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RESUMO EXPANDIDO

Introduciao

A gelatina ¢ um biopolimero natural, hidrofilico e anfétero, obtido a partir da hidrélise
acida, alcalina ou enzimatica do colageno e possui uma cadeia rica de 18 aminoécidos,
incluindo as sequéncias RGD (arginina — glicina — 4cido aspartico) responsaveis por
facilitar a adesdo celular. Devido as suas diversas caracteristicas valiosas e desejaveis
como, biocompatibilidade, biodegradabilidade e baixa toxicidade, tem sido uma escolha
promissora na sintese de materiais hibridos para aplica¢des biomédicas, principalmente,
no desenvolvimento de hidrogéis e nanogéis. Entretanto, a baixa estabilidade térmica e
mecanica limita sua utilizacdo direta sendo necessario modificagdes para torna-la
utilizavel nestes dispositivos. Por outro lado, os poli(B-amino ésteres) sao uma classe de
polimeros conhecida por suas propriedades inerentes as aminas terciarias e ésteres, como
responsividade ao pH e biodegradabilidade, sendo amplamente escolhidos como
plataformas eficazes para a encapsulagdo e entrega controlada de medicamentos, em
terapia génica, bem como, no preparo de hidro- e nanogéis. A sintese destes polimeros,
se d& por meio da reagdo de adicdo de aza-Michael entre aminas e ésteres insaturados ¢ a
caracteristica cationica destes compostos os tornam candidatos especiais para estes tipos
de aplicagdes devido, principalmente, a propriedade pH responsiva. Além disso, a reagdo
de aza-Michael ¢ uma abordagem vidvel para sintese de poli(B-amino ésteres) por ser
considerada uma reagdo rapida e de alta quimioseletividade, permitir o uso de condi¢des
reacionais mais brandas ¢ sem a necessidade da utilizacdo de catalisadores e/ou metais
pesados, solventes de facil remogao e a ndo geracao de produtos reacionais secundarios
indesejaveis. Ja, os ésteres acrilicos, derivados do acido acrilico, que ¢ sintetizado a partir
do petréleo, mas que também pode ser sintetizado a partir de biomassa, também sio
compostos interessantes por suas propriedades superabsorventes e biodegradaveis, sendo
os diacrilatos, usualmente empregados como agentes reticulantes na criacao de diversos
tipos de materiais e nas mais variadas aplicagdes. Na area biomédica, tém sido utilizados
na sintese de hidrogéis, scaffolds, nanoparticulas e fibras. Por possuir pontos reativos
como as duplas ligagdes, permite a jungdo a polimeros mais biodegradaveis e
biocompativeis a fim de modificé-los, inclusive, térmica e mecanicamente, por meio da
formag¢do de novas ligacdes covalentes e redes tridimensionais. Neste sentido, os
biomateriais acrilados oferecem a vantagem de possuirem grupos acrilicos, que sao
altamente reativos, pendentes ao longo da cadeia polimérica, sendo propicios a pos-
modificagdes como a fotopolimerizagdao e/ou fotoreticulacdo, permitindo a sintese de
materiais com propriedades melhoradas e ajustaveis. Uma outra abordagem, diz respeito
a sintese e a utilizacdo de particulas biopoliméricas, como as nanoparticulas (NPs), para
entrega controlada de medicamentos, as quais, oferecem a vantagem de possuirem uma
grande area superficial susceptivel a diversas modificagdes, contribuindo para melhorar
a biodisponibilidade, a solubilidade e a estabilidade dos farmacos. Além disso, podem
direcionar a liberacdo a locais especificos, reduzindo os efeitos colaterais, promovendo
uma liberacgdo sustentada e melhorando a eficacia terapéutica. Entre os diversos fArmacos
hidrofilicos existentes, a doxorrubicina (DOX) ¢ um farmaco hidrofilico antraciclinico
amplamente utilizada como agente quimioterapico no tratamento de diversos tipos de
canceres. Geralmente, os farmacos hidrofilicos ndo sdo compativeis com os sistemas de
encapsulacdo hidrofobicos e seu encapsulamento em NPs também hidrofilicas, ¢ um
desafio a ser superado, de forma a criar dispositivos de entrega que garantam uma
liberacdo sustentada sem se desintegrarem rapidamente frente aos estimulos externos,
como pH e temperatura. Para isso, diversas técnicas t€ém sido comumente reportadas na
literatura para a modificagdo destas matrizes poliméricas, como a reticulagdo e a



copolimerizagdo, entre outras. Com base no exposto, a sintese de biomateriais a base de
gelatina modificada para fins biomédicos, como os poli(f-amino ésteres), emerge como
valiosas alternativas biocompativeis e biodegraddveis para o preparo de hidrogéis e
nanogéis com propriedades tunaveis para o carreamento de farmacos hidrofilicos, entre
outras aplica¢des, auxiliando no desenvolvimento de tratamentos e dispositivos
terapéuticos mais seguros e eficazes.

Objetivo

Este trabalho objetivou a sintese de poli(B-amino ésteres) em forma de hidrogéis e
nanog¢is a base de gelatina “acrilada” e/ou reticulada com 1,4-butanodiol diacrilato (1,4-
BDDA) via reacao de adigao de aza-Michael em solucdo e via polimerizagdo interfacial
em miniemulsdo inversa, respectivamente, € suas posteriores caracterizagdes para
servirem como potenciais plataformas biocompativeis para a entrega controlada de
farmacos hidrofilicos. Além disso, objetivou-se aumentar a densidade de reticulacdo das
nanoparticulas de gelatina (GNPs) a partir da fotopolimerizacao via radicais livres.

Métodos

A gelatina pura foi caracterizada em relagdo ao peso molecular (cromatografia de
permeacao em gel, GPC, e por difracdo de luz), propriedades fisicas e quimicas e quanto
ao seu teor de aminas primarias livres (TNBS). Os hidrogéis foram sintetizados
utilizando-se trés formulagdes distintas na propor¢ao molar de 1:0,5, 1:1 e 1:1,5 mmol e-
NH,: mmol reticulante via adicdo de aza-Michael em solugdo, catalisada por DBU
durante 24 h sob agitagdo magnética sendo, posteriormente, purificados e liofilizados. Os
hidrogéis acrilados e/ou reticulados foram caracterizados quanto a densidade real
(picnometria a Hélio), estrutura quimica (FTIR), amorfismo/cristalinidade (DRX),
propriedades térmicas (TGA e DSC), razdo de intumescimento (SR), fragdo insoltivel e
grau de modificagdo (DM) pelo ensaio com TNBS. Além disso, as equacdes de Flory-
Rehner foram utilizadas para descrever a reticulagdo dos hidrogéis a partir dos dados de
intumescimento. Para a sintese de GNPs, foram preparadas quatro formulagdes com trés
concentragdes distintas de reticulante na propor¢do molar de 1:1,2, 1:4 e 1:8 mmol ¢-
NH,: mmol reticulante. As GNPs acriladas e/ou reticuladas foram sintetizadas em
miniemulsdo inversa via reagdo interfacial. Posteriormente, as formulagdes submetidas a
foto-cura foram preparadas na presenga do fotoiniciador 2,2-Dimethoxy-2-
phenylacetophenone (DMPA) na propor¢do de 2% (massa fotoiniciador:massa de
gelatina) sob irradiagdo de luz ultravioleta (UV) por 15 min e intensidade de 4,13 mV em
camara UV pré-aquecida por 20 min. As GNPs foram caracterizadas quanto ao DM pelo
ensaio com TNBS, didmetro médio das particulas (D) ¢ indice de polidispersao (PDI)
via espalhamento dindmico da luz (DLS), estabilidade coloidal (potencial zeta),
morfologia e tamanho de particula por microscopia eletronica de transmissao (MET),
fluorescéncia por microscopias Optica e confocal de varredura a laser (CLSM) e eficiéncia
de encapsulacdo (EE) via espectrofotometria no UV-Vis.

Resultados e discussao

A gelatina pura apresentou densidade (p = 1,34 g-cm™) e volume especifico (v = 0,748
cm*g') com valores muito proximos aos relatados pela literatura. Os valores das
densidades dos hidrogéis (p = 1,29 a 1,39 g-em™) também se encontram na faixa
reportada. O teor total de aminas primarias livres (¢-NH,) na gelatina pura foi de 0,305 +
0,0065 mmol de lisina-ggelatina’. O grau de modificagio ( DM) e a extensdo da
modificacdo (X;,) dos hidrogéis aumentaram com o aumento da concentracdo de
reticulante e variaram entre 26 ¢ 62% e 0,078 £ 0.001 ¢ 0,20 £ 0.014 mmol de



lisina-geelatina ', respectivamente. As propriedades como razdo de intumescimento (SR) e
tamanho da malha da rede tiveram seus valores aumentados com o aumento do DM.
Adicionalmente, a partir dos valores de densidade de reticulacdo (q) calculados pela
teoria de Flory-Rehner verificou-se que o hidrogel mais reticulado foi aquele sintetizado
com a menor concentragdo de reticulante, que também apresentou menores SR € peso
molecular entre os pontos de reticulacdo (M) e maior modulo de cisalhamento (G). A
estabilidade térmica apresentou ligeira reducdo nas formula¢des que apresentaram
maiores DM, sendo este efeito, atribuido ao efeito plastificante do reticulante utilizado.
Além disso, nanoparticulas de gelatina (GNPs) estaveis e com distribuicdo de tamanho
de particulas uniforme foram obtidas. Os didmetros das GNPs em meio organico variaram
entre 185 ¢ 202 nm com PDI < 0,2 em todas as formulagdes avaliadas. Para as
nanoparticulas redispersas verificou-se uma larga distribui¢ao de tamanhos de particulas
e altos indices de polidispersdao em todas as formulagdes. Ainda, o didmetro de algumas
amostras contendo DOX ndo foram possiveis de serem medidos pela caracteristica
colorida e fluorescente das amostras e limitagdes instrumentais. A responsividade ao pH
foi avaliada através do potencial zeta ({), em que, valores negativos foram obtidos para
todas as formulagdes, sendo maiores em modulo (74 mV) para as GNPs redispersas em
agua destilada em pH 6,5 e preparadas com maxima concentragdo de reticulante (0,1 g).
Entretanto, estudos preliminares conduzidos em solu¢do de PBS em pH 3,0 revelaram um
comportamento catidnico (+ 7,6 £ 3,2 mV) e aumento do didmetro das GNPs, indicando
o efeito significativo da variacdo do pH no intumescimento e no didmetro médio das
GNPs. Os potenciais negativos encontrados foram associados ao proprio alto ponto
isoelétrico (PI) da gelatina tipo A, ao efeito shielding de Debye-Hiickel, ao excesso de
surfactante proveniente do proprio processo de redispersdo, ao pK, basico (6,5) do
reticulante utilizado, e, ao possivel deslocamento no ponto isoelétrico original da gelatina
pelo consumo dos grupos lisina envolvidos na reagdo e a presenca dos residuos livres de
arginina, que possuem pK, mais elevado (12,5). Pelas anélises microscopicas foi possivel
identificar a morfologia quase perfeitamente esférica das GNPs redispersas com leves
achatamentos e distribui¢do larga de tamanhos com valor médio de D), = 499,3 & 178,5
nm medidos por MET utilizando-se o software Imagel. Contudo, particulas de tamanhos
menores também foram identificadas e impossiveis de serem contadas devido a limitagao
de magnificacdo do microscopio. Além disso, a partir da microscopia Optica verificou-se
o sucesso na encapsulagao do farmaco dentro das GNPs por meio da fluorescéncia emitida
pela DOX em 585 nm. No entanto, a partir da microscopia confocal, ndo foi possivel
afirmar com certeza se a fluorescéncia observada ¢ proveniente da DOX livre ou
encapsulada, sendo recomendados estudos de internalizagdo celular para uma melhor
avalia¢do. Entretanto, a eficiéncia de encapsulacdo da DOX medida por UV-vis variou
entre 94,5 € 96,2% e entre 27,2 e 34,5% com maximo carregamento de 31,3 £2,16 e 11,2
+ 0,74 pepox-Epolimero . quando redispersas em meio organico e aquoso, respectivamente.

