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A B S T R A C T

Tissue engineering has an increasing demand for safe materials that can support complex architectures in tissue 
regeneration. The development of new biodegradable polymers is a challenge that needs to be constantly 
addressed to drive the advancements towards biomedical applications. In this study, a new polyester based on D, 
L-panthenol, poly(D,L-4,3′-panthenyl adipate) (PPA), was successfully synthesized, modified, and photo- 
crosslinked. While panthenol (also called provitamin B5, a cofactor present in a plethora of metabolic re
actions) is widely used in the cosmetic industry due to its moisturizing and wound-healing properties, to the best 
of our knowledge, no previous records of panthenol-derived polycondensation exist in the literature. The syn
thesized PPA, a polyol, was modified by introducing acryloyl moieties, yielding an amorphous PPA acrylate with 
around 67 % of double bonds. The acrylate system allows the incorporation of a wide range of co-crosslinkers 
with diverse reactivities and functional groups, enabling straightforward tuning of network properties. 
Various co-monomers or co-crosslinkers were incorporated, including N-isopropylacrylamide, N-vinyl
pyrrolidone, 1-vinylimidazole, 1,6-hexanediol diacrylate, and divinyl adipate, yielding exceptional efficiency in 
photo-curing, achieving high network densities with rapid gelation kinetics, and full double bond conversion. 
The systems have proven to be hydrolytically degradable with tunable degradation rates and non-cytotoxic to
wards NIH-3T3 cell lines. These photo-curable systems are promising candidates for light-based scaffold bio
fabrication techniques. Moreover, the potential for panthenol-derived polymer functionalization with different 
unsaturated groups unlocks exciting possibilities for biomedical applications.

1. Introduction

Alongside the increase in life expectancy, the demand for innovative 
solutions addressing organ repair, failure, and transplantation has 
driven the development of novel biomaterials and advanced processes 
for medical device fabrication [1]. In the context of implants, the ideal 
material combines appropriate chemical nature with a rational design to 
achieve the physicochemical, biological, and mechanical properties 
specific to the target-tissue. In the field of Tissue Engineering (TE), such 
implants are often scaffolds, that is, devices that support tissue regen
eration by permitting mass transport while simultaneously providing 
mechanical support for cellular adhesion, proliferation, and 

differentiation.
TE is a domain that employs various methods for scaffold fabrication, 

including solvent casting, gas foaming, freeze-drying, salt leaching, 
electrospinning, molding, and advanced additive manufacturing tech
niques [2,3]. Despite rapid advancements in bioengineering technolo
gies, the development of biodegradable biomaterials tailored to meet the 
specific requirements of target tissues remains a persistent challenge, 
given the intricate nature of biological tissues. The availability of 
photosensitive materials for light-based biofabrication techniques (such 
as 2D micropatterning, photo-curable coatings and films, in situ 
photo-crosslinking of injectable systems, dynamic biomaterials and 
mainly stereolithography-based 3D printing technologies) is diverse. 
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However, it remains extremely limited in terms of materials that are 
both biocompatible and biodegradable, creating a notable challenge in 
advancing applications for tissue engineering and related biomedical 
fields.

Photo-curable formulations typically consist of a polymer containing 
polymerizable moieties and a photo-initiator with the possible inclusion 
of solvent and other additives [4]. It is essential that all components 
exhibit minimal toxicity after processing (following crosslinking) and 
enable the material to degrade within a time span compatible with the 
regeneration of the target-tissue. In this work, we propose novel 
photo-curable formulations constituted by an unprecedented 
panthenol-derived polyester and different co-monomers and 
co-crosslinkers. The use of different vinylic monomers in the photoc
urable formulations endowed the studied materials with a feature 
essential for Tissue Engineering applications: the potential for fine 
customization of scaffolds to achieve chemical, physical, and biological 
properties tailorable to different target-tissues.

Panthenol, as known as pantothenol, panthothenyl alcohol, 2,4-dihy
droxy-N-(3-hydroxypropyl)-3,3-dimethylbutanamide or provitamin B5, 
is the precursor of pantothenic acid (vitamin B5). This acid is a 
component of coenzyme A, a cofactor of utmost importance in lipid 
biosynthesis, gluconeogenesis, tricarboxylic acid cycle, cholesterol, 
steroid hormones, vitamin A, vitamin D, and porphyrin metabolisms [5,
6]. Pantothenate is also required in the synthesis of amino acids such as 
leucine, arginine, and methionine [5]. Panthenol is widely used in 
cosmetics and hair products [7–9] due to its hygroscopic nature and 
essential role in addressing skin disorders. It exhibits anti-inflammatory 
activity and promotes fibroblast proliferation and epidermal reepithe
lialization [6]. The compound is soluble in water and alcohol and has 
physical properties suitable for formulating many pharmaceutical 
dosage forms, such as gels, creams, ointments, and hydrogels. These 
attributes further underscore its potential as a versatile ingredient in 
sunscreens, hydrating creams, and multivitamin supplements.

Intriguingly, despite the impressive array of panthenol applications 
and to the best of our knowledge, the literature lacks reports of its direct 
polymerization. Kabir and co-workers [10] have described a method for 
producing the first pantothenic acid derivative monomer (B5AMA) by 
reacting D-pantolactone with 2-aminoethyl methacrylamide (by ring 
opening chemistry). Then, B5AMA, an unsaturated compound, was 
chemically crosslinked in the presence of N′,N′-methylene bisacryla
mide, yielding an extremely hygroscopic hydrogel with antifouling 
properties.

Although rarely reported, panthenol esterification has already been 
investigated [11–15]. The selective synthesis of monoester panthenol 
derivatives via traditional protocols that requires protection/depro
tection steps gives modest yields [11]. Panthenyl triacetate with yields 
up to 80 % can be produced by reacting panthenol with acetic anhydride 
using a heterogenous catalyst based on dimethylaminopyridine [12]. 
Diego and co-authors [13] have shown for the first time a method to 
produce regioselective mono- and di-panthenyl-esters using immobi
lized Candida antarctica lipase B (Novozym 435) as the catalyst. Nieto 
and co-workers [14] have shown the selective production of mono-acyl 
esters under solvent-free conditions using Novozym 435 (the tri-acyl 
ester was never detected). The enzymatic synthesis of panthenyl mon
oacyl esters was also reported with high conversion and selectivity by 
using ionic liquids [15].

Lipases are one of the most extensively used enzymes in biocatalysis. 
In an excellent review, Ortiz and co-workers [16] affirm that they are 
stable in different media, like ionic liquids, organic solvents, aqueous 
media, and supercritical fluids. Besides that, these enzymes are used not 
only as hydrolases (natural function), but also in esterification, trans
esterification, aminolysis, and perhydrolysis reactions [16]. CAL-B is the 
main lipase used, with its structure being fully elucidated [17] and its 
catalytic mechanism being well-known [18]. The enzyme is available 
physically immobilized in Lewatit VP OC 1600, a macroporous acrylic 
polymer, via interfacial activation [19]. In the literature, immobilized 

CAL-B have already shown a high regioselectivity for the primary hy
droxyl groups from panthenol [13]. Despite the fact that CAL-B can 
catalyze esterification and transesterification reactions, it usually does 
so by reaction with primary hydroxyl groups. The reaction with sec
ondary diols is possible with very slow kinetics, under highly specific 
conditions [20–22].

Herein, for the first time, poly(D,L-4,3′-panthenyl adipate), PPA, was 
synthesized via polycondensation between D,L-panthenol and diethyl 
adipate catalyzed by Novozym 435. The polyol PPA, a saturated 
macromolecule, is not a photo-curable polymer, so a modification with 
acrylic moieties was carried out, yielding PPA acrylate (PPA-AC). 
Although PPA-AC was proven to be photo-curable by itself, the polymer 
was also combined with different co-monomers and co-crosslinkers (N- 
isopropylacrylamide, N-vinylpyrrolidone, 1-vinylimidazole, 1,6-hex
anediol diacrylate, and divinyl adipate) selected due their high reac
tivity in free-radical polymerization, differences in their hydrophilic/ 
hydrophobic nature and their demonstrated biocompatibility in analo
gous systems. Also, these unsaturated compounds were chosen based on 
their successful performance in our previous study (https://doi.org 
/10.1039/d5py00237k).

The formulations allowed the development of networks with varying 
viscoelastic and mechanical properties, hydrolytic degradation kinetics, 
and cellular response, while ensuring full double bond conversion. 
Rather than focusing on a single target tissue, our aim was to develop 
versatile systems: these different photo-curable formulations can be 
adapted for a variety of biomedical purposes, thereby expanding the 
toolbox of materials available for medical applications.

