: PDL-verisol).

fibers, and thus, the number of attached cysteine chains was
not enough to decrease the melting temperature of the whole
polymer.

In Fig. 5, it is possible to observe similarities in the thermal
behavior of the functionalized (75:25 Gl:PDL-cys) and non-
functionalized (75:25 Gl: PDL) copolymers, with the existence
of a single-melting temperature. The same behavior was
observed for all evaluated copolymer compositions (Fig. S3
and S6 in the ESIt). The melting temperatures (Table 2)
remained almost the same after functionalization with cysteine
for all evaluated copolymer compositions. By comparing the
crystallinity results in Table 2, it is possible to observe an
increase for all evaluated samples after functionalization of
the scaffolds with cysteine, except for the pure PGl. Despite the
second heating run analyses, this fact can be attributed to the
electrospinning process performed before functionalization,
increasing polymer crystallinity due to the fiber conformation,
which could potentially lead to a rearrangement of the polymer
chains. Thermal characterization of the pristine polymers was
performed before electrospinning (results in italics in Table 2).

Similar to the thermal behavior, the wettability of the scaf-
folds was not altered after the functionalization of the surface
of their fibers with cysteine, though a small increase could be
observed in the estimated surface free energy (Table 2). SEM
images in the upper part of Fig. 3 with the comparison between
the raw 75:25 Gl:PDL scaffold and the 75:25 Gl:PDL-cys
scaffold show that the fiber morphology is preserved after
functionalization with cysteine. This same behavior in terms
of morphology was observed for all copolymer compositions
(Fig. S4 and S7, ESIY).

3.3 Bioconjugation of PGIPDL-cysteine scaffolds with collagen

The proposed bioconjugation of the PGIPDL-cysteine scaffolds
with collagen aimed to decrease the surface hydrophobicity,
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decrease the copolymer crystallinity and improve cell adhesion
and cell viability (Fig. 1(c)). Compared to other combination
methods between polymers and biomolecules, such as the
formation of polymeric blends for further fiber development
via electrospinning, bioconjugation creates stable covalent
bonds that affect the whole structure of the material (ie.,
degree of crystallinity and degradation rate). In polymeric
blends, for instance, only surface characteristics could be
changed (i.e., hydrophobicity) because the physical and chemical
properties of the starting materials remain the same. This way,
bioconjugation allows allying the copolymer’s mechanical and
thermal properties to the bioactive nature of collagen, developing
a completely different biomaterial from the starting reactants,
with distinguished crystallinity, mechanical properties and degra-
dation rate, prone and easily tuned to meet the requirements for
tissue replacement. EDC/NHS chemistry was chosen as a chemical
strategy to create amide bonds between the amines from collagen
and carboxyl groups from cysteine, enabling a covalent coupling
between the copolymer and the collagens. Only one copolymer
composition was chosen to proceed with the bioconjugation
reaction (Gl: PDL of 75:25). This composition was selected based
on the number of double bonds available for cysteine attachment
and further bioconjugation and based on the copolymer thermal
properties. The ratio of 75: 25 satisfactorily increased the melting
temperature of the copolymer compared to the homopolymer
polyglobalide and also presented a higher number of double
bonds available for bioconjugation.

The ATR-FTIR spectra presented in Fig. 4 were normalized
according to the C-O ester peak (1750-1735 cm ™). Two bands
were highlighted for both collagens to attest the presence
of amide bonds: one in the functional group region, at 3460-
3420 cm™ %, related to the N-H free bond in amides, and
another in the fingerprint region (1660 cm™ '), related to a
C=0O stretching vibration from amides. The latter is not highly
prominent in the spectrum, attesting that the functionalization
with collagen was not very high. It is important to emphasize
that NMR analyses were also performed in the bioconjugated
scaffolds. However, they were not completely soluble in chloro-
form anymore, indicating that the bioconjugation occurred
because the overall solubility of the scaffolds was changed.
Then, during the NMR analysis, only the soluble part could be
estimated with accuracy. In this sense, NMR was not able to
detect and quantify the covalent attachment of collagen on the
copolymer chains accurately. For this reason, ATR-FTIR was
selected for the qualitative detection of bioconjugation.