Conclusao

A reacdo de adicdo de aza-Michael ¢ uma ferramenta vidvel para sintese de hidrogéis de
gelatina em solugdo. Além disso, a variagdo da concentracdo de reticulante propiciou a
sintese de hidrogéis e nanogéis com propriedades ajustaveis. As GNPs apresentam-se
como potenciais carreadoras deste farmaco, com uma encapsulagdo moderada de DOX.
Os biomateriais sintetizados emergem como alternativas biocompativeis e biodegradaveis
com caracteristicas desejaveis para utilizagao em fins biomédicos.

Palavras-chave: Reticulacdo. Biomateriais. Entrega de fAirmacos.



RESUMO

A gelatina ¢ um biopolimero natural hidrofilico obtida a partir da hidrélise do colageno e
amplamente utilizada como parte na sintese de dispositivos biomédicos, principalmente,
por sua biodegradabilidade, biocompatibilidade e baixa toxicidade. Entretanto, devido a
sua pobre resisténcia mecanica e baixa estabilidade térmica tem sido usualmente
modificada para fins biomédicos especificos. A rica cadeia de aminoacidos e a presenca
de grupos funcionais diversos permite a sintese de biomateriais com caracteristicas
desejaveis e propriedades aprimoradas. Neste sentido, os poli(B-aminoésteres), PBAEs,
tem emergido como um valioso nanocarreador (NC) de farmacos por aumentar a
permeabilidade a membranas e devido as caracteristicas inerentes as aminas terciarias e
aos ésteres, como capacidade pH-responsiva e biodegradabilidade. Portanto, neste estudo,
objetivou-se a sintese de nanoparticulas (NPs) hidrofilicas, biocompativeis e
biodegradaveis, “acriladas” e/ou reticuladas para servirem como NCs de farmacos
também hidrofilicos em aplicacdes biomédicas. Para tanto, nanogéis e hidrogéis de
PBAEs a base de gelatina modificada foram sintetizados e caracterizados. A reacdo de
adicdo de aza-Michael foi empregada para desenvolver os hidrogéis utilizando 1,4-
butanodiol diacrilato como reticulante em solucao. As GNPs “acriladas” e/ou reticuladas
foram preparadas via polimerizacao interfacial com o mesmo reticulante em miniemulsdo
inversa e/ou seguida de fotopolimerizagdo por radicais livres, utilizando-se um
fotoiniciador. A gelatina pura foi caracterizada quanto ao peso molecular (GPC e SLS),
propriedades fisicas, térmicas e grupos amino primarios livres (ensaio com TNBS). Os
hidrogéis sintetizados foram caracterizados por FTIR, DRX, TGA, DSC, grau de
modificacdo (DM), razdo de intumescimento e pela teoria de Flory-Rehner, ja para as
GNPs, avaliou-se o tamanho de particula e indice de polidispersdo, potencial zeta, DM,
eficiéncia de encapsulacdo e morfologia. A gelatina possui peso molecular em torno de
M,, =539.127 g'mol™ e £ = 0,305 mmol de lisina-ggelatina'. Hidrogéis com DM entre 26,4
e 62,9% foram obtidos e a incorporagdo do reticulante foi verificada pelos espectros de
FTIR e DRX. Em relagdo a gelatina pura, a estabilidade térmica dos hidrogéis apresentou
ligeira reducdo para as formulagdes com maiores DM, sendo este comportamento,
atribuido ao efeito plastificante do reticulante utilizado. Foi observado um aumento na
razdo de intumescimento e no tamanho da malha da rede com o aumento do DM.
Adicionalmente, para as GNPs foram obtidos DM entre 45,6 ¢ 70,4% e particulas com
diametros médios entre 185 e 202 nm e distribui¢do de tamanhos estreita (PDI < 0,2).
Para as GNPs redispersas em diferentes pH e a 37 °C, os potenciais zeta negativos foram
associados a contribuicdo de diversos efeitos observados. A maxima eficiéncia de
encapsulagio nas GNPs redispersas foi de 34,5% com 11,2 pgpox:gpolimero encapsulada.
Estruturas aproximadamente esféricas com didmetro médio de 499,3 + 178,5 nm foram
observadas pela microscopia eletronica de transmissdo. O estudo de fluorescéncia por
microscopia Optica confirmou o encapsulamento da DOX, no entanto, ndo foi possivel
obter informagdes conclusivas a respeito do encapsulamento e liberacdo do farmaco a
partir da microscopia confocal. Contudo, hidrogéis e nanogéis com propriedades
ajustaveis foram desenvolvidos como potenciais plataformas biocompativeis e
biodegradaveis para o encapsulamento e entrega de farmacos hidrofilicos para fins
biomédicos.

Palavras-chave: Biopolimeros; Quimica click; Reticulagdo.



ABSTRACT

Gelatin is a hydrophilic natural biopolymer obtained from the hydrolysis of collagen and
widely used as part of the synthesis of biomedical devices, mainly due to its
biodegradability, biocompatibility, and low toxicity. However, due to its poor mechanical
resistance and low thermal stability, it has usually been modified for specific biomedical
purposes. The rich amino acid chain and the presence of diverse functional groups allows
the synthesis of biomaterials with desirable characteristics and improved properties. In
this sense, the poly(B-amino esters), PBAEs, has emerged as a valuable nanocarrier (NC)
for drugs by facilitating the membranes permeability and by having inherent
characteristics of tertiary amines and esters, such as pH-responsiveness and
biodegradability. Therefore, the goal of this study was the synthesis of hydrophilic,
biocompatible, and biodegradable NPs, “acrylated” and/or crosslinked to serve as NCs
for hydrophilic drugs in biomedical applications. For that, nanogels and hydrogels of
PBAESs based on modified gelatin were synthesized and characterized. The aza-Michael
addition reaction was employed to develop the hydrogels using 1,4-butanediol diacrylate
as a crosslinker in solution. The “acrylated” and/or crosslinked GNPs were prepared via
interfacial polymerization with the same crosslinker in inverse miniemulsion and/or
followed by free radical photopolymerization using a photoinitiator. Neat gelatin was
characterized in relation to its molecular weight (GPC and SLS), physical and thermal
properties and free primary amino groups (TNBS test). The hydrogels synthesized were
characterized by FTIR, XRD, TGA, DSC, modification degree (DM), swelling ratio and
by Flory-Rehner theory, while for GNPs, the particle size and polydispersity index, zeta
potential, DM, encapsulation efficiency and morphology. Gelatin has a molecular weight
of around M,, = 539.127 g'mol! and & = 0.305 mmol of lysine-ggelain'. Hydrogels with
DM between 26.4 and 62.9% were obtained and crosslinker incorporation was verified
by FTIR and XRD spectra. In relation to neat gelatin, the thermal stability of the hydrogels
showed a slight reduction for formulations with higher DM, this behavior being attributed
to the plasticizing effect of the crosslinker used. An increase in the swelling ratio and
mesh size of the network was observed with DM increases. Additionally, for GNPs, DM
between 45.6 and 70.4% and particles with average diameters between 185 and 202 nm
were obtained with a narrow particle size distribution (PDI < 0.2). For redispersed GNPs
at different pH and at 37 °C, the negative zeta potentials were associated with the
contribution of several observed effects. The maximum encapsulation efficiency in the
redispersed GNPs was 34.5% with 11.2 pgpox-gpolymer’ encapsulated. Furthermore,
approximately spherical structures with an average diameter of 499.3 + 178.5 nm were
observed by transmission electron microscopy. The fluorescence study by optical
microscopy confirmed DOX encapsulation, however, it was not possible to obtain
conclusive information regarding encapsulation and release of DOX from confocal
microscopy. However, hydrogels and nanogels with tunable properties have been
developed as potential biocompatible and biodegradable platforms for the encapsulation
and delivery of hydrophilic drugs for biomedical purposes.

Keywords: Biopolymers; Click chemistry; Crosslinking.
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1INTRODUCTION

The growing concern for safer materials and more sustainable ecological
solutions has become an attractive research field in polymer chemistry (CHIONG et al.,
2021). In this context, the global plastic consumption scenario received great attention in
the last decades (MASSUGA et al., 2022). Annually, the worldwide plastic disposal
accounts more than 150 million ton of solid waste (RAHIMI & GARCIA, 2017).
Meanwhile, the effects of micro and nano-plastics accumulation originated from modern
lifestyle has raised an alert regarding global climate issues and the harmful effects on
animal and human health (LAI; LIU; QU, 2022). However, some efforts to minimize the
side effects of large-scale production and consequently incorrect disposal are proposed in
literature and by the United Nations (ONU) as in the 27" Global Climate Change
Conference (COP 27) (UNCC, 2022; NAGALAKSHMAIAH et al., 2019).

The use of synthetic plastics and petroleum derivatives date back to early 20"
century when discovered by Leo Baekland in 1907 (CHALMIN, 2019; BAEKELAND,
1909). During the first half of the 20" century, plastics were seen as the “wonder
material” for being lightweight and resilient and strong at the same time. After a couple
of decades, many problems associated with their production and disposal have come to
light, especially the environmental impacts (CHIONG et al., 2021). In addition, despite
the benefits, the responsible and ethical use of plastics in biomedical field is essential to
ensure patient safety and environmental sustainability, and issues such as degradation
over time, the release of potentially toxic chemicals, and the need for proper recycling to
minimize environmental impacts must be considered (MASSUGA et al., 2022).

Nevertheless, the search for cleaner and more efficient solutions to replace them
has driven the development of more sustainable and recyclable polymers. In recent years,
studies on biocompatibility and biodegradability of polymers have gained space in the
scientific community (SAMIR et al.,, 2022). The biodegradable and biocompatible
polymers play a crucial role in the promotion of human health, environmental
preservation and in technological and economic advancement (CHIONG et al., 2021;
THANAVEL & SEONG SOO, 2013). These interesting and eco-friendly organic
molecules found uses in several industrial segments as biomedical, pharmaceutical,
agricultural, electronical, water treatments process and for food packaging (CAO &

UHRICH, 2019; CHIONG et al., 2021; RAHIMI & GARCIA, 2017). Their properties of
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great value offer the advantage of degrading under milder environmental and/or
physiological conditions without producing side toxic compounds (WEI et al., 2020). In
the biomedical field, they have been chosen due to their high performance, being
commonly employed in tissue engineering, regenerative medicine, wound healing
treatments or in controlled drug delivery systems as biocompatible and biodegradable
devices in diverse architecture forms, such as beads, scaffolds, fibers, hydrogels,
implants, protheses or nanocarriers (GOBI et al., 2021; MUIR & BURDICK, 2020;
PARK et al., 2017).

To quote, the most hydrophilic, biocompatible and biodegradable polymers
reported include the proteins and polyssacharides, such as chitosan (Aranaz et al. 2021;
Kou, Peters & Mucalo, 2022), pectin (Li et al. 2021a; Roman-Benn et al. 2023), starch
(Apriyanto, Compart & Fettke, 2022), alginate (Bi et al. 2022; Jadach, Swietlik &
Froelich, 2022 and Mollah et al. 2021), and the synthetic polyvinyl alcohol (PVA)
(Halima, 2016; Williams, Yo & Atala, 2019). On the other hand, the hydrophobics
biocompatible and biodegradable include, the bio-based and semicrystalline, polylactic
acid (PLA) (Deshmukh et al. 2017; Freeland et al. 2022; Mochizuki, 2009) and the
synthetic and semicrystalline, polycaprolactone (PCL) (Arakawa & Deforest, 2017;
Shadi, Karimi & Entezami, 2015 and Vandewalle et al. 2018), among others (Li et al.
2018° and Zang & Naebe, 2021).