2. Experimental section

2.1. Materials

All solvents (Sigma Aldrich, USA) were purified and dried before use. 
Diethyl adipate (Sigma Aldrich, USA) was distilled under reduced 
pressure prior to its use. D,L-Panthenol (Sigma Aldrich, USA) was 
recrystallized from acetone and dried under vacuum at 50 ◦C until 
constant mass. Novozym 435 (NZ 435, specific activity of 10,500 PLU/g) 
was kindly donated by Novozymes Latin America Ltda (Brazil) and 
consists of Candida antarctica lipase B (CAL-B) adsorbed within the 
macroporous resin Lewatit VPOC 1600 poly[methyl methacrylate-co- 
butyl methacrylate]). Acryloyl chloride (Merck, Germany) was used as 
received. Triethylamine (Sigma Aldrich, USA) was dried over calcium 
hydride (Sigma Aldrich, USA) and then distilled. Ammonium chloride 
and magnesium sulfate (both from Anidrol, Brazil) were used as 
received. N-isopropylacrylamide (Sigma Aldrich, USA) was recrystal
lized twice from a toluene/hexane (60:40) mixture and dried under 
vacuum at 40 ◦C. N-vinylpyrrolidone and N-vinylimidazole (Sigma 
Aldrich, USA) were distilled under reduced pressure. 1,6-hexanediol 
diacrylate (Sigma Aldrich, USA), bis(2,4,6-trimethylbenzoyl)- 
phenylphosphineoxide (BAPO, Sigma Aldrich, USA), and ethyl(2,4,6- 
trimethylbenzoyl) phenyl phosphinate (TPO-L, Lambson Ltd HQ, UK) 
were used as received. Ultrapure water was obtained using a Milli-Q 
system.

2.2. Methods

The methods described in this study to produce polymers based on 
panthenol contemplate the following reactions (Scheme 1).

2.2.1. Enzymatic synthesis of poly(D,L-4,3′-panthenyl adipate)
Polycondensation reactions of D,L-panthenol (4.10 g, 20 mmol) and 

diethyl adipate (4.10 g, 20 mmol) were carried out using Novozym 435 
(10 % w/w) as catalyst and cyclohexane as solvent (Scheme 1). The 
reactants were added to a 250 mL round-bottom flask containing 150 mL 
of solvent. A Dean-Stark apparatus, loaded with 10 g of 4 Å molecular 
sieves on the collector chamber, was attached to the flask, along with a 
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condenser. The reaction mixture was magnetically stirred and refluxed 
using an oil bath at 90 ◦C. The setup was covered with aluminum foil to 
retain heat. After 16 h of reaction, the final mixture was dissolved in 
chloroform and filtered to remove the enzyme. The solvent was removed 
by rotary-evaporation, and the resulting oligomers were dissolved in a 
minimal amount of chloroform and, subsequently, dropwise added in 
diethyl ether (10 times the chloroform volume). The supernatant was 
removed and the precipitated product was carefully concentrated and 
dried under vacuum for 72 h, yielding poly(D,L-4,3′-panthenyl adipate), 
hereinafter referred to as poly(panthenyl adipate) or PPA, a colorless 
and viscous product.

2.2.2. Poly(panthenyl adipate) acrylation
Several different acrylation protocols can be found in literature 

[23–26]. Herein, PPA (4.62 g) was dissolved in 50 mL of CH2Cl2 in a 250 
mL round-bottom flask, followed by addition of triethylamine (2.98 mL, 
0.021 mol) under vigorous stirring. The reaction mixture was cooled to 
0 ◦C and acryloyl chloride (1.51 mL, 0.019 mol) dissolved in 20 mL of 
CH2Cl2 was added via a dropping funnel (Scheme 1). The system was 
kept under nitrogen atmosphere and protected from light. After 16 h of 
reaction, the solution was three times washed with 50 mL of saturated 
ammonium chloride solution. Organic phases were combined, and the 
solution was dried by adding anhydrous magnesium sulfate, followed by 
filtration and subsequent removal of the solvent. The polymer was dis
solved in a minimal amount of chloroform and dropwise added to cold 
diethyl ether. The final product, poly(panthenyl adipate) acrylate 
(PPA-AC), was concentrated by rotary evaporation and then dried under 
vacuum for 72 h.

2.2.3. Photo-crosslinking studies
Photo-crosslinking reactions were carried out by irradiation of for

mulations prepared as follows: solutions of polymer (PPA-AC, 250 mg), 
photo-initiator (BAPO, 14 mg) and different co-monomers or co- 
crosslinkers (Fig. 1) were dissolved in 550 μL of dichloroethane. This 
mixture was homogenized using a vortex. After homogenization, for
mulations were added to open cylindrical Teflon® molds and photo- 
crosslinked using a BioLambda® LED box (chamber dimensions of 141 
x 43 × 116 mm3, wavelength of 410 nm and 27 mW cm− 2 of radiance 

measured by means of a dosimeter). The samples were exposed to light 
for 30 s, 1 min versus 5 min.

N-isopropylacrylamide (NIP), N-vinylimidazole (VIM), N-vinyl
pyrrolidone (NVP), 1,6-hexanediol-diacrylate (HEX), and divinyl adi
pate (DVA) were used as co-monomers or co-crosslinkers (Fig. 1). 
Formulations were also produced without co-crosslinkers by mixing 
only the polymer, solvent and photo-initiator. The amount of co- 
crosslinker used depended on whether it contained one (NIP, VIM, 
NVP) or two (HEX, DVA) vinylic groups. For co-monomers with a single 
vinylic group, 1.06 mmol was used, while 0.53 mmol was used for those 
with two vinylic groups (co-crosslinkers), ensuring that all formulations 
had an equivalent concentration of reactive double bonds. While PPA- 
AC can be effectively photo-crosslinked without co-monomers or co- 
crosslinkers, the incorporation of these reactive additives was ex
pected to substantially modify the networks' properties.

2.2.4. Polymer characterization
Size Exclusion Chromatography (SEC) was used to evaluate Mn, Mw 

and polydispersity index on a Malvern Instruments, Viscotel 305 TDA 
Chromatograph, triple detection (refraction index at 35 ◦C, light scat
tering and viscometer), loop of 200 μL, pump VE 2001. The mobile 
phase was THF at a flow rate of 1 mL min− 1. The system was set up with 
a pre-column and three Viscotek columns set up in series: T600 M 
(General Mixed Org, 300 × 8 mm, exclusion limit of de 20,000,000 g 
mol− 1), I-MBMMW 3078 (300 × 8 mm, exclusion limit of 200,000 g 
mol− 1), and I-Oligo 3078 (300 × 8 mm, exclusion limit of 10,000 g 
mol− 1). This set of columns is effective for low molecular weight poly
mers. The system was calibrated using a series of low polydispersity 
polystyrene standards (Aldrich/Waters, 820, 1200, 2,460, 4,300, 
13,200, 29,300, 47,500, 216,000 and 1,210,000 g mol− 1). Toluene was 
used to determine the exclusion limit (standard calibration). 100 μL of 
10 mg mL− 1 polymer solutions were injected.

Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR analyses 
were executed on a Bruker AIII500 spectrometer (500 MHz). Polymer 
samples (10–15 mg) were solubilized in 650 μL of CDCl3 containing TMS 
as internal reference.

Thermal Gravimetric Analysis (TGA) was performed to determine the 
degradation temperature of the synthesized panthenol-derived poly
esters. The experiments were performed in a TA instruments TGA Q500. 
Each sample, weighing 5 mg, was placed in a Pt crucible and analyzed 
under nitrogen atmosphere, applying a heating rate of 10 ◦C min− 1 from 
0◦ to 700 ◦C.

Differential Scanning Calorimetry (DSC) analyses were performed on a 
TA Instruments Q20 calorimeter. Samples weighing 8 mg were placed in 
Al pans and analyzed under nitrogen flow. The thermal cycle involved 
an initial heating from − 70 ◦C to 110 ◦C, followed by cooling from 
110 ◦C to − 70 ◦C, and a subsequent second heating from − 70 ◦C to 
110 ◦C. Both the heating and cooling rates were set at 10 ◦C min− 1.

Matrix Assisted Laser Desorption Ionization – Time of Flight (MALDI- 
TOF) analyses were carried out in an MALDI-TOF/TOF UltrafleXtreme 
equipment connected to two detectors using a pulsed UV laser and an 
ion acceleration electric field of 20 kV. Solutions were prepared by 
mixing dithranol as matrix (10 mg mL− 1, 30 μL), NaI as cationic agent (5 
mg mL− 1, 3 μL), and polymer samples (10 mg mL− 1, 10 μL). CHCl3:THF 
(1:1 v/v) mixture was used to prepare all the solutions, and 0.5 μL of the 
final mixture was used.