The collagen molecule is a cross-linked fibrous protein
made of three polypeptides, which in turn, contain around
one thousand amino acid residues.”® The chain length is
hugely higher than the polymer chain, and it is polar. Even
though bioconjugation occurred only with the more superficial
chains of the copolymer scaffold, it was enough to change the
copolymer crystallinity completely (Table 2). The covalent bond
formed between the copolymer and both collagen types hugely
reduced the melting enthalpy, corresponding to the endother-
mic event of Fig. 3 and reduced the melting temperature of the
scaffolds by 6 °C. The scaffold with a monomer ratio of 75:25
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(Gl:PDL) has its crystallinity changed from 38% to 10% after
bioconjugation with collagen. It means that the organization of
polymer chains was altered through the attachment of collagen,
switching its semi-crystalline structure to an almost amorphous
one. In this sense, the bioconjugation proposed in this work was
able to reduce the number of crystalline arrangements within the
polymeric chains and also reduce the energy needed to overcome
the secondary intermolecular forces between the chains in the
crystalline phase.>® Despite the changes in crystallinity, the mor-
phological scaffold structures remained the same (Fig. 3).

The overall analysis of thermal properties after bioconjuga-
tion of the polymer scaffolds with collagen highlighted one of
the most important advantages of covalently binding collagen
to polymers over other functionalization techniques, which is
the changes in the crystalline structure of the polymer. Despite
the satisfactory results related to improvement in cell adhesion
and proliferation by changes in the physical surface in other
functionalization methods (i.e., physical adsorption®'*%), bio-
conjugation is also able to tune both mechanical and thermal
properties of the pre-designed scaffolds, promoting a stable
attachment of collagen molecules on the polymer surface. EDC/
NHS bioconjugation method, for instance, was employed by
Perez-Nava and coworkers®® to bioconjugate collagen to an
electrospun poly(vinyl alcohol) scaffold structure, where the
resultant scaffolds presented significant improvements in
mechanical behavior (i.e., Young’s modulus, elongation at
break and ultimate tensile strength), which would not be
achieved through a simple physical coating, for example.
Regarding tissue engineering purposes, the conjugation
between collagen and polymers has been proven to be more
efficient in terms of mechanical strength, prolonged degrada-
tion rate, and cell viability than the simple solvent mixture, as
stated by Sadeghi-Avalshahr et al.®

In addition, the carbodiimide chemistry employed in our
work has been widely studied for biomaterial fabrication to
improve physical and mechanical resistance or bioactive beha-
vior under mild conditions. This bioconjugation method is
non-sensitive to light or humidity, involves chemical reactions
at room temperature and pressure, occurs in the absence of
organic solvents, has high efficiency and the unreacted
reagents can be easily removed.’™® For this reason, it can be
carried out in a one-pot strategy, bestowing the present work
with several advantages in terms of reaction media conditions
aligned with green synthesis concepts.

The amorphous structure reached through the creation of
NH,-COOH bonds in the polymer structure is an important issue
when dealing with biomedical applications because it also affects
the scaffold biodegradability, which plays an important role for
devices where full biodegradation of the biomaterial is expected at
the end of the healing process. In general, decreasing the degree
of crystallinity by decreasing the glass transition temperature of
the polymer tends to increase the biodegradability.*”

3.4 Cell viability and mineralization assays

Cell viability in electrospun scaffolds was evaluated in vitro
using pre-osteoblast cells, aiming to differentiate in
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Fig. 6 Cell viability of designed scaffolds during 7 days using the MTT assay. (a) Comparison between raw scaffolds and cysteine-modified scaffolds with
different copolymer compositions. (b) Comparison between raw, cysteine-modified, and bioconjugated scaffolds. A and B: different capital letters
indicate that there is a statistically significant difference between the samples with the same proportion of Gl: PDL, with or without cysteine (Tuckey, p <
0.05). a—d: different letters indicate that there is a statistically significant difference between the samples (Tuckey, p < 0.05).

osteoblasts, which are cells responsible for forming bone
tissues. These tissues support the vital organs, house and
protect the bone marrow, support the skeletal muscles, and
are deposits of calcium, phosphate, and other ions. The bone
tissue can be classified into compact bone tissue and sponge
tissue.® This work aims to create a bone graft to replace spongy
bone tissues. To that end, viability tests were carried out to
confirm if the copolymer scaffolds’ presence could affect the
cells’ functioning or cause any disturbance. Quantitative results
of metabolic activity were measured by MTT assay (mitochon-
drial activity). Mitochondria is a fundamental organelle of the
organism, and its activity is related to the energy supply for the
cell. Any dysfunction occasioned by these organelles can cause
damage to cell proliferation and growth, which can potentially
cause cell death.’” To a better understanding of the effect of
functionalization and bioconjugation, cell viability assays were
performed in the raw PGIPDL, PGIPDL-cys, and PGIPDL-
collagen scaffolds (Fig. 6).