In addition to the previously cited polymers, gelatin notoriety improved for
presenting suitable characteristics such as amphoterism, high hydrophilicity, a rich amino
acid composition that allows several chemical modifications and the RGD sequence
which helps to promote cellular adhesion (BARANWAL et al., 2022; YOON et al., 2016).
However, the use of native gelatin for biomedical applications presents some challenges
main due to its poor mechanical strength, temperature, and water sensitivity, potential
allergenicity, enzymatic degradation by proteolytic enzymes, and the needed of
sterilization without affect their properties as well as the limited control over crosslinking
(ALIPAL et al, 2021; FADDA et al, 2003; SKOPINSKA-WISNIEWSKA;
TUSZYNSKA; OLEWNIK-KRUSZKOWSKA, 2021). From that, the use of modified
gelatins is required and prominent and has been employed in biomedical devices as
hydrogels for wound healing treatments, scaffolds in tissue engineering or as nanocarriers
in controlled release of several molecules as drugs (Yasmin et al. 2017), peptides (Witting

et al. 2015) and genes (Moran et al. 2015; Truong-Le et al. 1999) due to its affinity with
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the plasmatic membrane which facilitates the endocytosis process by their usually
cationic character (TSENG et al., 2013).

Furthermore, when used as nanocarriers (NCs) or drug markers, gelatin
nanoparticles (GNPs) also have attracted great interest by its biocompatibility and
biodegradability and have been prepared by several techniques, such as coacervation,
nanoprecipitation (Baseer et al. 2019 and Khan, 2014), desolvation and mini-
emulsification (Ethirajan et al. 2008). At the same time, the nanometric size helps to
promote advantageous properties by providing a higher surface area available for
modifications and by increasing and improving the bioavailability, solubility, and
retention time, as well as the therapeutic value of bioactive molecules and water-soluble
compounds (HUEPPE, WURM; LANDFESTER, 2002; GULSU; KILLI; ALPER, 2022).

An alternative approach to improve the poor characteristics of gelatin is the
synthesis of poly(pB-amino esters) or (PBAEs) synthesized via amine-acrylate addition
reaction and that possess suitable characteristics such as the biocompatibility,
biodegradability and responsiveness for biomedical applications (LIU et al., 2019;
IQBAL & ZHAO, 2021; SHOOSHTARI & VAN DE MARK, 2001). According to Billiet
et al. (2013) and Karimi et al. (2020), the aza-Michael addition reaction is a reliable
approach for this purpose since it usually does not produce any undesirable side product
(< 1—-2%) while reacting primary and secondary amines with diacrylates. In addition, it
has been considered a green route for PBAE synthesis by attending some click-chemistry
requirements and by allowing achieving polymers with special properties such as pH-
responsiveness and biodegradability that are inherent to tertiary amines and hydrolysable
esters, respectively (LIU et al., 2019; MANZANARES-GUEVARA et al., 2018). The
modified-gelatin hydrogels matrixes have found a wide range of applications due to its
interesting features, such as charge reversal properties, the ability of mimic ECM
(extracellular matrix) facilitating the nutrients and gases diffusion, the encapsulation and
releasing of drugs and molecules or as constructions for cells-laden (NICHOL et al., 2010;
BILLIET et al., 2013).

Based on these considerations, we intend to synthesize surface crosslinked
gelatin nanoparticles (GNPs) that will serve as carrier platforms for hydrophilic drugs via
an inverse miniemulsion approach by two distinct crosslinking strategies at the liquid-
liquid interface: (1) aza-Michael addition reaction and (2) aza-Michael addition reaction
followed by free radical photopolymerization. To the best of our knowledge, to date, only
one study carried out by Ethirajan et al. (2008) has reported crosslinked GNPs synthesis
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by inverse miniemulsion technique. However, some of the crosslinkers generally used for
gelatin crosslinking, such as glutaraldehyde (GTA) and polyethylene glycol (PEG), have
proven to be cytotoxic under some conditions and can render impracticable the intended
biomedical applications (EDWARDS; DI; DYE, 2007; KHAN, 2014).

In this work, the aza-Michael addition was employed to prepare crosslinked
poly(B-amino ester) gelatin-based hydrogels in solution and characterize to further
nanoscale evaluate. In addition, we propose two routes for GNPs crosslinking using a
diacrylate as a crosslinker agent (1,4-butanediol diacrylate) that allows to synthesize
crosslinked nano-poly(B-amino esters) gelatin-based and the former followed by
photopolymerization and/or photo-crosslinking reaction using DMPA (2,2-dimethoxy-2-
phenylacetophenone) as photoinitiator. Finally, as a model drug, doxorubicin was
encapsulated due to its high hydrophilicity and several biomedical applications as in

cancer treatments and encapsulation efficiency studies were performed.

1.1 OBJECTIVES

1.1.1 General Objective

Synthesize crosslinked gelatin-based poly(B-amino esters) nanogels to serve as

carriers of hydrophilic drugs.

1.1.2 Specific objectives

1. Synthesize covalently crosslinked gelatin hydrogels via aza-Michael addition
reaction in solution through solution polymerization and characterize its thermal
properties, swelling behavior physical and chemical composition;

2. Synthesize covalently crosslinked gelatin nanoparticles via interfacial aza-
Michael addition reaction in inverse miniemulsion and characterize their
morphology, particle size, PDI and colloidal stability;

3. Synthesize covalently crosslinked gelatin nanoparticles via dual curing
photopolymerization technique in inverse miniemulsion and characterize their
morphology, particle size, PDI and colloidal stability;

4. Evaluate the encapsulation efficiency of the hydrophilic model drug doxorubicin

(DOX) in the GNPs redispersed in water.
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2LITERATURE REVIEW

2.1 BIO-BASED HYDROPHILIC POLYMERS IN THE BIOMEDICAL FIELD

In the last few years, researchers have made some efforts to synthesize
environmentally friendly, biocompatible, and biodegradable polymers for the use in
biomedical applications (FLARIS; SINGH, 2009; GEORGE et al., 2020). The natural
biopolymers have raised as an interesting alternative for creation of biomedical devices
mainly by being made up of repeating units that plays essential roles in a wide range of
biological processes (KUMAR; KARISHMA, 2022; MUIR & BURIDCK, 2020;
UDAYAKUMAR et al., 2021; WEI et al., 2020; YAASHIKAA).

The biopolymers are a class of polymers that can be obtained from vegetal or
animal sources or produced by living organisms via fermentative processes and may be
found in nature as structural components of cells, tissues, and organisms (LELKES et al.,
2022). Generally, they possess special and valuable properties and characteristics
extremely desirable to several uses, such as biocompatibility, biodegradability, stimuli-
responsiveness, and cell-adhesion (CHOI; PARK; LEE, 2022; MUIR & BURDICK,
2020).

In this context, a novel and diverse class of materials has being developed from
the inherent characteristics of these biopolymers including several biomedical devices,
such as in tissue engineering (Park et al. 2017 and Okamoto & John, 2013), wound
healing treatments (Singh; Shitiz; Singh, 2017 and Vijayakumar et al. 2019), scaffolds
(Tian et al. 2020 and Park et al. 2017) beads (Ma et al., 2013; Rawat & Maiti, 2021;
Vikulina & Campbell, 2021), fibers (Temesgen et al. 2021; Strassburg, Mayer &
Scheibel, 2022), hydrogels (Dhand, Galarraga & Burdick, 2021; Muir & Burdick, 2020)
and nanoparticles (Gobi et al. 2021; Jacob et al. 2018 and Singh, 2011) among others
applications, e.g. food packing, food emulsions, edible films and etc. as reported in the
review of Udayakumar et al. (2021).

As mentioned by Dickinson (2017), by having their own variety of structures,
they are frequently used as stabilizing agents assisting in the formation of gel-like
structures. Nonetheless, the process of obtaining and purifying is high cost, making the

use of these materials more difficult, reinforcing the need to conduct studies in this regard
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to overcome these challenges (AWE et al., 2017; EFTHIMIADOU et al., 2018;
UDAYAKUMAR et al., 2021).

Among them, the polysaccharides, polypeptides, and polyesters are the most
employed, such as pectin, dextran, lignin, cellulose, chitosan, and gelatin (YAASHIKAA;
KUMAR; KARISHMA, 2022). Moreover, due to reduced thermal and mechanical
properties are commonly modified from an infinite of reactional routes by possessing
desirable chemical groups which are susceptible to modifications to improve and enhance
its properties according to their specific objective and functionality (LOPEZ et al., 2020).
In addition, biopolymer modifications also help to offers responsiveness to several stimuli
such as pH, UV radiation, enzymatic and radical degradation which may affect their
entirely application by susceptibility in interact with the biological substrates
(UDAYAKUMAR et al., 2021).

Nevertheless, in some cases, chemical modification of more hydrophobic
biopolymers is carried out with the aim of making them more hydrophilic by adding
chemical groups of more water-affinity (SHEEHAN et al., 2022). On the other hand,
proteins highlighted among the most hydrophilic biopolymers due to the large amounts
of functional amino groups, carboxylic acids, amides, and hydroxyls present in the
polymer chain, which allow greater interaction with water and biological fluids (MUIR
& BURDICK, 2020).

In this sense, gelatin notoriety has gained space in scientific community and has
been widely used for presenting such characteristics that are essential for biomedical
applications and in the construction of several biomaterials and medical devices currently
employed for these purposes, e.g., bone regeneration (Dong et al. 2019 and Echave et al.
2017), cell administration (Li et al. 2018 and Xu et al. 2013), implants (Langley et al.
1999 and Wong et al. 2010) among others (Sharma; Kaith; Arora, 2022).

2.1.1 Gelatin

Several sources (e.g., bovine, porcine and marine) and animal parts (e.g., skin,
tissues, cartilage, ligaments, and bones) from which collagen and gelatin can be extracted
are reported in the literature (NITSUWAT et al., 2021; SUHAIMA et al., 2022). Collagen
is the main protein that constitutes the extracellular matrix (ECM) in animals and has a
three-dimensional structure in triple helix form (BRODSKY; RAMSHAW, 1997). On the

other hand, gelatin (Figure 1) is a biomacromolecule, composed of a heterogeneous
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mixture of water-soluble proteins of high molecular masses, that are extracted from
partially hydrolyzed collagen and isolated after denaturation (BOZEC; ODLYHA, 2011;
OFOKANTSI et al., 2010). In addition, denaturation provides gelatin the advantage of
relatively low antigenicity and gelling point compared to collagen (YOON et al., 2016).
Furthermore, different types of gelatins can be obtained from different hydrolysis
conditions, type A gelatin is obtained from acid hydrolysis and type B gelatin from
alkaline hydrolysis (ALIPAL et al., 2021). Then, the molecular configuration and
distribution of functional groups are some of the main differences between gelatins of

different types.

Figure 1 — Chemical structure of gelatin.

O
OH

H;N:< S

o NH
NH /\< °
NH o)
O O N
NH
T
HN N
0

Drawn in ChemSketch (2022).
Source: Author (2022) adapted from Noor et al. (2021).