Scheme 1. Schematic representation of the enzymatic polycondensation reaction between panthenol and diethyl adipate followed by acrylation of PPA, yielding 
PPA-AC.

Fig. 1. Structures of co-monomers and co-crosslinkers used.
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2.2.5. Crosslinked films characterization
Photo-rheology. Photo-rheology experiments were performed to 

investigate changes in the material viscoelastic behavior during light 
exposure. An Anton Paar Physica MR 301 rheometer equipped with a 
light source (27.5 mW cm− 2, filter 400–500 nm) was used. Approxi
mately 300 μL of each formulation was placed between two parallel 
plates (PP25 spindle - top plate diameter of 25 mm, bottom plate of 
quartz, gap of 0.300 mm). Measurements were performed with a fre
quency of 1 Hz and amplitude of 0.1 %, in triplicate at 23 ◦C. The 
samples were exposed to light after 60 s of stabilization, and then a 
normal force of 1 N was applied. The storage (G′) and the loss moduli 
(G″) were recorded during 2 min of light exposure to each photo-curable 
formulation.

Gel fraction and swelling degree studies. Photo-crosslinked sheets ob
tained after photo-crosslinking were removed from Teflon® molds and 
were dried in an oven at 40 ◦C for 48 h for solvent removal. Samples 
(approximately 50 mg in weight, about 0.5 mm of thickness) were 
weighed (Wi) and placed into 5 mL eppendorfs containing chloroform. 
After reaching swelling equilibrium (at least 24 h), films were removed 
from chloroform, blotted dry with filter paper, and then weighed (Ws). 
Finally, the samples were left drying under vacuum until constant mass 
(Wd). All measurements were carried out in triplicate.

The gel fraction (GF) and the equilibrium swelling ratio (or swelling 
degree, SD) were calculated, respectively, using the following equations: 

GF(%) =
Wd

Wi
x 100% (1) 

SD(%) =
Ws− Wd

Wd
x 100% (2) 

It is worth mentioning that the swelling degree was also determined 
in ultrapure water, following the same equation (2).

FT-Raman Scattering Spectroscopy was performed in a Bruker RFS- 
100/S (Nd/YAG, λ = 1064 nm), a diode detector Ge refrigerated using 
liquid nitrogen. Measurements were acquired from 100 to 4000 cm− 1, 
with 4 cm− 1 resolution and 32 accumulations. Laser potential varied 
from 100 to 300 mW, depending on the sample specific characteristics.

High Resolution Magic Angle Spinning Nuclear Magnetic Resonance 
Spectroscopy (HR-MAS 1H-NMR) was performed using a 
BrukerUltrashield+ 500 MHz Avance II spectrometer and a triple 
channel HR-MAS probe head. A spinning frequency of 6000 Hz was 
applied, 32 scans of 64,000 points were collected. The spectrometer 
excitation frequency used was 4900.9 ppm. Measurements were carried 
out in deuterated chloroform at 25 ◦C.

Contact Angles and Surface Energy. The contact angle measurements 
were performed by the drop-sessile method in a goniometer (Tantec, 
CAM-PLUS micro), an apparatus that consists of a light source, an 
adjustable height support for the sample, a magnifying glass and a 
screen with different angles, on which the image of the drop is projected, 
and its angles can be measured. Glycerol, diiodomethane and ultrapure 
water were used as liquid-references.

The traditional spin-coating technique, typically used to produce flat 
films with minimal roughness, is not suitable for pre-curing solution 
photo-crosslinking. This is due to the evaporation of the solvents during 
the process, affecting the replication of a crosslinked film's surface. 
Consequently, an alternative method was devised to produce these 
samples as follows: 40 μL of the formulation was deposited onto a mi
croscopy slide (Starfrost). A rectangular-cut silica plate was then placed 
over the slide. This assembly—comprising the slide, solution, and sili
ca—was exposed to light for 5 min, with the glass side facing the light 
source. The system was left to dry for 4 h, after which the glass was 
carefully separated from the silica, leaving the flat photo-crosslinked 
film adhered to the glass slide alone. Subsequently, 10 μL of each 
solvent-reference was dripped onto the film, and the contact angle (θ) 
was measured. 5 μL was removed from the droplet to have the receding 
angle. All measurements performed here presented a hysteresis angle 

below 10◦, suggesting a flat surface.
Surface tensions, polar and dispersive components were calculated 

as suggested by van Oss and co-authors [27], using equations (3) and 
(4): 

ϒL(1+ cos Ɵ)=2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϒLW
S . ϒLW

L

√

+ 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϒ+
S . ϒ−

S

√

+ 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϒ−
S . ϒ+

L

√

(3) 

ϒS =ϒLW
S + 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϒ+
S .ϒ

−
S

√

(4) 

where ϒS is the surface tension, which is divided into different perceived 
components: ϒLW, ϒ+

S and ϒ −
S , representing, respectively, Liftshitz-van 

de Waals component (dispersive component), acid and basic compo
nents (polar components); S or L denotes a solid or a liquid phase. 
Surface tension parameters (mJ m− 2) from known solvents were used: 
ultrapure water (ϒL = 72.8; ϒLW

L = 21.8; ϒ+
L = 25.5; ϒ −

L = 25.5) [28], 
glycerol (ϒL = 64; ϒLW

L = 34; ϒ+
L = 3.9; ϒ −

L = 57.4) [28], and diiodo
methane (ϒL = 50.8; ϒLW

L = 50.8; ϒ+
L = 0; ϒ −

L = 0) [28].
It is worth mentioning that an exposure time of 5 min was selected to 

simulate the condition of maximum photo-crosslinking, providing more 
reliable information about the surface characteristics of films. The aim 
was also to compare the surface properties of the films produced with 
different co-monomers or co-crosslinkers.

Dynamical-Mechanical Analysis. The films obtained in the “Photo- 
crosslinking Studies” section were cut into strips of 0.5 cm × 3 cm x 0.7 
mm (width, length, thickness). In order to characterize the mechanical 
properties of a material when it is subjected to dynamic forces, a 
dynamic-mechanical analysis was carried out in an equipment from TA 
Instruments, model DMA Q800. Calibration was performed at 30 ◦C and 
ramp measurements were taken at a rate of 0.5 N min− 1 up to 18 N. 
Stress measurements were performed by deformation of rectangular 
films (about 30 mm in length, 5 mm in width). Data were collected in 
triplicate for each sample.

Hydrolytic Degradation Assays. Discs with a diameter of 7 mm and 
thickness of 0.7 mm were cut from the films of PPA-AC with different co- 
monomers/co-crosslinkers and stored in a vacuum oven (Marconi, MA 
030/12) at 50 ◦C until constant mass was achieved (48 h). Each sample 
was weighed and placed in 5 mL of a 0.05 M NaOH solution (accelerated 
conditions) or 5 mL of phosphate buffered solution (PBS, pH 7.8), both 
at 37 ◦C. At predetermined time points, the films were taken out from 
the solutions, extensively rinsed with ultrapure water, and dried in a 
vacuum oven at 50 ◦C until constant mass. The remaining mass was 
calculated. All degradation experiments were performed in triplicate.

2.2.6. In vitro cytotoxicity assays

2.2.6.1. Films preparation for cell culture assay. To prepare the films for 
the cytotoxicity assays, firstly, a gradual solvent exchange process was 
carried out to remove any potentially toxic residues and contaminants. 
The PPA-AC photo-crosslinked discs of 7 mm were immersed in chlo
roform for 48 h, with a solvent refreshment after the first 24 h. The same 
procedure was repeated using absolute ethanol. A final wash was per
formed in ultrapure water for 2 h. After the washing steps, the materials 
were dried in a vacuum oven for 48 h to eliminate any remaining 
solvent.

2.2.6.2. Cell culture. NIH-3T3 cells were cultured in Dulbecco's Modi
fied Eagle Medium (DMEM) (Vitrocell, Embriolife, Brazil) supplemented 
with 10 % heat-inactivated fetal bovine serum (Vitrocell, Embriolife, 
Brazil) and maintained in an incubator at 37 ◦C with 5 % CO2 until 
reaching 80 % confluence, at which point they were applied to the 
polymeric materials.