This journal is © The Royal Society of Chemistry 2024

MTT assays obtained after 7 days of culture in vitro revealed
a non-toxicity of all evaluated copolymers. The raw PGIPDL
scaffolds did not deleteriously influence the viability compared
to the control (aluminum foil) once they presented cell viability
higher than 80%. This way, the non-toxicity of the evaluated
raw scaffolds toward osteoblast cells can be attested. Besides,
all copolymer compositions increased cell growth and differ-
entiation compared with the control. When comparing each
copolymer composition (with different monomer ratios), no
significant differences among the cell viabilities were observed
for samples Gl: PDL (100:0), Gl: PDL (75:25), Gl: PDL (50: 50),
Gl:PDL (25:75), and Gl: PDL (0:100).

In addition, thiol-ene functionalization with cysteine
(Fig. 1(b)) led to a further increase, up to 27%, in cell viability
for all evaluated copolymers when compared to the viability of
the raw fibers, due to the amino acid character of cysteine. This
result highlights the potential of functionalization with AA to
improve the performance of scaffolds for tissue engineering.
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Furthermore, bioconjugation of 75:25 Gl: PDL-cys scaffolds
with collagen almost doubled cell viability (85% increase) when
compared to the raw scaffolds. There was no difference in cell
viability regarding the type of collagen employed for bioconju-
gation (Verisol® or Hydrolyzed collagen type I).

Cell adhesion influences diverse cellular processes, includ-
ing cell-cell cohesion, recognition, signalling, cell viability, and
the regulation of cell proliferation. Adhesion molecules, such
as proteins, facilitate interactions within the cell microenviron-
ment. In other words, these adhesion molecules are involved in
binding within the cells and between the cells and the extra-
cellular matrix (ECM), and their role is to help the cells stick to
each other and the surroundings. A high cell adhesion may lead
to high cell viability.”® Crystallinity and wettability are keys to
modulating cell activity, especially when dealing with bone
biomaterials.>® Our collagen-decorated scaffold presented an
increase in cell viability of up to 85% when compared to the raw
scaffold, and this fact can be attributed to several factors, such

View Article Online
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as high hydrophilicity, rough surface due to the scaffold con-
formation technique, the presence of an active biomolecule as
collagen, which can act as an adhesion molecule, and the low
crystallinity resulting from bioconjugation. The influence of
crystallinity on cell adhesion and viability has been widely
discussed in the literature,>® and it affects cell activity
differently depending on the type of cells. Cui and Sinko,*"
for instance, synthesized the copolymer poly(caprolactone-co-
glycolide) with different crystallinities and observed a signifi-
cant improvement in efficiency, supporting the growth of
osteoblast cells in amorphous copolymers compared to crystal-
line ones. An opposite behavior was observed for the growth of
fibroblasts, which had better support for growth in crystalline
structures.

In general, all the scaffolds presented cell viability greater
than 100% (control), revealing that a porous surface allied with
a material surface with appropriate free energy could induce
cell growth and proliferation, ending up in a higher number of
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cells when compared to the control. Cell viabilities greater than
200% were obtained for both collagen-decorated scaffolds,
which may indicate an induction of cell growth and prolifera-
tion occasioned by the aspects already mentioned, allied with
the presence of a bioactive macromolecule such as collagen,
which makes up the final structure of the scaffold. These scaf-
folds, resembling the extracellular matrix of osteoblastic cells,
may create a more compatible structure for cell adhesion, leading
to enhanced cell proliferation, as elucidated by Li et al.®

In conclusion, all evaluated scaffolds did not present cyto-
toxic effects on the cells during the 7 days of investigation. The
designed collagen-decorated scaffolds proposed in this work
significantly improved osteoblasts’ cell viability and cell growth
compared to the control and also promoted cell proliferation,
evidencing the potential of the material to act as a scaffold for
bone tissue engineering. Previous studies have shown that
collagen-based matrices are biologically active because they
regulate the activity of osteoblasts and osteoclasts through a
variety of signaling pathways and promote the repair of bone
defects.®

Studies regarding collagen applied in designing tissue engi-
neering devices ranged from bones,*>*®* skin applications,"
silk fibroin scaffolds,® articular cartilage grafts,®® and
organs.®” Each application requires different scaffold proper-
ties, such as malleability, rigidity, crystallinity, and hydropho-
bicity, which are usually achieved by the main-component
properties employed to design the scaffold (i.e., ceramic, poly-
mer, or composite) or by cross-linking reactions with collagen.
The wide range of applications related to collagen’s inherent
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biocompatibility is also revealed in our study. These biological
properties related to collagen, allied with the chemical
versatility and non-toxicity of the polymers developed in the
present work, highlight our collagen-decorated scaffold as a
new biomaterial platform. By tuning the thermal and mechan-
ical properties during the polymer synthesis (i.e., changing the
monomer ratio), scaffold thickness during the electrospinning
process, and reactant ratio during bioconjugation, our
designed scaffold could have its properties easily adapted to
other biomaterial requirements. This way, the PGIPDL-collagen
scaffold is shown as a promising biomaterial for applications in
tissue engineering devices beyond bone repair.