Nonetheless, the study conducted by Johlin (1930) has proved the relation of IP
with the minimum physical properties of pure gelatin such as conductivity, osmotic
pressure, viscosity among others. In gelatin, the IP varies according to the type and source
from which it is extracted due to differences in moieties of carboxyl, amino and guanidino
groups on the side chains (SU & WANG, 2015). For instance, the presence of amino
groups is greater in type A gelatins and of carboxylic groups in type B gelatins. Therewith,

type A gelatins also have a higher IP (6 — 9) since the acid treatment is not able to cleave
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the amide bonds of the glutamine and asparagine portions present in collagen. However,
in type B gelatins, cleavage occurs, leading to a lower IP (4.7 — 5.4) due to a higher
production of acidic amino acids and, consequently, a higher proportion of carboxylic
groups, making them negatively charged when at pH neutral (BASEER et al. 2019).
Another type of gelatin is mentioned in the study carried out by Ji et al. (2022) were they
mentioned the “type E” gelatin, in which gelatin was obtained after enzymatic hydrolysis
with IP varying from 7.0 to 9.0.

For instance, the study conducted by Aramwit et al. (2015) has proved that the
efficiency of drug delivery from gelatin nanoparticles differs for each type of gelatin,
being higher in type B because it was more crosslinked than type A. In addition, type B
gelatin is also more biocompatible compared to type A. Another study carried out by Lee
et al. (2016), the authors reported that type A gelatin is more suitable for bioink
applications by produce printed constructions with better resolutions than type B at the
same extrusion pressure, however, when using type B gelatin, they found a slightly degree
of methacryloylation than using type A. Additionally, as shown by Baydin et al. (2022),
type A gelatin is more stable on long-term storage than type B gelatin by being more
resistant to hydrolysis.

Gelatin is considered a versatile biopolymer due to its amino acid-rich
composition and, among natural polymers, it is preferred and known for its relatively low
cost and for presenting excellent and desirable characteristics for the design and
development of new functional materials, such as biodegradability, hydrophilicity, low
toxicity, biocompatibility, as it is anti-carcinogenic and has non-immunogenic properties
(KHRAMTSOV et al., 2021; SULTANA; ALI; AHAMAD, 2018; YOON et al., 2016).
It is soluble in water, glycerol, and acetic acid and insoluble in practically all organic
solvents such as alcohol, chloroform, ether, acetone, and others (GHORANI et al., 2020;
LARSON & GREENBERG, 1933; SANWLANI; KUMAR; BOHIDAR, 2011).

However, a study conducted by Mehta et al. (2017) has shown the potential
ability to achieve high solubility (> 87%) of gelatin capsule waste via extraction with
protic ionic liquids (alkyl ammonium nitrates and their binary mixture system with 1-
butyl-3-methyl imidazolium chloride). In addition to these characteristics, it has an
amphoteric behavior and the property of gel formation at mild temperatures (= 35 °C).
The phase behavior in solution is influenced by water activity, temperature and pH,
factors that justify its use in drug delivery systems (MASULLO et al., 2020;
MIYAWAKI; OMOTE; MATSUHIRA, 2015).
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It is mainly composed of 18 amino acids, which provide a high biological value
and protein content, distinguishing it from other polymers by the presence of a sequence
of amino acid chains that, for example, facilitates cell adhesion and spreading, such as
Arg-Gly-Asp (RGD) which are also the cell attachment sites recognized by many
integrins (MUIR & BURDICK, 2020; YOON et al., 2016; XING et al., 2014). As
mentioned by Wang et al. (2012), these amino acids play a key role in the final biological
performance of gelatin compared to synthetic polymers that lack these cellular
recognition sites. Nonetheless, their physicochemical characteristics may vary according
to the source and extraction method (e.g., molecular mass, proximate composition,
isoelectric point (IP), bloom (gel strength), mesh (granulometry) etc.) (HUE et al., 2017,
MULYANI et al., 2017; TU et al., 2015). In this context, the isoelectric point (IP) is
related to the structural and colloidal stability of proteins and can lead them to aggregation
caused by changes in physiological factors such as temperature, ion concentration and pH
(LAUTENBACH; HOSSEINPOUR; PEUKERT, 2021).

According to Osorio and co-workers (2007), the force (weight) necessary to
depress a given sample area of gel by a distance of 4 mm is defined by bloom and as the
bloom number increases the stronger the gel is. Another important parameter is the
molecular weight distribution that is highly heterogeneous and consists of water-soluble
protein fractions (a (~90-10° g-mol™), p (~180:10° g'mol™!) and y (~300-10° g'mol™)
peptide chains) of different molecular weights (JI et al., 2022; TU et al., 2015; ALIPAL
et al., 2021; MARIOD & FADUL, 2013). According to the manufacturer data, the
average molecular mass is proportional to bloom number, and it may vary in the range of
20 — 25 kDa for low bloom gelatins (50 — 125), 40 — 50 kDa for medium bloom gelatins
(175 —225) and 50 — 100 kDa for high bloom gelatins (225 — 325) (SIGMA ALDRICH,
2023).

However, higher values for gelatin molecular weight can be found in the
literature since it is partly formed by aggregates of high molecular weight, then, the
common techniques (e.g., polyacrylamide gel electrophoresis and SEC/GPC) used for the
determination have some limitations and don’t allow to quantify molar masses higher
than 7.5-107 g-mol™!. From this, new approaches have been developed to this end, like in
the study carried out by Duthen and co-workers (2018), the authors applied a
chemometric approach based on UV absorbance and the Asymmetrical Flow Field Flow
Fractionation coupled to an Ultraviolet and Multi Angle Light Scattering (AsFIFFF-
UV/MALS) to evaluate the molecular mass of 49 different types of type A industrial
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gelatins and they found molar masses higher than 1:107 g'mol™ with good correlation (R>
> 79%) between the approaches used.

As presented in Table 1, among the main amino acids present in its molecular
chain, glycine, proline and 4-hydroxyproline stand out in greater amounts (= 57%), while
glutamic acid, alanine, arginine, and aspartic acid amino acids families are present in the
lower concentrations (= 43%) (SULTANA; ALI;, AHAMAD, 2018; ALIPAL et al.,
2021).

Table 1 — Gelatin amino acid composition from different quantification techniques.

Amino acid (aa) g 2a/100 g of gelatin g aa/100 g of raw protein Reference
Alanine 10.7 8.6
Arginine 4.5 7.3
Aspartic acid 4.8 5.8
Glutamic acid 7.7 10.2
Glycine 32.6 22.2
Histidine 0.6 1.0
Hydroxyproline 10.0 11.9
Isoleucine 1.1 1.4 Gelita (2019)%
Leucine 2.3 2.7 Billiet et al. (2013)Y;
Methionine 0.7 0.9 Farris, Song and
Phenylalanine 1.4 2.1 Huang (2010)°.
Proline 12.1 12.7
Serine 34 3.2
Threonine 1.7 1.8
Lysine 2.6 3.6
Hydroxylysine 1.1 1.6
Tyrosine 0.4 0.8
Valine 2.3 24

aDetermined by HPLC via fluorescence detection (results expressed in wt.%);
"Determined by HPLC via fluorometrically detection (results expressed in weight);
‘Determined by colorimetric essay via fluorescence titration (results expressed in mol%);
Source: Author (2023).

Especially, because of its interesting characteristics, numerous functional groups
and unique peptide sequences, gelatin is generally recognized as safe (GRAS) for human
consumption by the United States Food and Drug Administration (FDA) and a promising
platform for several applications, including biomedical ones (e.g., controlled drug

delivery systems of peptides, genes, DNA, RNA, and other molecules) (FDA, 2022).
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For these reasons, it is quite suitable for chemical/physical hydrogels synthesis
in various forms such as sheets, films, fibers, membranes, micro and nanoparticles by
reacting it with small molecules containing highly reactive functional groups (e.g.,
aldehydes (El-Meligy et al. 2022 and Lin et al. 2019), esters (Wang et al. 2018 and
Zhuang, Tao and Cui, 2015), acrylates (Nath et al. 2020 and Golubevas et al. 2020),
methacrylates (Bupphathong et al. 2022 and Xiao et al. 2019) and others (Yang et al. 2016
and Yung et al. 2007).

2.1.2 Quantification of free primary amine groups in gelatin

The determination of the total amount of free primary amines in gelatin is
necessary, as it allows the synthesis of biomaterials with adjustable formulations by
modifying reaction stoichiometry as a function of crosslinker concentration, in addition
to providing additional information about composition of the material itself. With this
purpose, several colorimetric and instrumental approaches have been reported in
literature for free primary amines quantification in biomaterials, including gelatin (e.g.,
TNBS acid essay (Baseer et al. 2019 and Kuijpers et al. 2000), ninhydrin essay (Zatorski
et al. 2020), fluorescence titration (Farris, Song and Huang, 2010) and HPLC (Billiet et
al. 2013). However, there is no consensus on which is the most suitable method to be
applied, and combined methods are often used.

The ninhydrin (2,2-dihydroxyindane-1,3-dione) quantification method consists
of a chemical reaction between the ammonia, free primary or secondary amino groups
(DAS & BANIK, 2021; RUHEMANN, 1910). The ninhydrin reaction with gelatin occurs
in a stoichiometric ratio of (1:2) in the presence of a solvent (e.g., water, ethanol, butanol,
or acetone), at temperatures between 70 and 100 °C, according to the reaction shown in
Figure 2. After reaction time of 30 min, the solution acquires a purple color, indicating
the presence of the formed compound (Ruhemann's purple) which is read at 570 nm and,
frequently, amino acids (lysine, leucine, and others) calibration curves are used as
reference (ZATORSKI et al., 2020).

The ninhydrin quantification method is more sensitive than TNBS because it can
react with ammonia in addition to a-amino groups. Nevertheless, although being a simple
method, offers some disadvantages such as more complex analytical procedure, fast
reversible reaction time with water, leading to sample color changing, which difficults

the measurement standardization (CLEGG; LEE; MCGILLIGAN, 1982). Moreover, it is
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not effective to detect proteins with high molecular weight by the steric hindrance which
limits the reaction between ninhydrin and a-amino groups (PERRETT; NAYUNI, 2014;
SAPKOTA & ARYAL, 2022; TIWARI, 2015). Nonetheless, in the case of gelatin,
polymer precipitation with ethanol can also occur and optimal range of temperature,
solvent, ninhydrin, and polymer concentration are needed to allow a correct estimation as

verified by Zatorski et al. (2020).

Figure 2 — Summarized reaction mechanism with ninhydrin.
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Draw in ChemSketch (2022).
Source: Author (2022) based on C. Lennard, in Encyclopedia of Analytical Science, 2005.

Another commonly used colorimetric method reported for g-amino groups
determination in gelatin is the 2,4,6-tribenzenesulfonic acid (TNBS) essay. According to
Fields (1972), in this method is used milder reaction conditions compared to ninhydrin
test and accordingly to Shinoda & Satake (1961) study, in the higher molecular weight
peptides, the TNBS approach is more sensitive than ninhydrin test.

However, differently from the ninhydrin test, by using this technique, the
reaction between amino groups takes place with sulfonic groups present in TNBS,
producing an orange-yellow colored compound as shown in the global reaction (Figure
3). The hydrolyzed final product is diluted in water, and, in sequence, ethyl ether or ethyl
acetate are added to remove the excess TNBS not reacted and then the hydrolysate is
separated from the aqueous phase. After this, an aliquot is withdrawn and diluted again
in distilled water, heated to remove the remaining ether and, subsequently, the absorbance
1s measured at 340 to 420 nm and values are generally quantified in mols of lysine-ggelatin”
'(CAYOT & TAINTURIER, 1997; KALE; BAJAJ, 2010; KONGTON et al., 2016; LEE
etal., 2015; YOON et al., 2016).
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Figure 3 — Global reaction between 2,4,6-TNBS acid with amino acid moiety.
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Source: Author (2023) based on Cayot & Tainturier (1997).