2.2.6.3. Cell counting and viability assessment by trypan blue exclusion.
The photo-crosslinked films were evaluated in the form of discs 
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approximately 11 mm in diameter, with an average mass of 35 mg per 
disc. The discs were sterilized using UV-C irradiation for 20 min on each 
side. To ensure direct contact between the cells and the materials, each 
disc was placed in a 24-well plate and secured with supports to maintain 
stability at the bottom of the well. A total of 104 cells were seeded onto 
each disc and maintained in DMEM supplemented with 10 % fetal 
bovine serum (FBS) at 37 ◦C in a humidified atmosphere containing 5 % 
CO2. Culture medium was replaced every 2 days. Cytotoxicity assess
ments were conducted after 3 and 7 days of incubation.

After exposure to the polymeric discs (during 3 and 7 days), cells 
were counted using a Neubauer chamber, and cell viability was deter
mined by the Trypan Blue exclusion assay. For this, cells maintained in 
incubation were first washed with PBS, then treated with 0.25 % 
trypsin/EDTA solution (Vitrocell, Embriolife, Brazil) and incubated at 
37 ◦C with 5 % CO2. Trypsin was neutralized with DMEM containing 10 
% FBS, and the cell suspension was centrifuged. After discarding the 
supernatant, cells were resuspended in 50 μL of DMEM. Then, 50 μL of a 
0.4 % Trypan Blue solution was added to each cell suspension. After 
gently mixing, 10 μL of the mixture was loaded onto a Neubauer 
chamber for counting. Herein, “control” refers to cells grown on tissue- 
culture-treated polystyrene plates (TCPS).

Instead of representing the results as percentages of cell viability, we 
chose to present the total number of viable and non-viable cells counted. 
This approach allows not only the determination of relative viability but 
also the comparison of differences in absolute cell numbers.

Experiments were performed in duplicate using two polymer discs 
per material (N = 2). For each disc, cell counts were obtained in 
duplicate (n = 2). Results are reported as mean ± standard deviation.

3. Results and discussion

3.1. Synthesis and characterization of PPA and PPA-AC

In order to produce new photo-curable biocompatible formulations 
based on unprecedented panthenol-derived polymers, the following 
steps were carried out: (i) enzymatic synthesis of a saturated polyester 
based on panthenol – poly(D,L-4,3′-panthenyl adipate), PPA; (ii) modi
fication with acrylate groups; and (iii) panthenol-based formulations' 
photo-crosslinking with various co-monomers or co-crosslinkers.

Despite the widespread use of panthenol as a bioactive molecule in 
the cosmetic industry, to the best of our knowledge, panthenol-based 
macromolecules have not yet been reported. D,L-Panthenol has a 
melting point of 63.3 ◦C and a boiling point of 120 ◦C at 0.02 mmHg 
[29]. Nevertheless, its low degradation temperature (Sup. Info., Fig. S6) 
limits polymerization strategies involving conventional organometallic 
catalysts - step-growth polymerization catalyzed by tin(II) 2-ethyl hex
anoate and other Lewis acid catalysts are typically more effective at 
higher temperatures [30]. Even if the polymerization was not 
completely precluded, partial degradation of the monomer compromises 
the reaction stoichiometry, which is essential for monomers in AA-BB 
polycondensations. Attempts to polymerize the molecule using the 
aforementioned Sn catalyst resulted in brownish products, indicating 
side reactions, such as degradation or oxidation. Consequently, the use 
of enzymes was considered a promising alternative. Among the advan
tages of using enzymes are their ability to operate under milder condi
tions, their selectivity and the lack of toxic residual metals [30].

Herein, the synthesis of PPA was performed through a poly
condensation approach using Novozym 435, the immobilized version of 
CAL-B - the most extensively used enzyme due to its versatility, high 
catalytic activity, and high thermal stability [17] - as catalyst for the 
transesterification of panthenol with diethyl adipate. Previous reports 
[21,22] have shown azeotropic distillation as a highly effective tech
nique in removing volatile by-products in case of AA-BB poly
condensations catalyzed by Novozym 435. In these studies, isosorbide – 
a diol with two chemically distinct secondary hydroxyl groups – was 
reacted with diesters to produce polyesters, yielding polymers with 40 

kDa and copolymers with 15 kDa for 168 h reaction time. For the 
polycondensation of panthenol, the same synthetic approach was used.

After 16 h of azeotropic distillation, the enzyme was filtered off, the 
product was precipitated and dried under vacuum. The chemical 
structure of PPA was investigated and confirmed by 1H NMR (Fig. 2A) – 
endossed by the NMR spectra of its monomers (Figs. S1 and S2, Sup. 
Info.) – and Raman Spectroscopy (Fig. 2B). The molecular weight of PPA 
was evaluated by SEC, revealing the production of oligomers with 
weight-average molecular weight (Mw) of 2.2 kDa and number-average 
molecular weight (Mn) of 1.5 kDa. This is the first example of panthenyl 
oligoesters synthesis, opening a wide range of possibilities for creating 
panthenol-based polymers. Given the low cytotoxicity of panthenol [6,
9] and diethyl adipate, the resulting polymers are anticipated to be 
highly biocompatible.

The absence of branching signals (which were likely to appear 
around ∂4.8–6.0 ppm from methine hydrogens close to the 2-hydroxyl 
group) suggests the production of a linear oligomer. The finding was 
also supported by Diego and co-authors [13]: the group reported a ki
netic reaction control using Novozym 435 by reacting D-panthenol with 
isopropyl acetate in acetonitrile. The transesterification of the secondary 
hydroxyl group from D-panthenol yielding panthenyl triacetate 
occurred only after 48 h with a stoichiometric ratio of 9:1 (isopropyl 
acetate:panthenol), endorsing the excellent enzyme regioselectivity for 
transesterification. In panthenol, the 2-hydroxyl group is not only sec
ondary but also sterically hindered by two methyl groups and one 
hydroxymethyl on the adjacent carbon, which impairs its reactivity. 
Additionally, it is classified as an α-hydroxyamide, and the literature 
lacks examples of lipase-catalyzed polycondensation involving this type 
of hydroxyl group.

To incorporate photo-reactive sites, PPA was modified with acrylic 
moieties. This modification aimed to produce a polymer that, in the 
presence of a photo-initiator, would provide photo-curable formula
tions. Thus, PPA was reacted with acryloyl chloride in the presence of 
triethylamine under N2 atmosphere. After 16 h of reaction time and 
work-up steps, acrylated PPA (PPA-AC) was finally produced, purified, 
and dried under vacuum for 72 h.

This reaction introduces acryloyl moieties on the remaining hydroxyl 
groups of the PPA structure. It is assumed that, initially, the 4- and 3′- 
hydroxyl terminal groups of the panthenyl units, being the most reac
tive, undergo acrylation. This reaction is followed by the acrylation of 
secondary 2-hydroxyl groups from panthenyl, which were less prone to 
attack the carbonyl group. By adjusting the amount of acryloyl chloride 
added, it is possible to control the degree of acryloyl substitution, 
allowing for the tuning of the final product's properties.

Acrylation was attested by the partial downfield shift of the 
hydrogen signal of the carbon labeled as “g” from panthenol and, un
equivocally, by the presence of the set of olefinic hydrogen signals in the 
1H NMR spectrum in Fig. 2A (and Fig. S3, Sup. Info.). The presence of 
unsaturations was further confirmed using MALDI-TOF (Figs. S4–S5, 
Sup. Info) and Raman Scattering Spectroscopy: Fig. 2B shows clearly the 
presence of double bonds in the modified PPA. It is possible to observe 
the appearance of the band corresponding to unsaturation (ν(C=C)) for 
PPA-AC at 1640 cm− 1 (yellow shadow). It is important to note that the 
wider band at 1650 cm− 1 corresponds to the ν(C=O) stretching from 
amide in panthenol, which is present either in PPA and PPA-AC. The 
band at 1725 cm− 1 is attributed to carbonyl groups from esters, present 
in both polymers. Additionally, a small shoulder at 3100 cm− 1 in the red 
curve can be assigned to the (=C-H) stretch vibration.

It is assumed that in the structure of PPA, each panthenol monomer 
contains one unreacted secondary hydroxyl group. This assumption re
lies on the great difference in reactivities from primary 4- and 3′-hy
droxyl and secondary 2-hydroxyl groups [13], preventing acrylation and 
branching. In macromolecules in which panthenol is the end-monomer, 
a primary hydroxyl terminal would also be present. Due to the differ
ences in reactivity between these types of hydroxyl groups as 

I.L.A. Dourado et al.                                                                                                                                                                                                                           Materials Today Advances 29 (2026) 100686 

5 



nucleophiles in nucleophilic addition reactions to carbonyl groups, it is 
anticipated that the terminal primary hydroxyl groups would readily 
undergo acrylation, followed subsequently by the secondary ones. Using 
1H NMR spectroscopy, the PPA-AC structure was verified by identifying 
characteristic signals in the olefin region, with the degree of unsatura
tion estimated at approximately 67 % (Sup. Info). Achieving 100 % of 
substitution was not intended due to the following reasons: (1) it could 
potentially increase brittleness in the final networks; (2) the amount of 
unreacted hydroxyl groups helps the control of the hydrophilic character 
of the final network, or (3) these groups can be further functionalized for 
additional applications (such as attaching of peptides, growth factors or 
bioactive drugs).