The process of bone repair after damage follows the same
pathway as that during normal bone development, which is
characterized by several reactions that orchestrate the initiation
and ceasing of proliferation, the onset of differentiation, and
the beginning of mineralization.®® Mineralization in bone
tissues involves stepwise cell-cell and cell-ECM interactions.
Alizarin red assessments were performed with the designed
scaffolds, and the results are shown in Fig. 7. Microscope
images of mineralized scaffolds can be visualized in Fig. 8.

The formation of a mineralized extracellular matrix (ECM) is
part of the natural role of osteoblasts. It occurs alongside the
release of matrix vesicles, responsible for forming and propa-
gating apatite minerals on collagen fibrils®® (Fig. 8). Thus,
mineralization assays can inform about the ability of osteo-
blasts to store phosphate and calcium ions. Changes in the
mineralization mechanism or absence of mineralization when
testing the scaffolds could indicate a detrimental influence of
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Fig. 8 Mineralization process of spongy bone and microscopy images from alizarin-red mineralization assays of the designed scaffolds.
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these materials on the cells. Alizarin red assays revealed miner-
alization for all evaluated raw copolymer scaffolds without sig-
nificant differences among the samples. Following the same trend
of cell viability assays, functionalization with cysteine increased
the mineralization for all evaluated scaffolds up to 54%. Cysteine
can bind calcium, which is released during the growth and
mineralization of primary bone cells and promotes the formation
of mineral crystals. This protein, which is encoded by the SPARC
gene expressed mainly in human bone marrow mesenchymal
stem cells, plays essential roles in TGF-§ signaling, protein fold-
ing, extracellular protein products, and DNA repair.”

Finally, further bioconjugation with both collagen types
improved the cell mineralization by 70% when compared to the
raw PGIPDL scaffold. Fiber morphology and wettability play
important roles in cell viability, proliferation, and minerali-
zation.”" Hydrophilic surfaces created by the incorporation of
amide bonds between collagen and the functionalized copolymer
favored cell viability, cell growth, and cell mineralization, proving
the promising application of the designed material in bone tissue
regeneration. Moreover, collagen is an ECM protein that plays a
key role in the architecture and tissue regeneration and is
responsible for creating the biological and structural integrity of
this matrix. By allying its hydrophilic behavior with its fibrous
structure and its role in the biological healing and elasticity of all
body tissues,®”* the scaffolds decorated with collagen realistically
mimicked the extra-cellular matrix, favoring cell adhesion, pro-
liferation, and mineralization.

4. Conclusions

In this work, we developed homogeneous PGIPDL scaffolds via
electrospinning, proposed its functionalization via thiol-ene
reaction, and further bioconjugation with collagen via EDC/
NHS chemistry, aiming to develop a biomaterial for bone tissue
engineering. By varying the monomer ratios in the copolymer
synthesis, the polymer properties of the resultant copolymer
were easily tuned, reaching 100% monomer conversion and
with no preferential reactions with the enzyme active site. The
raw materials proved to be non-toxic to osteoblast cells, and
their nature and conformation increased the cell viability when
compared to the control. The proposed thiol-ene reaction was
carried out via a one-pot methodology and led to the formation
of carboxylic functional groups on the double bonds of the
copolymer chain. The single functionalization did not change
the copolymer properties, such as surface hydrophobicity or
crystallinity, but increased the cell viability when tested with
the pre-osteoblastic cells. Finally, the bioconjugation with
collagen, enabled by the previous functionalization with
cysteine, changed the organization of the polymer chains,
hugely reducing the polymer crystallinity. Also, the proposed
bioconjugation with collagen turned the surfaces of the
designed scaffolds into hydrophilic. The tests with pre-
osteoblast cells revealed a significant increase (up to 85%) in
cell viability for the PGIPDL-collagen scaffolds and also a 75%
increase in mineralization compared to the raw fibers. This

3060 | J Mater. Chem. B, 2024, 12, 3047-3062

View Article Online

Journal of Materials Chemistry B

work not only provided a novel polymeric biomaterial platform
but also an easy one-pot copolymer functionalization and
further efficient bioconjugation with collagen, which improved
the features of the designed material to satisfy the required
properties for the desired application. Through this bioconju-
gation, we developed a material that would be suitable for bone
repair in tissue engineering devices, inspiring the development
of highly efficient and biosafe chemical strategies to conjugate
polymers and proteins for biomedical applications. The
improvements in cell viability and mineralization due to bio-
conjugation, allied with the chemical versatility of the designed
copolymer, provide the PGIPDL-collagen decorated scaffolds
with promising applications in tissue engineering beyond bone
repair, such as in developing skin-equivalent devices and
organs or cartilages tissues.
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