An instrumental and efficient approach to determine the remaining free amine
content (lysine and hydroxylysine are the most referenced used amino acids) in gelatin is
the 'H-NMR technique. This method is based on the degree of modification (DM) of
these amino acids and has been utilized as proposed by authors Claaf3en et al. (2018) and
Billiet et al. (2013) during the synthesis of modified gelatins. It basically consists of an
integrating determined peaks in gelatin derivative polymers and its later comparison with
the original peaks from non-modified polymer, then, spectra are associated to specific
amino acids peaks by utilizing the own amino acid inert hydrogens as reference (e.g.,
phenylalanine, leucine, or isoleucine moieties) or any standard solvent (e.g.,
thetramethylpropylsilane (TMPS)).

In Zatorski and co-workers (2020) study, the ninhydrin essay and 'H-NMR
spectroscopic technique were used to quantify the degree of functionalization in
chemically modified gelatin and the concentration of free primary amines in freeze-dried
pure gelatin, respectively. In addition to amino groups quantification, in another study,
Van Hoorick et al. (2017) applied the "H-NMR technique, which also proved to be
efficient in the quantification of carboxylic groups in photocrosslinkable gelatins,
synthesized from functionalization of these functional groups with 2-aminoethyl
methacrylate hydrochloride (AEMA-HCI).

Finally, as gelatin is a complex heterogeneous material, the concentration of free
primary amines and carboxylic groups present in the final polymer may vary according
to the source, method and treatments by which it is extracted as well as to specific
characteristics of material as aforementioned. Then, the approximate values of 0.315
mmol (Kuijpers et al. 2000), 0.30 mmol (Zatorski et al. 2020), 0.292 mmol (Sisso, Boit
and Deforest, 2020), 0.35 mmol (Claaen et al. 2018) of e-amino groups/g gelatin for
type A gelatin and 0.33 mmol (Ofner & Bubnis, 1996), 0.385 mmol (Van Hoorick et al.
2017) and 0.23 mmol (Grover et al. 2012) of e-amino groups/g gelatin for type B gelatins
are reported. In addition, for carboxylic (COOH) groups, approximately values of 0.846
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mmol (Sisso, Boit and Deforest, 2020) and 0.77 mmol (Kuijpers et al. 2000) carboxylic
groups/g gel for type A gelatins and 1.26 mmol (Ofner & Bubnis, 1996), 1.09 mmol (Van
Hoorick et al. 2017) 1.18 mmol (Kuijpers et al. 2000) carboxylic groups/g gel for type B

gelatin are reported.

2.1.3 Gelatin crosslinking

As previously mentioned, due to its poor mechanical and thermal resistance and
high hydrophilicity, in its raw natural form, gelatin applications are generally limited to
its modified form, which directly contributes to the development of new methodologies
(EHRMANN, 2021). However, as it is an extensive and complex molecule, rich in
functional groups, it has characteristics and structure favorable to modifications via
chemical derivatization, such as functionalization (Van Hoorick et al. 2017; Claallen et
al. 2018), copolymerization (Dang, Li & Yang, 2019 and Kuznetsova et al. 2020) and
crosslinking (Ethirajan et al. 2008 and Liu et al. 2020). Therefore, such approaches are
used to obtain new molecules with moldable characteristics for specific purposes
(DANIELSEN et al., 2021). In addition, a variety of reactive molecules have been used
in gelatin modification via amino, carboxyl and hydroxyl groups (FARRIS; SONG;
HUANG, 2010; LIN et al., 2019).

Recently, among the different approaches, crosslinking has been widely used to
improve thermal, mechanical and water sensitivity properties in devices for long-term use
(DANIELSEN et al., 2021). Therewith, the low thermal and mechanical strength of
gelatin hydrogels can be overcome through crosslinking, from the formation of
interpenetrating networks (IPNs) or through crystallization, which induces the formation
of crystallites that drastically reinforce the polymeric structure for example (FAROOQ;
TEUWEN; DRANSFELD, 2020; MYUNG et al., 2008).

Hydrogels are hydrophilic three-dimensional polymeric networks that can be
physically or chemically synthesized from synthetic or natural polymers (HABANJAR et
al., 2021; MAITRA & SHUKLA, 2014). They also can mimic the natural extracellular
matrix (ECM) being used three-dimensional cell culture and therapy or in wound healing
treatments as dressings due to their high fluid absorption capacity, as well as in drug
delivery and tissue engineering by promote high cell adhesion and proliferation (YOON
et al., 2016; VANDERHOOFT et al., 2009). Furthermore, hydrogels also exhibit

appreciable characteristics such as thermo-responsiveness, elasticity and swelling (ability
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to absorb/swell in the presence of water and/or biological fluids without dissolving) and
such properties might be attributed to crosslinking in the polymeric chain (DANIELSEN
et al., 2021; SPONCHIONI; PALMIERO; MOSCATELLLI, 2019). In the case of gelatin,
crosslinking has been utilized to prepare hydrogels that are stable under physiological
temperature (37 °C) and with better resistance towards degradation by proteolytic
enzymes such as collagenases and gelatinases (NICHOL et al., 2010).

In summary, crosslinking (Figure 4) consists in the formation of reversible
physical bonds (e.g., hydrogen, ionic and van der Waal's bonds) or irreversible covalent

chemical bonds in the polymeric structure (PARHI, 2017).

Figure 4 — General hydrogel synthesis via chemical crosslinking reaction.
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In summary, chemical, or physical crosslinking is commonly employed to keep
the spatial structure (shape) of hydrogel and improve drug circulation time in vivo.
Gelatin hydrogels have also been synthesized and crosslinked by enzymatic reactions,
with tyrosinase and transglutaminase (LIU et al.,, 2020). In terms of stimuli-
responsiveness, in physically crosslinked hydrogels they are often reversible, while in
chemically crosslinked hydrogels they are not (PARHI, 2017).

In addition, the crosslinking degree (¢) is another extremely important parameter
since the physical state of hydrogels is altered by changes in the crosslinking degree.
Some examples can be found in the works carried out by Dou et al. (2023) and Zhai et al.
(2017). Furthermore, in applications such as controlled release or culture of adjustable
3D cells, the precise control of crosslinking density (g) is necessary, as it is related to
extrudability, rigidity and shear-thinning properties of synthesized materials which
directly impact their use (GHAVAMINEJAD et al., 2020). The properties of gelatin-
based materials are strongly affected by the crosslinking degree, as observed in the work
of Lin & Gu (2015). The crosslinker concentration also helps to tune the inherent
properties of hydrogels, especially the swelling ratio (KHAN & RANJHA, 2014).
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However, not only the crosslinker concentration can affect the final
characteristics of these biomaterials, but also pH and temperature in which the
crosslinking reaction takes place, among others (e.g., reactants concentration). It is known
that these factors can directly affect the stability of proteins leading to their complexation
and precipitation (LI et al., 2023; SALMINEN et al., 2022). In the case of gelatin, pH can
influence density and charge distribution, as it determines the protonation degree of
amino groups and the presence of negative charges on the carboxylic groups (GHANI,
2016).

Thereupon, crosslinked polymers are classified into polymers with low or high
crosslinking density according to the average amount of crosslinking per unit volume (YE
et al., 2015). This parameter can be measured and obtained from several sources, such as
colorimetric or extraction methods and by means of the Flory-Rehner theory.

From that, several techniques and chemical compounds have been used to
crosslinking gelatin (Table 1). The crosslinking agents are additives used in organic
synthesis to promote the formation of covalent bonds between polymers chains, creating
a three-dimensional structure main through of the abstraction of hydrogen atoms,
formation of free radicals, or other chemical reactions depending on the type of polymer
and crosslinking agent employed. It can occur through various methods, and the choice
of technique depends on the specific requirements of the final product (GENG et al.,
2021; GHAZINEZHAD; BOZORGIAN; GHOLAMI DASTNAEI, 2022).

For instance, there is a consensus in literature, as observed in the works of
Ethirajan et al. (2008), Farris, Song and Huang (2010) and Zhan et al. (2016), that the
gelatin crosslinking with glutaraldehyde occurs through nucleophilic addition between
the aldehyde functional groups with the g-amino groups of deprotonated lysine and
hydroxylysine, however, these materials have proven cytotoxicity, requiring the search

for alternative compounds that improve its biocompatibility and biodegradability.

2.2 SUPERABSORBENT POLYMERS (SAPs)

Since its development in the early of 1940’s, the superabsorbent polymers

(SAPs) class have been widely used (about 95% of total market share) in disposable

health care products (DHCPs) such as baby diapers, female sanitary, incontinence,
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hygienics and bio-related products as well as applications in constructions and agriculture
in the last 80 years (GOOCH, 2010).

To date, the most widely used class of superabsorbent polymers are the
crosslinked acrylated polymers derived from poly(acrylic acids), such as the
poly(acrylamides), poly(acrylonitriles) and their salts, due to their unique properties such
as the presence of hydrophilic groups and the properly crosslinked structure (CHEN et
al., 2022). From this point, among others interesting features, they are preferred due to
their notably superior water absorbent properties and highly hydrophilic network that can
imbibe and retain great amounts of liquids even under pressure (VENKATACHALAM
& KALIAPPA, 2023). Moreover, their absorption mechanism is based on osmotic
pressure and when compared to usual hydrogels, they also have the advantage of taking
up a thousand times their own weight unlike most hydrogels that can take up no more
than ten times (BEHERA & MAHANWAR, 2020).

For now, the market share is expected to increase up to 12.9 billion USD until
2024 due to population growth and the average age of people (CHEN et al., 2022).
However, the currently used SAPs used in DHCPs are predominantly crosslinked
polyacrylic acid based and even though they have superior water absorption
characteristics, high molecular weight, long carbon-carbon chain (C-C) and crosslinked
structure also have a poor biodegradability (AJEKWENE, 2020; CHOI; PARK; LEE,
2022). The raw materials used to its synthesis are usually petroleum-based and after use
are quite contaminated, possessing a high liquid content and being difficult to recycle or
unsuitable for energy generation (VENKATACHALAM & KALIAPPA, 2023).

Due to the growing environmental concern regarding microplastic pollution,
according to Chen et al. (2022), the development of biodegradable alternatives can be the
ultimate eco-friendly solution to overcome this problem. Until now, some alternatives
have been proposed such as the synthesis of superabsorbent polymers based on
biopolymers, the polysaccharides (cellulose, starch, chitosan, pectin and guar gum) and
proteins (gelatin and amino acids) are the most used by having a significant number of
hydrophilic groups in their structure (CHOI; PARK; LEE, 2022; ZOHOURIAN &
KABIRI, 2008). Furthermore, these materials have been synthesized from the
modification (e.g., grafting or crosslinking) of these natural polymers with acrylated
polymers to make them more biodegradable and biocompatible (ARSLAN, 2020;
AJEKWENE, 2020). For example, it is known that the grafting of acrylic acid moieties
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can provides a high-water absorption capacity to these polymers-type
(VENKATACHALAM & KALIAPPA, 2023).

In view of the problem exposed, the acrylic (AEs) or diacrylic esters (DAEs)
have been widely studied as acrylic compounds for polymer modifications and PABEs
synthesis by their known desirable properties. The diols-AEs or -DAEs stand out as
superabsorbent polymers derived from acrylic acid commonly used as multifunctional
crosslinker agents.