Thermogravimetric analysis results showed that PPA-AC polymers 
resist to thermal degradation until 160 ◦C (Fig. S7, Sup. Info). DSC 
analysis with a second heating cycle was chosen to evaluate the thermal 
behavior of the polymer. The curves revealed that PPA and PPA-AC are 
completely amorphous polymers with a glass transition temperature 
(Tg) value around − 38 ◦C and − 32 ◦C, respectively (Fig. 2C). The lack of 
crystallinity is especially relevant as it relates to faster degradations 
kinetics (vide infra) [31].

3.2. Photo-crosslinking of PPA-AC-based systems

As aforementioned, photo-curable formulations are typically 
constituted by a mixture of oligomers, photo-initiator, solvent, and other 
additives, such as co-crosslinkers and photo-absorbers (in case of SLA 
and DLP). The materials' chemical nature is primarily responsible for its 
properties (e.g., swelling, resorption kinetics, comprehensive and tensile 
strength, cell adhesion, etc) [4]. Tuning the proportions of each resin 

component is a challenging task. Beyond the polymer's 
physico-chemical characteristics, the choice of the solvent, 
photo-initiator, and co-crosslinkers are crucial for the successful for
mation of photo-crosslinked networks.

Photo-crosslinking of acrylates is based on chain-growth polymeri
zation. The initial step of this reaction is the initiation, a process that can 
be triggered by heat or light if a suitable initiator is added. Typically, 
non-aromatic molecules are not readily sensitive to light, and a photo- 
initiator is necessary to trigger free radical chain reactions. In the 
context of this study, acrylic moieties on the polymer subsequently un
dergo free-radical polymerization to form a covalently crosslinked 
network. The rate of photo-polymerization is strongly determined by the 
photo-initiator, solvent, and light intensity [4]. Numerous studies have 
described the photo-initiator dependence of photo-curable systems, 
often using complex equations [4,32]. Bagheri and co-workers [33] have 
shown different photo-initiators used in photo-polymerization systems.

Herein, three key factors were decisive in selecting a photo-initiator: 
(i) low cytotoxicity to serve biomedical applications – according to the 
literature; (ii) the ability to absorb a significant amount of the emitted 
light from the source; (iii) solubility in the same solvent as the polymer 
and co-monomers/co-crosslinkers. In view of these requirements, BAPO 
(bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide) and TPO-L (ethyl 
(2,4,6-trimethylbenzoyl) phenyl phosphinate) were considered. The 
selections of the photo-initiator and solvent were made simultaneously, 
considering the overall reactivity of the systems.

Given that PPA-AC is a novel polymer, its solubility in different 
solvents had to be assessed. The polymer was found to be soluble in 
chlorinated solvents, amides, sulfoxides, and alcohols, and insoluble in 
hydrocarbons, water, and esters. Despite the suitability of chloroform 

Fig. 2. A) 1H NMR spectra of PPA and PPA-AC; B) FT-Raman spectrum of PPA and PPA-AC; C) DSC curves for PPA and PPA-AC.
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and THF to dissolve the material, their high vapor pressures could lead 
to solvent evaporation in some potential applications such as 3D print
ing. To avoid this risk, solvents with relatively lower vapor pressures 
were considered for the tests (Sup. Info., Table S4), including 1,2-dichlo
roethane (DCE), dimethyl sulfoxide (DMSO), 2-butanol (2-BuOH), and 
N-methyl-2-pyrrolidone (NMP). PPA-AC was evaluated in terms of its 
gelation point (by means of photo-rheology). Both BAPO and TPO-L 
were tested in DCE, DMSO, NMP, and 2-BuOH. The combination of 
BAPO and DCE was chosen, since it was proven to be the most suc
cessful, with the fastest gelation (Sup. Info., Fig. S9).

The curing process is highly influenced by the relative rate of radical 
formation. In a photo-crosslinking reaction, as the reaction progresses, 
there is a noticeable increase in the molecular weight and polydispersity 
of branched molecules. This results in a decrease in the mobility of 
reactive groups within the polymer chains, making them less available 
for further reactions [34]. To address the challenge of macroradical 
diffusion within the medium, different strategies may be employed: (i) it 
is possible to use solvents to reduce the overall medium viscosity or (ii) 
typically a small unsaturated compound can be introduced for mobility: 
a co-monomer (with one double bond) or a co-crosslinker (with two or 
more double bonds). The addition of a co-monomer or a co-crosslinker 
improves the overall reactivity of the system. This improvement is 
particularly significant for less reactive double bonds, such as those 
found in ethylene 1,2-disubstituted compounds. In this work, these 
reactive additives were not only employed to enhance reactivity (acry
lates are sufficiently reactive) but to impart specific properties to the 
network in terms of hydrophilicity, surface energy, degradability and 
mechanical behavior.

In this work, the use of distinct co-monomers and co-crosslinkers 
(NIP, NVP, VIM, HEX, DVA) was driven by the goal of broadening the 
formulation landscape and, consequently, expanding the structural and 
functional diversity of the resulting networks. These additives were 
chosen for their high reactivity in free-radical polymerization and their 
demonstrated biocompatibility in analogous systems [35–40]. Their 
selection was also guided by the objective of assessing how the hydro
philic nature of NIP, NVP, and VIM, in contrast to the hydrophobic 
characteristics of DVA and HEX, would shape key materials outcomes, 
such as the hydrolytic degradation and cellular responses. In addition, 
vinylic monomers containing one or two vinyl groups may undergo 

different reaction pathways, affecting the final mechanical properties as 
well as crosslinking efficiency, kinetics, and density. By modifying the 
formulations with each additive, tunable network properties could be 
achieved. In addition, NIP and NVP, in particular, had been successfully 
employed in our group's previous investigations [41].

It is important to note that most unreacted free monomers may 
present some toxicity due to their reactive double bonds. After the 
curing process, however, complete conversion is targeted (and reached, 
vide infra), significantly reducing any potential cytotoxicity of these 
additives [42].

Three distinct networks (Fig. 3) were produced via light-initiated 
chain growth polymerization of the acrylate moieties: (A) in the 
absence of reactive additives, yielding a homopolymer of PPA-AC; (B) 
through copolymerization of PPA-AC with co-monomers containing a 
single vinylic functionality (NIP, NVP, and VIM); and (C) through 
copolymerization of PPA-AC with co-crosslinkers bearing two acrylic 
functionalities (DVA and HEX). In order to investigate the photo- 
crosslinking efficiency for these different systems, the covalently cross- 
linked networks produced were assessed by means of photo-rheology, 
gel fraction studies, Raman spectroscopy, and HR-MAS 1H NMR 
spectroscopy.

It is well established that photo-initiated reactions involved in the 
network formation play a crucial role in determining materials' me
chanical characteristics. During a photo-crosslinking reaction, it is 
possible to observe differences in the materials’ viscoelastic behavior 
before and after light exposure. Photo-rheology can be a powerful tool to 
investigate the kinetics of curing and the final crosslinked network 
density. The storage (G′) and the loss moduli (G″) represent, respectively, 
the elastic response (energy storage), and the viscous response (energy 
dissipation). Precursor PPA-AC formulations were prepared with 
different co-monomers and co-crosslinkers. From Fig. 4A, it was possible 
to analyze the photo-crosslinking kinetics results for these different 
systems.

Typically, during a photo-rheology evaluation, before light exposure, 
the rheological properties remain almost constant, reflecting the 
uncrosslinked state of the mixture. From 60 s onwards, the light expo
sure begins, so the photo-initiator can absorb light, generating free 
radicals that start the crosslinking reaction. The rate of photo- 
polymerization depends on radical diffusion and concentration in the 

Fig. 3. Schematic representation of networks after photo-crosslinking: A) For PPA-AC; B) For PPA-AC + co-monomer; and C) For PPA-AC + co-crosslinker.
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medium, as well as the propagation rate (determined by the radical 
reactivity) [43]. This results in a significant rise in the storage modulus, 
showing the transition from the viscous to the elastic state. For the 
system to transition from a liquid-like to a solid-like state (gel), a min
imum number of crosslinks must form, which occurs at the gel point, the 
critical moment at which the crossover between G′ and G″ occurs. As the 
reaction proceeds and the G′ increases, the material becomes predomi
nantly elastic and usually less able to dissipate energy as heat. After a 
certain time, the storage modulus reaches a plateau, suggesting that 
most of the crosslinking is complete and the reaction is nearing 
completion. At the plateau, the G′ reflects the crosslinked material's 
maximum mechanical strength and stiffness.

The gelation times for all studied formulations ranged from 4 to 8 s, 
indicating fast kinetics. The formulation without a co-monomer or co- 
crosslinker showed the highest gelation time (around 8 s), as its pre
cursor solution had fewer reactive double bonds, resulting in fewer 
crosslinks and lower network density. All the other formulations had the 
same concentration of vinylic groups, then the curing kinetics could be 
directly compared; still, the results are quite similar for all co-monomers 
or co-crosslinkers, with a difference in terms of gel point of less than 1.5 
s in all systems. These formulations are essentially good candidates to be 
exploited in different light-based 3D printing techniques.

The unsaturated monomers used have different “ene” functionalities 
(N-vinyl, di-vinyl, di-acrylate, and acrylamides), allowing the produc
tion of networks with distinct properties due to their varied reactivities 
and hydrophilicities. The storage moduli at the plateau, ranging from 
105 to 106 Pa, indicate crosslinked networks with different crosslinking 
densities. According to the rubber elasticity theory [44], the disparity in 
terms of G′ should be predominantly attributed to variations in terms of 
Mc (the number average molar mass between two crosslinks). However, 
this comparison must be made with caution in this case, as the acrylate 
networks are inherently non-homogeneous [45] and the gel fractions 
differ significantly across the systems (vide infra).

PPA is a polyester with end-groups that can be either an ethyl 
carboxylate or a hydroxyl moiety. Since each panthenol residue has an 

available secondary hydroxyl group, the resulting PPA-AC should pre
sent primary and secondary -OH groups modified via acrylation. 
Consequently, double bonds can be found either in the polymer back
bone or the end groups. Given that the DS is not 100 %, the distribution 
of these double bonds in the polymer chains cannot be determined. 
Therefore, defects in the network topology should be expected, i.e., the 
network is not perfectly uniform.

To better understand the formation of crosslinks, the films obtained 
were assessed (Fig. 4B and C) in terms of gel fraction (GF) and swelling 
degree (SD). Gel fraction and swelling assays can help to evaluate the 
extent of photo-crosslinking reactions since they reflect the degree of 
crosslinking and interconnectivity between different chains. When 
formed, films consist of two phases: the sol fraction, composed of mac
romers not included in the organo-gel network (the soluble part), and 
the gel fraction, resulting from crosslinks connecting polymer chains, 
forming an insoluble network at the gel point [34].

Fig. 4B shows that within the same set of samples, longer exposure 
times led to more crosslinks formed, greater polymer chain inter
connectivity, and consequently, a higher GF. Hence, one can expect 
higher gel fraction values for films exposed for 5 min than for 1 min or 
30 s. In general, GF values were greater than 65 % for all cases, with 
most exceeding 80 %, and some reaching 100 %.

The NVP system showed the lowest GF value, around 65–70 %, yet in 
photo-rheology it showed G’ in the order of 105 Pa, suggesting a densely 
crosslinked material. This result points to a more heterogeneous 
network, indicating that a portion of the polymer remains uncrosslinked 
while some regions or domains are well-crosslinked and contribute to 
the rigidity (probably regions with different crosslinking densities were 
formed) [45]. VIM, NIP, and HEX demonstrated to be the most efficient 
systems, with GF higher than 80 % even with only 30 s of light exposure, 
indicating nearly complete gelation and successful crosslinking. 
Conversely, for DVA, extended light exposure resulted in a decreased gel 
fraction, possibly due to some photo-induced degradation.

The swelling degree (SD) is an essential parameter characterizing 
gels, especially in biomedical applications. In this study, the films 

Fig. 4. A) Kinetics of photo-crosslinking analyzed by photo-rheology (irradiation starting after 60 s, wavelength 400–500 nm, 27 mW cm− 2). Solid and dashed lines 
represent, respectively, storage (G′) and loss moduli (G″). A zoom illustrates on the right the gel points (tgel, indicated by arrows); B) Gel Fraction (left) and C) 
Swelling Degree (right) in chloroform of PPA-AC crosslinked networks made with BAPO and different co-monomers or co-crosslinkers, using different times of 
exposure to light.
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consisted of organogels, and the SD was first measured in chloroform to 
gain deeper insight into the crosslinked networks produced. Swelling 
behavior reveals the mechanistic dynamic comprehension of the solvent 
diffusion process into the gels, indirectly measuring crosslinking den
sity. Swelling can also vary with other factors, such as ionic strength, 
temperature, and solvent composition [46]. When the solvent is absor
bed, the network swells, assuming an elongated configuration between 
crosslinks. The swelling theory explained by Flory-Rehner affirms that 
the state of equilibrium swelling is reached when the osmotic forces 
(driving solvent into the network) are counteracted by the elastic 
retractive forces (the network chains trying to resist expansion) [47].

The SD tends to decrease as the GF increases due to the more sig
nificant number of crosslinks formed. It makes sense to compare 
different exposure times (30 s, 1 min, or 5 min) within the same set of 
samples (which consist of the same system). However, this relationship 
is not necessarily consistent among the co-monomers or co-crosslinkers 
since the swelling depends not only on the number of crosslinks but also 
on the distance between them (Mc) and on the solvent-polymer inter
action parameter (χ) [48].

Notably, regarding SD values (Fig. 4C), the sample without additives 
is expected to present higher degrees of swelling, as the absence of co- 
monomers or co-crosslinkers provides, comparatively, the formation of 
fewer and possibly more distant crosslinks, i.e., higher Mc (Fig. 3). The 
systems with HEX, DVA, and VIM showed the lowest SD values, Inter
estingly, even considering that the chemical nature of each additive is 
different, these results are consistent with the photo-rheology results 
(Fig. 4A), where these samples also showed the highest plateau storage 
modulus and, therefore, higher crosslinking density.

Raman spectroscopy and HR-MAS 1H NMR spectroscopy were per
formed to evaluate the double bond consumption. In Fig. 5A, PPA-AC 
(orange curve) exhibits a prominent band around 1645 cm− 1, attrib
uted to the symmetric stretching of C=C bonds within the acrylic group 
of PPA-AC. The process of crosslinking initiated upon light exposure 
results in the total consumption of these double bonds in all cases, as 
indicated by the absence of corresponding bands, even in the sample 
without co-monomers or co-crosslinkers (see enlarged region). Raman 
analysis unequivocally confirms the successful light-induced cross
linking reactions. These films were also analyzed by 1H NMR spectros
copy (Fig. 5B) in the solvent-swollen state under magic angle spinning 
parameters (HR-MAS). This quantitative technique revealed the absence 
of any detectable signals related to acrylate double bonds between 6 and 
6.5 ppm (yellow region), indicating a highly efficient free-radical 
polymerization with full conversion of double bonds in all cases.

3.3. Mechanical properties of PPA-AC crosslinked networks

Constructs' mechanical properties are crucial for scaffold function
ality in tissue engineering. A tissue substitute must match the biome
chanical characteristics of the tissue it replaces. This compatibility 
ensures structural integrity and supports proper cellular interactions and 
tissue regeneration [49].

The stiffness of a material is quantified by the Young's modulus (or 
the modulus of elasticity), a mechanical property defined as the ratio of 
stress (force per unit area) to strain (relative deformation) within the 
material's elastic region. A higher Young's modulus indicates a stiffer 
material that undergoes minimal deformation under stress. According to 
Guimarães and co-authors [49] elastic moduli of biological tissues vary 
widely, ranging from as low as 11 Pa (intestinal mucus) to as high as 20 
GPa (cortical bone), depending on the tissue type. Softer tissues such as 
the cornea, kidney, brain, and cardiac muscle exhibit Young's moduli 
within the kPa range. Intermediate structures like cartilage have moduli 
in the MPa range, while denser tissues like bone reach up to the GPa 
range, reflecting their substantial stiffness and resistance to deformation 
[49].

To evaluate the mechanical behavior of crosslinked films, Dynamic 
Mechanical Analysis (DMA) was performed. The Young's Modulus, 
elongation at break and fracture strength were the properties assessed 
for each material (Fig. 6).