The 1,4-butanediol diacrylate (Figure 5) or 1,4-BDDA (CAS number: 1070-70-
8) and its chemical derivative family is one of the most crosslinkers reported. The IUPAC
name is 4-prop-2-enoyloxybutyl prop-2-enoate or synonyms names butane-1,4-diyl
diacrylate, tetramethylene glycol diacrylate, butylene diacrylate, among others
(PUBCHEM, 2023). It is considered as colorless and sweet-tasting liquid with molecular
weight of 198.22 g'mol”!, molecular formula: CioHi4O4, containing ~75% ppm
hydroquinone as inhibitor, density = 1.051 g-mL"! at 25 °C, refractive index = 1.456,
boiling temperature = 340.95 °C at 760 mmHg, fulgor point > 113 °C, water solubility =
3.1 gL' and extensively used in applied in drying technology of coatings, inks and
adhesives (SIGMA ALDRICH, 2023a, 2023b; CHEMSPIDER, 2023).

Figure 5 — Chemical structure of 1,4-butanediol diacrylate.
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In addition to 1,4-butanediol diacryate, the 1,6-hexanediol diacrylate (1,6-
HDDA), trimethylolpropane triacrylate (TMPTA), ethylene glycol dimethacrylate
(EGDMA), triethylene glycol dimethacrylate (TEGDMA) and bisphenol A glycerolate (1
glycerol/phenol) diacrylate (BGDA) are also employed as crosslinkers agents
(GONZALEZ et al., 2015).

Due to the presence of hydrolytically degradable ester bonds, they improve the
biodegradability of modified compounds being able to reduce the cytotoxicity caused by
necrosis and apoptosis (ELTOUKHY, et al., 2012; LIU et al., 2019). Based on the

manufacturer's safety data sheet (SDS), toxicity tests indicated irritation to the skin, eyes,
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mucous membranes and upper respiratory tract in rats and rabbits. It did not show
mutagenicity in germ cells by Ames, micronucleus, and gene mutation tests in
mammalian cells in vitro. However, biodegradability tests after 22 days of aerobic
exposure resulted in 90 — 100% biodegradability. Further, information on carcinogenicity
is still scarce (SIGMA ALDRICH, 2023b).

As mentioned by Shooshtari & Van de Mark (2001a) the acrylic esters also
modify physical and chemical properties as well as the long-term performance of the
polymeric system mainly due to the inherent SAPs and esters characteristics and due to
the chemical structure susceptible and favorable (two double bonds (CH>=CH)) to
several type of modifications, such as nucleophilic addition. In addition, according to
Bukhari et al. (2015), it is well-known the polyanionic nature of the poly(acrylic acids)
and their derivatives, being frequently used in the design of pH-responsiveness
macromolecular devices manly for drug delivery applications. The dissociation constant
(pK,) of poly(acrylic acid) is estimated to be between 4.5 and 5.0 which favors a high
swelling at physiological conditions (pH 7.4) due to the ionization of anionic carboxylic
acid groups. For AE or DAEs, the polyanionic nature is related to acrylate groups on
their structure which can donate electrons and form anions (acrylate ion, CH2=CHCOO")
when the COO- bond is broken and an electron from this group is donated to another.
From that, as informed by the Human Metabolome Database (HMDB, 2023), the
dissociation constant (pK,) of the methacrylic or acrylic esters are usually strongest basic,
and equal to (6.5) for 1,4-butanediol diacrylate (1,4-BDDA) and (9.5) for ethylene glycol
dimethacrylate (EGDMA) at 25 °C, determined by ChemAxon software. In addition, as
mentioned by Briede et al. (2022) and as can be found in the technical bulletin of the
Braskem (2023), the acrylic esters and polyesters stand out among the most used
plasticizing compounds.

Furthermore, the use of aza-Michael addition reaction with acrylic compounds
makes it possible to obtain PBAEs which are proven biodegradable polymers with some
special characteristics according to mentioned by Liu et al. (2019). The presence of
protonable amino groups, as tertiary ones, makes them cationic (protonated) when pH
close to neutrality or acid, also presenting the pH-responsiveness behavior. Moreover,
crosslinking usually gives to polymer a more hydrophobic characteristic (but not
necessarily) due to insertion of hydrophobic crosslinker moieties in the original polymer

backbone, giving it a greater resistance to degradation, as previously mentioned, and such
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characteristics are suitable for biomedical applications in terms of controlled release and

delivery of drugs, tissue regeneration and wound healing treatments.

2.3 GELATIN CROSSLINKING VIA AZA-MICHAEL ADDITION REACTION

The aza-Michael addition reactions were discovered and proposed by Arthur
Michael in 1887 during addition of sodium diethylmalonate and sodium
ethylacetatoacetate to synthesize ethyl cinnamate (MICHAEL, 1887). From that,
Michael's 1,2- and 1,4- addition reactions are one of the largest and most diverse classes
of reactions and have received relevant attention in recent decades being basically
composed of nucleophilic additions to unsaturated carbonyl groups allowing construction
of B-amino carbonyl derivatives such as poly(p-amino esters) (CORNILLE et al., 2017,
DALPOZZO; BARTOLI; BENCIVENNI, 2011; PEYRTON & AVEROUS, 2021).

In addition, aza-Michael addition reaction find many uses that vary from
synthesis of amphoteric surfactants to in situ polymer modifications in biological systems
or to hyperbranched polymers (dendrimers) and meets some click chemistry requirements
such as orthogonality, high efficiency and speed, use of mild conditions (e.g. absence of
metallic catalysts, non-use of solvents or solvents of easy separation, low temperatures,
in addition to allowing high yields without generating by-products), presenting
themselves as valuable tools in polymer synthesis (BERNE et al., 2022; CHEN & MA,
2014).

Therefore, the occurrence of the 1,2- or 1,4- additions (Figure 6 — a) and b),
respectively) depends on many factors and it is often determined by polarity of the
medium and nature of nucleophile since during nucleophile addition there is a
competition between 1,2- and 1,4- addition products (MALKAR; JADHAV; YADAV,
2020). On the one hand, when using strong bases as nucleophiles, additions to carbonyl
are faster, and the predominance of 1,2- addition products is expected, in these cases, both
types of reactions are irreversible and are under kinetic control. Inversely, using weak
bases as nucleophiles (e.g., amines and alcohols) the 1,2- additions are generally
reversible and are under thermodynamic control, and, in this case, 1,4- additions products
are predominant due to the retention of carbonyl stable group (BERGMANN;
GINSBURG; PAPPO, 1959; MATHER et al., 2006).
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Finally, the a,B-unsaturated enones or carbonyls refers to conjugation of a double
bond to a carbonyl group which, in turn, pass on the electrophilic character of carbonyl
carbon to beta carbon of the double bond. In this context, 1,4- additions, also known as
conjugated addition refers to conjugated addition of a nucleophile (Michael donors) to
unsaturated molecules with electron-withdrawing substituents (Michael acceptors), such
as a,pB-unsaturated carbonyl compounds (esters, aldehydes, ketones, carboxylic acid
derivatives, nitriles, beta carbons and others) which may or not catalyzed by base, acid or

metal (BERNE et al., 2022; VINOGRADOV; TUROVA; ZLOTIN, 2019).

Figure 6 — General (a) 1,2- and (b) 1,4- aza-Michael addition reaction products.

1) :Mu
Y

21 H+

a) 20 Nu
NN ol
1
5 2 NuH 1 Nu
s J\(
° H
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Source: Author (2022) based on Machado (2019).

The main nucleophiles used are water (H20), alcohols (R-OH), thiols (R-SH),
primary and secondary amines (R-NHz and R-NH), hydrogen bromides (HBr), cyanides
(KCN) and/or any carbanion stabilized (PEYRTON & AVEROUS, 2021; WORCH et al.,
2021). Frequently, thiols are more nucleophilic than amines and bases (catalysts) are
commonly added to deprotonate them, e.g., DBU (1,8-Diazabicyclo[5.4.0]Jundec-7-ene)
(ARSLAN, 2020; XIANG et al., 2020). On the other hand, when using an amine, the
catalysts additions may not be necessary, since they can function as both in this type of
reaction (GENEST, et al., 2017; VINOGRADOV; TUROVA; ZLOTIN, 2019). In the
case of amines, the reaction involves a primary or secondary amino group as the
nucleophile and an electron-deficient alkene group as the acceptor, and the reactions can
be carried out under various conditions and stoichiometric ratios (CORNILLE et al.,
2017). The reactivity of Michael donors generally increases with donor nucleophilicity
of the donor but also depends on steric hindrance (GENEST et al., 2017). Furthermore,
the reaction rate is highly affected by steric hindrance which depends on the type of
nucleophile and acceptor used (MATHER et al., 2006).
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According to literature, the order of reactivity for amine addition to unsaturated
esters typically decreases in following order: acrylates > maleates > fumarates >
methacrylates (SHOOSHTARI, 2000). This information can be confirmed in the work
carried out by Imanzadeh et al. (2010) during PBAE synthesis via aza-Michael addition
of 1,2,3,6-Tetrahydrophthalimide to symmetrical fumaric esters and acrylic esters under
solvent-free conditions, they observed when using methyl acrylate and ethyl crotonate as
Michael acceptor were unsuitable for this type of reaction. Furthermore, according to
acrylic reactivity order, most methacrylates have much lower reactivity than acrylates and
this is due to the steric hindrance caused by methyl groups in the polymer chain and less
often used as Michael acceptors as reported by Genest et al. (2017) and Mallik & Das
(1960).

Figure 7 presents, the 1,4-aza-Michael addition reaction mechanism that can be
described by a generic three-step model. The first step (a) consists of nucleophilic attack
by nucleophile on the beta carbonyl carbon. In the second step (b) proton transfer takes
place, in which the nucleophile bonds to carbon at position (1) and hydrogen bonds to
oxygen at position (4). The third step (c) consists of tautomerization mechanism (process
which protons are transported from one site to another by several steps using a solvent as

an intermediate) whereby the final product is obtained (BERNE et al., 2022).

Figure 7 — General 1,4- aza-Michael addition reaction mechanism.
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In addition to its use in polymer synthesis, aza-Michael additions also have been

used in crosslinking reactions of several polymers with high functional monomers, as an
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example in the work of Gonzalez et al. (2015), thermosetting resins were prepared by aza-
Michael addition reaction of poly(ethyleimine) (PEI) and diethylenetriamine (DETA)
with some diacrylates. Moreover, after aza-Michael crosslinking reactions, polymers
were submitted to a photopolymerization (dual cure) mediated by UV light to fully
crosslink oligomers from acrylate moieties excess still present in the system that were not
crosslinked by Michael addition, authors achieved an acrylate conversion (> 70%) and
proved the efficiency of this approach.

Another point to note is during crosslinking via aza-Michael reactions, pH
control is a crucial factor in reaction medium, because at high pH values, few amino
groups are protonated, and more amino groups are free and available to react. On the
contrary, at low pH values, amino groups are highly protonated which can significantly
reduce crosslinking possibility. In some cases, tertiary amines can act as both nucleophile
and catalyst in these reactions (GONZALEZ et al., 2015). Although aza-Michael
additions have several proved advantages, as the low side reactions, the high
chemoselectivity limits their usefulness in organic synthesis and the biggest challenge
when using amines as nucleophiles is the competition with aminolysis reactions
(BASSAM et al., 2013; BILLIET et al., 2013; RIVERA-RAMIREZ et al., 2015; XU et
al., 2015).

The versatility of using this reaction for different purposes can be found in the
work carried out by Machado et al. (2020) when authors used the click aza-Michael
addition to synthesize fungicides-loaded lignin-methacrylate nanocarriers which were
crosslinked with bio-based amines as nucleophiles (spermine and spermidine) to serve as
carriers in drug delivery for plants.

Currently, this approach has also been used for the construction of biomedical
devices such as hydrogels, fibers and nanoparticles from natural biopolymers (e.g.,
chitosan and gelatin) allowing the construction of poly(p-amino esters) that have proven

biodegradability and pH responsiveness, as proposed in the present study.

2.3.1 Poly(B-amino esters) (PBAEs)

The poly(B-amino esters) or (PBAEs) are a class of synthetic polymers
synthesized from the addition reaction (or aza-Michael addition) between primary or
secondary amines with acrylated or diacrylated esters (DEVALAPALLY et al. 2007;
HAMMARLING et al. 2018; LIU et al. 2019). The PBAEs are composed of repeating
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units containing both amino and ester groups and can be engineered to be biodegradable
and biocompatible, water-soluble, or insoluble, and in relation to other interesting
properties such as cationic charge density, crystallinity and degradation kinetics being
considered suitable and safety for several biomedical applications (DEVALAPALLY et
al. 2007; LYNN & LANGER, 2000; SHENOY et al., 2005a). Other commonly
applications concern to wastewater treatments and the improvement of papermaking
processes.

According to Mather et al. (2006), the poly(B-amino esters) synthesized from
diacrylates are potentially biodegradable due to the hydrolytic instability of ester linkages.
Additionally, the structure and degradability of these compounds can be adjusted using a
wide range of diamines and diacrylates. As pointed out by Lynn & Langer (2000), in the
early 2000s, the poly(B-amino esters) synthesized via aza-Michael addition between
bifunctional amines and diacrylates received little attention. However, as stated by
Mather et al. (2006) and Slaughter et al. (2009) the aza-Michael addition reaction is rapid,
highly specific, and not require an initiation step being commonly applied to hydrogels
synthesis by mixing an acrylated macromer with aminated or thiolated macromers

obtaining polymers such as segmented elastomers to high T, engineering thermoplastics.

In the biomedical field, the main uses are related to drug delivery devices at
acidic microenvironments and at the endolysosomal compartments of cells or as gene
transfection agents due to their ability of condense and protect anionic DNA molecules
and oligonucleotides for intracellular delivery as can be found in Mather et al. (2006);
Devalapally et al. (2007) and Potineni et al. (2003). As mentioned by Liu et al. (2019),
the polycationic characteristic of the PBAEs is due to the presence of secondary and
tertiary amines moieties in the polymeric chain. In addition, their unique structure allows
the controlled release of molecules over time and have been explored for their potential
to enhance the effectiveness of treatments and by have lower toxicity than many other
polycations such as polyethyleneimine and poly(L-lysine) (SHENOY et al. 2005b). For
in vivo use, the PBAEs must be synthesized with hydrolysable portions in order to
degrade under physiological conditions via ester hydrolysis and quickly break down into
smaller non-toxic components such as bis(f-amino acids) and low molecular weight diols,
reducing the side effects and the risk of body-long-term accumulation (LIU et al. 2019;
SHOOSHTARI & VAN DE MARK, 2001).

Based on the exposed, in the early 1960s, Mallik & Das (1960) proposed two

1,4-additions step-by-step mechanisms to react secondary amines with acrylic esters
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mentioning that reaction can lead to an intermediate zwitterionic compound formation in
which is neutralized by protons from the hydrogen donors from acceptor or solvent (e.g.,

water and methanol) as shown in Figure 8, a) and b).

Figure 8 — 1,4-additions mechanisms for secondary amines to acrylic esters.
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Drawn in ChemSketch and Photoshop CS6 (2023);
Source: Author (2023) adapted and reproduced from Mallik & Das (1960).

Decades later, Bernasconi (1989) proposed the ionic mechanism of these
reactions involving several steps. The Shooshtari & Van de Mark’s research group
worked on PBAE synthesis via aza-Michael addition reaction in the past recent decades.
In 2001, the authors studied the kinetic reaction parameters of several amines-co-acrylic
esters and proposed a concerted mechanism involving a cyclic intermolecular proton
transfer from the amine nucleophile to the oxygen of the ester moiety followed by enol-
keto tautomerization to PBAE synthesis, according to adapted scheme of Figure 9.

Nonetheless, they mentioned that according to this mechanism, the rate of
addition is higher in protic solvents or in the presence of excess amine and Y might be
any hydrogen bond donor-acceptor group. Furthermore, the rate and product distribution
of the reactions as a function of solvent, acceptors and amines structures, temperature,

catalysts, as well as the effect of molar ratio of the reactants were also studied.

Figure 9 — aza-Michael addition mechanism from secondary amine to unsaturated ester.
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However, it is difficult to state what mechanism really occurs, since the
zwitterionic compound was not isolated (Figure 8, b) and in the second case (Figure 9, a,
and b), the reaction mechanism was not evaluated by kinetic studies (GENEST et al.,
2017).

In another work published in (2001°) the dimerization and macrocycle formation
through primary amines (n-propyl amine, benzylamine, ethanolamine and
pentanolamine) with several diacrylated esters (mono, di, tri, tetra ethyleneglycol
diacrylate and neopentylglycol diacrylate) as an attempt to determine the systems

propensity to oligomerization or macrocyclic formation was also investigated, Figure 10.

Figure 10 — Michael addition of primary amines to neopentyl glycol diacrylate.
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Source: Reproduced from Shooshtari & Van de Mark (2001).

The authors mentioned that a secondary amine is obtaining when a primary
amine adds to a vinyl ester of a diacrylate. In addition, a linear poly(B-amino ester) is
obtained from the dimmer adduct if amine adds intermolecularly while a macrocycle is
formed when the second addition is intramolecular. From that, a reaction mechanism
between amines and diacrylated esters was proposed with yields higher than 86%.
Nevertheless, moderate yields when using butanediol diacrylate (29%) and hexanediol
diacrylate (25%) with benzylamine to form macrocycle were also obtained suggesting

these diacrylates are better candidates to polymerization reactions.
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2.3.2 Amines characteristic groups

In Chemistry, the nitrogen atom is extremely useful and important as it has great
industrial relevance in the polymer synthesis, dyes, pharmaceutical devices, and
explosives (OUELLETTE & RAWN, 2015, pgs. 465-494). It is considered the fourth
most abundant chemical element, being found mainly in amino acids and proteins, as well
as in nucleic acids and other cellular molecules (LAWRENCE, 2004). It has five valence
electrons and can form three covalent bonds with carbon or hydrogen atoms in neutral
compounds and single, double, or triple bonds when in a functional group (Figure 11)

(BRUICE, 2017).

Figure 11 — Amines chemical structure.

'r *7 n* %

Hmhli: R—I\Il: R——nll: R——r]l:

H H R R
Ammonia Primary amine Secondary amine Tertiary amine

Drawn in ChemSketch and Photoshop CS6 (2023);
Source: Author (2023).

The amines are ammonia-derivatives, and the primary and secondary amines
have higher boiling points than hydrocarbons and tertiary amines of similar molecular
weight due to the possibility of functioning as hydrogen donors or acceptors and forming
intramolecular hydrogen bonds even with water (BAKHTIAR & HARDY, 1997, pgs.
195-216; MEISLICH et al., 2013). On the other hand, tertiary amines do not have
hydrogen atoms bonded and cannot form hydrogen bonds, however, they also react with
water because the nonbonding pair of electrons from nitrogen atom accept hydrogen atom
from water (FROIDEVAUX et al, 2016; OMPRAKASH RATHI & SUBRAY
SHANKARLING, 2020). Generally, amines with until five carbon atoms are water-
soluble and has its solubility decreases with increasing molecular weight because the
hydrophilic part of the functional group is less significant than the rest of the polymeric
chain (LAWRENCE, 2004; OUELLETTE & RAWN, 2015, pgs. 465-494).

The amides possess an amino group, or a substituted amino group bonded to a
carbonyl carbon atom. Furthermore, the classification of amides is based on the number
of carbon groups bonded to the nitrogen atom (Figure 12) and the other two bonds may
be to hydrogen atoms, aryl, or alkyl groups (BAKHTIAR & HARDY, 1997, pgs. 261—
269; BRUICE, 2017).
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Figure 12 — Amides chemical structure.
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The primary and secondary amides can form strong intermolecular hydrogen
bond from the carbonyl oxygen atom reaction with amide hydrogen atom (C=0---H—N)
(BAKHTIAR & HARDY, 1997 pgs. 261-269; BRUICE, 2017). Therefore, tertiary
amides cannot form intermolecular hydrogen bonds, however, even low molecular weight
tertiary amides are water-soluble because the carbonyl oxygen atom can also form
hydrogen bonds with the hydrogen atoms of water (MEISLICH et al.,, 2013;
OUELLETTE & RAWN, 2015, pgs. 465-494). In addition, amides have high boiling
points and are generally solid at room temperature (except formamide) but substituted

amides have lower melting points (LAWRENCE, 2004).

2.4 FLORY-REHNER THEORY OF POLYMER NETWORK SWELLING

In the early 1940s, Paul Flory and John Rehner (1943) were the first researchers
to investigate swelling thermodynamics in polymeric (rubber) lattice structures and
proposed a model to describe the isotropic swelling behavior of these structures in their
study named as “Thermodynamics of High Polymer Solutions”. Later, this model was
modified by Sthepen Bruck (1961) which included anisotropic polymer system.

Eventually, under certain conditions, 3D polymeric networks, such as hydrogels,
can absorb large amounts of liquids (e.g., water and body fluids) and swell, leading to an
elastic shrinkage force. Although, the new molecular configuration is more unlikely,
which implies a decrease in the system entropy due to the stretching of the chains caused
by the increase in the volume of the network. Then, an equilibrium is occasionally reached
when the two forces are equal (CANAL & PEPPAS, 1989; SLAUGHTER et al., 2009).

In the proposed model, the authors assume that the elastic and mixing

contributions, with the energy of swelling of dry polymeric networks, are separable and
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additive. Thereat, the change in the total Gibbs’s energy (AG) that is involved in the
mixing process of a lattice and a pure solvent is calculated by the difference between the
change in the energy of mixing (AGp,ix) and the change in the elastic energy (AGg)),

Equation (1).

AG = AGpix — AGg ()

The Flory-Huggins lattice theory differentiated in terms of moles of solvent
molecules at constant temperature and pressure is presented in Equation 2. From that, at
equilibrium conditions, the net chemical potential between the solvent within the gel and
the surrounding solution can be defined as zero and the elastic and mixing potentials are
equating, Equation 3.

In addition, the variation of the energy of mixing AG,yx iS a quantitative
description of the compatibility between the polymer and solvent is commonly called as
polymer-solvent interaction parameter () as mentioned by Flory & Rehner, (1943), Flory
& Krigbaum (1951), Tompa, (1956) and Slaughter et al. (2009).

AG,,;

k?lx ~ N, In @, + NsIn@g + xNs¢, (2)
AG,,;

o~ NsIngs + xNsg, 3)

In which, k is the Boltzmann constant, J-K''; T is the temperature, K; N; is the number of
solvent molecules; N, is the number of polymer molecules; ¢; and ¢, are the volumetric
fractions of solvent and polymer, dimensionless, respectively and y is the polymer-solvent

interaction parameter, dimensionless.

According to the rubber elasticity and equilibrium swelling theories, it is
possible to estimate several important parameters of crosslinked polymeric networks such
as the average molecular weight between crosslinks (M), the volumetric fraction of
swollen polymer (v, 5) and the network mesh size (§) (SLAUGHTER et al., 2009).

The volumetric fraction of the polymer (v,s) in the swollen state and the

equilibrium volumetric swelling (Q,) are calculated using Equations (4) and (5) as
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proposed by Gilchrist et al. (2019) and Vigata et al. (2021). The v, ¢ parameter indicates

the diffusion capacity of solvent in the crosslinked polymeric network.