The results in Fig. 6A and B showed that the values of Young's 
Moduli, for all samples, are in the range of 4–44 MPa, which highlights 
the tunability of the materials. This modulus increases with the stiffness 
of the crosslinked film, resulting in less material deformation. The films 
obtained with NIP, HEX, and VIM are the stiffest, with average values of 
43, 29, and 22 MPa, respectively. Interestingly, the film with DVA is less 
rigid than the PPA-AC network itself. While it is possible to compare the 
rigidity of the samples, comparing them solely based on crosslinking 
density might be misleading: even though the Young's Modulus and the 
crosslinking density may be directly related (in the rubbery state), this 
condition holds true primarily for ideally perfect homogeneous net
works. Herein, it is hypothesized that the final stiffness of the materials 
is influenced not only by the Mc but also by factors such as the homo
geneity of the newly formed crosslinks, the structure of the co- 
monomers and co-crosslinkers used, and the gel fraction of each system.

Some articles highlight crystallinity as a crucial factor regarding 
Young's Modulus [50,51]. Although PPA-AC is entirely amorphous, it 
cannot be assumed that its photo-crosslinked networks, incorporating of 
a diversity of reactive additives, retain this amorphous nature. To assess 
whether crosslinking induced the formation of crystalline regions in the 

Fig. 5. A) Raman spectra of PPA-AC crosslinked networks after 30 s, 1 min or 5 min of light exposure; a zoom illustrates the region of interest. B) HR-MAS 1H NMR 
spectra of the crosslinked films; the yellow shadow shows no signals corresponding to residual double bonds from acrylates.
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networks, the films were also analyzed by DSC (Fig. S8, Sup. Info.). 
Similarly to the original polymer, all networks were found to be 
completely amorphous, with the glass transition being the only thermal 
event detected during the analyses. Consequently, the diversity of 
Young's Moduli presented is not a consequence of crystallinity. Never
theless, one can note a correlation between the elastic modulus and the 
gel fraction of the films: networks with higher gel fractions (with HEX, 
NIP, and VIM) also presented a stiffer behavior. This can be attributed to 
the higher amount of polymer in fact incorporated into the gel's struc
ture, leading to a higher number of crosslinks formed.

Additionally, the chemical nature of the formulation components 
may also affect the Young's Modulus: co-monomers or co-crosslinkers 
that are capable of forming hydrogen bonds may exhibit increased 
stiffness [52,53]. NIP, as an amide, demonstrates strong potential for 
hydrogen bond formation (both with itself and with the polymer, which 
is also a polyamide) due to the presence of both a hydrogen bond donor 
(the -NH group) and a hydrogen bond acceptor (the carbonyl oxygen). It 
is hypothesized that this property might contribute to the greater ri
gidity observed in the network containing NIP. The other co-monomers 
and co-crosslinkers can also participate in hydrogen bonding, but they 
have only hydrogen bond acceptor groups (the carbonyl oxygen or the 
imine nitrogen) that would not engage in strong intermolecular 
hydrogen bonding.

The addition of unsaturated monomers to the PPA-AC formulations 
represented an advantage in the percentage of elongation at break in 
networks with NIP and NVP that are at least twice as ductile. In contrast, 
the incorporation of VIM, HEX, and DVA produced more brittle net
works (Fig. 6C). Films with higher crosslinking densities were less 
ductile, which can be attributed, in this case, to a restricted network 
mobility and inhomogeneity of the new crosslinks in these systems. 
Interestingly, the addition of NIP represented a gain in both stiffness and 
flexibility, which might be related to the ability of hydrogen bonds to 
rearrange: in some cases they can break during deformation and sub
sequently reform, increasing the material's extensibility [54].

The rupture stress values for all films are low, with each being less 
than 5 MPa, indicating that the networks sustain minimal stress. As 
previously discussed, acrylate photo-crosslinked networks are formed by 
uncontrolled chain-growth polymerization, which causes spatial in
homogeneity and defects within the network architecture [45]. A more 
homogeneous network generally distributes stress more effectively, 
which would probably mean a better reorientation of crosslinks during 
the stretching process [55].

3.4. Contact angle and surface energy of PPA-AC crosslinked networks

Contact angle measurements provide valuable information about the 
wettability of a surface, indicating its ability to facilitate or resist the 
spread of a liquid droplet. This characteristic arises from intricate 

intermolecular interactions between the liquid's surface tension com
ponents and the physical-chemical properties of the surface being tested 
[56]. This type of evaluation is highly relevant since the hydro
philic/hydrophobic behavior of a novel material is essential for vali
dating its suitability for specific applications. For instance, the first stage 
of implant recognition involves the innate immune system initiating the 
adsorption of plasma proteins on the implant's surface. This very com
plex process varies with the characteristics of the implantation surface, 
such as hydrophilicity, topography, roughness, chemical structure, and 
tension [57]. Consequently, knowing the materials' surface energy is 
crucial for predicting their optimal performance, particularly regarding 
degradation kinetics, cell adhesion and proliferation [58]. Moreover, 
this understanding enables mitigation of undesirable host responses, 
including thrombosis, inflammation, and infections, thereby improving 
the biocompatibility and overall efficacy of the implanted material [56]. 
The results presented in Table 1 refer to flat sheet surfaces.

Table 1 reveals that all contact angles measured for water were 
below 60◦. Static water contact angle readings below 65◦ indicate sur
faces with hydrophilic characteristics [59]. This result aligns with ex
pectations, given the chemical composition of the polyester formed by 
panthenol (a highly hygroscopic molecule containing amide groups) and 
diethyl adipate. The film made solely by PPA-AC and BAPO has a Ɵwater 
of (52.7 ± 1.5)◦, being more hydrophilic than other traditional and 
well-established polyesters explored in biomedical applications, such as 
poly(ε-caprolactone) [60] and poly(L-lactic acid) [61].

The variations in contact angle measurements for water among 
different co-monomers or co-crosslinkers are less pronounced. However, 
the sample containing HEX exhibited the highest Ɵwater, which was 
already expected considering HEX's greater hydrophobic nature due to 
its longer carbon chain. This observation highlights the potential for 
tuning surface hydrophobicity by manipulating the alkyl chain length of 
the crosslinker. Conversely, the lowest Ɵwater value was recorded for 
NVP, consistent with its highly polar and hydrophilic nature. These 
findings are corroborated by surface energy measurements, with NVP 
demonstrating the most significant polar components (both acid ϒ+ and 
basic ϒ − ), and DVA and HEX exhibiting higher dispersive components 
and hydrophobic character.

The values obtained with glycerol, a very polar liquid, show trends 
similar to those of water. Diiodomethane is a liquid with nonpolar 
character and, therefore, should spread more on hydrophobic surfaces – 
in contrast with the other analyzed solvents. The results, however, are 
not in agreement with those when using water and glycerol. Generally, 
the drops spread more, making the measurement more challenging to 
analyze, which may have led to such inconsistencies.

Cell adhesion is an extremely complex process affected by the type of 
cells and environmental factors, such as surface free energy, electrostatic 
interaction, steric repulsion, hydration, and topography [62]. As 
explained by Lih, cell adhesion tends to be lower on substrates with a 

Fig. 6. A) Stress vs. Strain curves for various PPA-AC networks; B) Young's Modulus (YM) and Fracture Strength (FS) of crosslinked films; C) Elongation at break for 
networks formed with different co-monomers/co-crosslinkers.
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low surface free energy substrate compared to those with high surface 
free energy. For significant cell adhesion to occur, ϒS values must be 
higher than 43 mJ cm− 2, which applies to all systems studied here [62].

3.5. Hydrolytic degradation of PPA-AC crosslinked networks

The potential of biomaterial biodegradability is pivotal in the context 
of regenerative medicine, as it is targeted that the biodegradation rate is 
in line with the rate at which new tissue is formed. In this regard, the 
intrinsic features of materials and the host response are crucial in 
determining the successful clinical outcome. While there is no estab
lished benchmark for panthenol-based polymers, it is widely known that 
polyesters undergo hydrolytic degradation through the random scission 
of ester bonds. Several network-related properties influence the degra
dation profile, including hydrophilicity, crosslinking density, and crys
tallinity [31,57].

Typically, water penetration is more pronounced in less crystalline 
polymer networks, as the amorphous regions allow for more efficient 
water diffusion. This principle applies similarly to hydrophilic materials, 
in which the affinity for water further enhances penetration into the 
matrix [57,63].

Given that PPA-AC is a hydrophilic and amorphous oligoester, fast 
degradation kinetics could be anticipated. The photo-crosslinked films’ 
degradation rate profiles (Fig. 7) were evaluated under accelerated 
conditions (0.05 M NaOH, 37 ◦C) and in PBS at 37 ◦C (simulating the 
physiological conditions).

Fig. 7A shows that, under accelerated conditions, the networks un
dergo near-complete degradation within 7 days – reaching up to >95 % 
of mass loss for films with no or with hydrophilic co-monomers (NIP and 
NVP, which showed very similar degradation profile). The degradation 
kinetics were much slower for networks produced with more hydro
phobic co-crosslinkers, such as DVA and HEX, which also had similar 
profiles. It is worth noting that the system without co-monomers/co- 
crosslinkers was the first one to be fully degraded since it had fewer 
covalent crosslinks. Under basic conditions, the degradation is primarily 
chemically driven rather than diffusion limited. However, the water 
uptake capacity is still relevant. The incorporation of co-monomers/co- 

crosslinkers adds new functional groups to the network (amides, imines, 
or more ester groups) that will degrade differently. Imines are much less 
stable than carbonyl derivatives and are usually more prone to hydro
lysis which might also explain the initial faster degradation of the system 
with VIM.

Although the hydrolytic degradation of polyesters can take several 
months under physiological conditions, the materials’ degradation rate 
in PBS at 37 ◦C (more closely resembling physiological conditions) may 
be crucial in guiding the selection of suitable final applications for the 
biomaterials. Under this condition, mass loss ranged from approxi
mately 18 %–30 % over 2 months (Fig. 7B). Once again, the networks 
containing NIP and NVP exhibited nearly indistinguishable degradation 
profiles, as did those with DVA and HEX.

Under neutral conditions, the degradation is much slower and more 
guided by water diffusion. Considering that water sorption into the 
network is essential for bulk hydrolysis, the degree of swelling in water 
(Fig. 7C) was also assessed for each network. The systems that swelled 
more (with NIP, NVP, and VIM) presented faster degradation. In this 
case, the lower number of crosslinks in the network with no co-monomer 
or co-crosslinker may be compensated by the hydrophobic character of 
the network.

Given that all the networks produced were found to be entirely 
amorphous, the findings suggest that the water uptake capacity and 
hydrophilicity of the final networks (strictly related to the nature of the 
co-monomer or co-crosslinker) governs the degradation rate, playing a 
more substantial role than the crosslink density (that followed another 
trend). In general, more hydrophobic co-crosslinkers resulted in poly
mer networks with lower affinity for water, which allows fewer water 
molecules to penetrate into the networks, decreasing the likelihood of 
hydrolysis.

To summarize, these outcomes show that it is possible to design 
panthenol-based materials with tailored degradation rates for specific 
applications by changing the hydrophilic nature of the co-monomer/co- 
crosslinker and overall network, in agreement with the aspects discussed 
in previous sections. While we do not yet have a complete degradation 
profile for these materials under real physiological conditions, it is 
plausible to anticipate that panthenol-based oligoesters (hydrophilic 

Table 1 
Contact angle measurements and surface energy calculations for crosslinked films.

co-monomer/co-crosslinker ƟH2O (deg) Ɵglycerol (deg) ƟCH2I2 (deg) ϒLW (mJ m− 2) ϒ− (mJ m− 2) ϒ+ (mJ m− 2) ϒS (mJ m− 2)

none 52.7 ± 1.5 54.7 ± 2.3 21.7 ± 2.5 47.3 ± 0.8 27.1 ± 0.7 0.01 ± 0.01 48.0 ± 1.4
NIP 52.7 ± 2.1 56.3 ± 4.9 30.7 ± 1.2 44.0 ± 0.5 29.9 ± 5.7 0.11 ± 0.08 47.4 ± 1.2
DVA 53.7 ± 4.6 57.0 ± 1.7 20.3 ± 2.1 47.7 ± 0.6 8.5 ± 2.6 5.17 ± 0.07 60.7 ± 1.8
VIM 55.3 ± 1.2 57.0 ± 2.0 23.0 ± 1.0 46.8 ± 0.3 22.7 ± 2.2 0.02 ± 0.02 47.9 ± 1.1
HEX 58.7 ± 2.7 59.7 ± 1.5 23.7 ± 1.2 46.6 ± 0.4 24.1 ± 4.7 0.06 ± 0.01 48.6 ± 2.5
NVP 49.0 ± 8.2 54.3 ± 2.1 25.7 ± 4.7 45.8 ± 1.8 32.5 ± 10.3 0.02 ± 0.02 47.3 ± 2.5

Fig. 7. Hydrolytic degradation in A) NaOH 0.01M, and B) under physiological conditions (PBS, 37 ◦C) of photo-crosslinked PPA-AC discs. C) Swelling degree (%) in 
water of the photo-crosslinked PPA-AC discs.
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and amorphous) would degrade more rapidly compared to other well- 
known synthetic polyesters, such as poly(ε-caprolactone) [64], poly 
(lactides) [64], and poly(globalide) [65] that are known for their longer 
degradation terms.

3.6. Direct cytotoxicity of PPA-AC crosslinked networks

Direct cytotoxicity tests were performed on the films to evaluate the 
biocompatibility of the developed polymers. For this, the trypan blue 
exclusion assay – a classic method for differentiating live from dead cells 
based on the integrity of the plasma membrane – was performed. First, 
the cell line NIH-3T3 (mouse embryonic fibroblasts) was placed in 
contact with each crosslinked film for 3 or 7 days. After staining with 
trypan blue, the viable and non-viable cells were count with a Neubauer 
chamber (Fig. 8). It is worth to say that fibroblasts, such as NIH-3T3, are 
the most important cell type in connective tissue, producing extracel
lular matrix components and different types of collagens [66].

After 3 days of contact, higher cell viability was observed for the 
films of the crosslinked polymer without vinylic monomer (∅) and for 
those containing VIM and NIP. After 7 days, a high number of viable 
cells was still observed for NVP, VIM, and HEX, indicating not only cell 
survival but also proliferation. In the case of the VIM-based material, the 
results demonstrate its superior capacity for cell adhesion, establishing it 
over time as a promising biocompatible material. The findings reveal its 
ability to serve as a surface that supported cell proliferation to more than 
100 % of the cell number observed in the control.

The results obtained indicate that, as expected, the choice of vinylic 
additive in the network can elicit significantly different cellular re
sponses. Overall, it can be concluded that biocompatible materials can 
be produced from the panthenol-based polymer crosslinked with NVP, 
VIM, and HEX, with the VIM network exhibiting the most favorable 
cellular behavior. It is important to note that the films analyzed were not 
subjected to any prior surface modification treatment to enhance cell 
adhesion, which could be explored in future studies for those materials 
that did not demonstrate sufficient biocompatibility.

Given the established biocompatibility of panthenol and the safety of 
diethyl adipate as a co-monomer, it was anticipated that panthenol- 
based polymers could form biocompatible networks. Additionally, the 
selected co-monomers and co-crosslinkers, as previously noted, are 
components of other biocompatible systems. Therefore, the systems 
investigated in this study were expected to be non-toxic. Although these 
assays represent a highly simplified in vitro assay compared to the 
complexity of the in vivo environment [57], the results of the studies 
provide a valuable initial assessment of the safety profile of the 
panthenol-based materials.

4. Conclusion

For the first time in the literature, unprecedented panthenol-derived 
oligomers have been successfully synthesized, modified, and photo- 
crosslinked. Enzyme-catalyzed polycondensation was employed to 
synthesize PPA of low molecular weight (around 2 kDa). By modifying 
the hydroxyl groups, the oligoester was acrylated, resulting in an 
amorphous polymer with around 67 % double bond functionalization. 
Various co-monomers or co-crosslinkers were added to PPA-AC to create 
photo-curable formulations, allowing for fine-tuning of the photo- 
crosslinked network properties.

These systems demonstrated exceptional efficiency in photo-curing, 
achieving high network densities with rapid gelation kinetics (faster 
than 5 s). The formation of a covalently crosslinked network was un
equivocally confirmed by Raman Spectroscopy and HR-MAS 1H NMR 
spectroscopy, as evidenced by the disappearance of unsaturation signals 
after the curing process. These formulations are highly effective in 
photo-crosslinking, making them promising candidates for scaffolds 
produced via light-based biofabrication techniques. The systems have 
proven to be hydrolytically degradable, with tailored degradation rates, 
and show great promise in biocompatibility, being non-toxic for the cell 
line tested (NIH-3T3). The incorporation of distinct co-monomers and 
co-crosslinkers endowed the resulting materials with a key feature for 
tissue engineering applications: a high degree of tunability. This allowed 
for fine adjustment of chemical, physical, and biological properties in 
order to match the requirements of different tissues. Moreover, the use 
of panthenol as a novel monomer for polycondensation, alongside with 
the potential to further modify panthenol-derived polymers with diverse 
unsaturated groups or bioactive molecules, opens up exciting possibil
ities for their use across diverse biomedical applications.
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