- 0
T,
0 =1+(2)(sR-1) )

S

In which, v, s 1s the volume fraction of hydrogel in the swollen state, dimensionless; SR
is the swelling ratio, dimensionless and p,, and p; is the density of polymer and solvent,

in g-cm, respectively.

The average molecular weight between crosslinks (M) has its value increased
with the increase of the swelling ratio and it represents the degree of crosslinking of the
hydrogel networks. According to Lin & Metters (2006), M in a neutral divinyl
crosslinked network can be estimated by the Flory-Rehner theory, Equation (6).

12 1731 [In(1 = vys) + Vs + X - U262
M, M, (6)

(000) = ()]

<

Several authors have made modifications in the original Flory-Rehner’s
Equation, with the inclusion of some terms. Thus, the Peppas & Merril’s Equation (1977),
Equation (7), is commonly applied to determine the molecular weight between crosslinks
(M) as proposed by Vigata et al. (2021) and Lin & Metters (2006) for polymers
crosslinked in solvents.

However, as mentioned by Cavallo et al. (2017), this approach is only valid and
suitable for loosely crosslinked networks, in which the number of repeating units between

two crosslinks is large enough for the chains to be represented by a Gaussian distribution.

1

i 1711 X [ln(l — vz,s) U+ X Uz,sz]
M M,

1 7
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In which, 7 is the specific volume of polymer, in cm®-g'; v, , is the volume fraction of

hydrogel in the relaxed state (immediately after crosslinking but before full swelling),

dimensionless.

The Flory-Huggins parameter or polymer-solvent interaction coefficient or chi
parameter (y) can be obtained as proposed by Xue, Champ and Huglin (2001) and
Venkatachalam & Kaliappa (2023), from the expression valid at swelling equilibrium,

Equation (8).

— 1 _
ln(l - vZ,s) + Uz,s + XUZ,SZ + veV (172,5 /3 - sz,sf 1) =0 (8)

According to the authors, the three first terms of Equation (8) are related to the
mixing contribution and the remaining terms to the elastic contribution. This latter has

only a slight effect on the y and, thus, Equation 8 can be reduced to Equation 9.

ln(l - vZ,s) + Vys + )(172,52~ 0 (9)

Finally, after expansion of logarithmic series followed by truncation of terms in
(V2,5%, v2,55, v, s ...) the y value can be experimentally calculated according to Equation

10.

%
x =05+ % (10)

It is reported in the literature that the y value equal to 0.50 is closer to an ideal

solution, positive x values (polymer-solvent interaction or Flory-Huggins or Chi’s

parameter) denotes that the polymer—solvent contacts are less favored compared with the

polymer—polymer and solvent—solvent contacts while negative y values polymer—solvent

contacts are preferred, promoting solvation of the polymer by mixing of polymer with the

solvent (TERAOKA, 2002; pgs. 73 & 74).

As mentioned by Venkatachalam & Kaliappa (2023), crosslinking density (q) is

another parameter that can explain swelling and deswelling of polymers and can be
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expressed as the crosslinking network chain per gram. The crosslinking density may be
calculated by using the modified Flory swelling equation as proposed by Xing et al.
(2014), according to Equation (11).

.= —[ln(l — V) Vs + X UZ,SZ] (an
Vl " Ppolymer [(U2,51/3 + UZ,S/Z]

In which, q is the crosslinking density, in mol-g™!; V; is the molar volume of the solvent,
in cm™-mol; Ppolymer 18 the density of the polymer, in g-cm™; y is the polymer-solvent
interact parameter, dimensionless and v, is the volume fraction in swollen state,

dimensionless.

Some authors have proposed the obtaining of crosslinking density (q) per
volume unit (mol-cm™) through Equation 12, as can be found in Billiet et al. (2013), Lee,

Bouhadir & Mooney (2004) and Cao et al. (2020).

1
q= <_ —) (12)
Up 'MC

In which, q is the crosslinking density, in mol-cm™; U, 1 the specific volume of polymer,

in cm®-g’!'; M is the molecular weight between crosslinks, in g-mol';

The shear modulus (G) is defined as a critical parameter of the mechanical
properties of a biomaterial as it influences the structural stability, force transmission as
well as biomechanical compatibility. It can be calculated from the Gaussian statistics
model as proposed by Billiet et al. (2013) and Lee, Bouhadir & Mooney (2004) according
to Equation 13.

_(eRTY [, 2\
G‘(zw—c) <1 M—> @ (13)

In which, G is the shear modulus in kPa; c is the polymer concentration in solution, in

g-L'!; R (0.082) is the universal gas constant, in atm-L-mol!-K'!; T is temperature, in K;



53

Q, is the equilibrium volumetric swelling, dimensionless; M. is the molecular weight

between crosslinks and M,, is the average number molecular weight, both in g-mol™.

The porosity can be described by the mesh size (§) and is used to quantify the
average linear distance between crosslinks and to determine the maximum size of solutes
that can diffuse in a gel (SLAUGHTER et al., 2009). Additionally, by knowing the
unperturbed polymer chain distance (,%)/2, (Equation 14), and the extension ratio or
elongation factor (), (Equation 15), the mesh size (§) of network can be estimated by

Equation 16 (CANAL & PEPPAS, 1989; CAVALLO et al., 2017).

/2
r)Y2 =1 x (2 #) x C, /2 (14)

In which / is the bond length of the polymer backbone, in A; M, is the molecular weight

of the repeating unit, in g-mol! and C,, is the Flory’s characteristic ratio, dimensionless.
1 15
a = (vy5) 3 (15)

§=axm)? (16)

In which a is the elongation factor or extension ratio and v, ¢ is the volume fraction in

the swollen state, both dimensionless.
Although, the C,, value is commonly tabulated, for large polymer chains as in

polypeptides (e.g., gelatin) its value tends to infinite and the Flory’s characteristic ratio

(Cw) can be estimated by Equation (17) as proposed by Ma et al. (2013).

l, =(Co +1) IES (17)

In which, L, is the persistence length and [ is the bond length of the polymer backbone,

both in A and C,, is the Flory’s characteristic ratio, dimensionless.
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Finally, the mesh size (§) is obtained by Equations (18) and (19).

S 1/2 1
E=1x <2C;’[MC> X (vgs) 3 (18)

However, as mentioned by Ma et al. (2013) the factor (2) is generally used for
vinyl polymers which has one double bond available to react and must be replaced by (3)
when the repetitive unit consists of two available double bonds (e.g., divinyl polymers)

or to a correct value when has more than (2).

7\ 2 1
f:lx<3clo\j1MC> x (vz,5) 3 (19)

In which, ¢ is the network mesh size, in A:; Iis the bond length of the polymer backbone,
in A; C, is the Flory’s characteristic ratio, dimensionless, M is the molecular weight

between crosslinks and M,. is the molecular weight of the repeating unit, both in g-mol™'.

From the exposed, the calculated Flory-Rehner parameters are presented in the

Scheme of Figure 13.

Figure 13 — Scheme of Flory-Rehner parameters of hydrogels.
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Source: Author (2023).
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2.5 GELATIN NANOPARTICLES (GNPs) AS CARRIERS FOR HYDROPHILIC
DRUGS

The development of new approaches for effective delivery of macromolecules is
a very promising field of research (HUEPPE; WURM; LANDFESTER, 2022). However,
the challenge in the controlled delivery of these compounds is associated with their non-
specific biodistribution and the short half-life at the desired sites of action, mainly due to
rapid metabolization before reaching specific sites of action and phagocytic metabolism
(CROSSEN & GOSWAMI, 2022). Such challenges are related to the structural instability
of these molecules, additionally, to the low permeability to biological membranes
(CHAWLA; RANI; MISHRA, 2021).

Moreover, the burst effect or burst release is the phenomenon associated with
rapid diffusion and the high amount of drug released that occurs during the initial periods
of release before the drug reaches a stable release profile (HUANG & BRAZEL, 2001).
In some cases, this effect is desirable and has been used as a strategy in the drug
administration, for example, in wound healing systems, as it promotes immediate relief
to the patient followed by a prolonged release, helping in the healing process
(SETTERSTROM; TICE; MYERS, 1984). However, it remains a challenge to be
overcome due to the unpredictability and lack of control of the payload to be released
both in vitro and in vivo. In addition, it hampers the development of controlled release
devices by reducing the effective useful life of these devices that aim to reduce the amount
of drug administered to patients while maintaining the same therapeutic effect
(BHATTACHARIEE, 2021; CAM et al., 2020; WANG et al., 2017).

From that, nanoparticulated delivery systems, such as nanoparticles (NPs), has
attracted a lot of attention in recent years and have been developed to circumvent these
obstacles in macromolecules delivery (e.g., drugs, peptides, and nucleic acids) as they are
considered efficient in carrying of several substances (HUEPPE; WURM,;
LANDFESTER, 2022). Furthermore, in terms of therapeutic effects, controlled and
targeted drug delivery, NPs have advantages over conventional methods used by
facilitating intracellular uptake and bioavailability at the target site (increasing the
solubility of low-solubility molecules), by having characteristics of enhanced
permeability and retention effect (EPR) (decreasing the side effects of chemotherapeutic

drugs and increasing drug permeation across the cell membrane) and by enhance the
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pharmacokinetics and pharmacodynamic control compared to free drugs (increasing their
therapeutic efficacy and potential) (GULSU; KILLI; ALPER, 2022; JOSEPH et al., 2023;
SHARMA; KUMAR; MISHRA, 2016). For this reason, the use of nanocarriers (NCs)
offers a new approach for complete delivery of active molecules to specific targets and
desirable characteristics when compared to particles with larger dimensions (CHAWLA;
RANI; MISHRA, 2021; CROSSEN & GOSWAMI, 2022).

The preparation methods and the use of hydrophobic nanoparticles it is well
established in literature (REZAEI; FATHI; JAFARI, 2019; RISTROPH &
PRUD’HOMME, 2019; WEISSMUELLER et al., 2016), however, these systems may
present limitations in terms of practical applications (e.g., the low encapsulation potential
of hydrophilic compounds, like proteins) and according to Joseph et al. (2023), for
choosing the appropriate material, some selection criteria must be considered, such as:

(a) the desired size of the NPs;

(b) the physicochemical properties of the drug, e.g., aqueous solubility and
stability;

(c) desired drug release profile;

(d) surface charge;

(e) immunogenicity and toxicity of the final product and,

(f) biodegradability and biocompatibility of the nanomaterials.

Consequently, the choice of the polymer to affects the properties of NPs and
their subsequent application as nanocarriers (GULSU; KILLI; ALPER, 2022; HUEPPE;
WURM; LANDFESTER, 2022). Moreover, recent studies pointed to advantages in using
nanoparticulate systems from protein biomaterials due to specific characteristics
(WEISSMUELLER et al., 2016). Some biomaterials, such as polysaccharides (Plucinski,
Lyu & Schmidt, 2021; Venkatesan, Kim and Anil, 2022) and proteins (Defrates et al.
2018; Ristroph & Prud’Homme, 2019) have also been studied as potential constituents in
these systems and applied as pharmaceutical and nutraceutical delivery vehicles. In the
last decade, researchers have made efforts to synthesize NPs from natural polymers
(JADOUN & ANNA DILFI, 2021). Generally, these polymers have a low mechanical
strength, nonetheless, have been widely used in biomedical applications due to their
unique characteristics (e.g., biocompatible, non-toxic, do not cause inflammatory

responses in the host, among others) (DE; MAHATA; KIM, 2022; IDREES et al., 2020).
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Among natural polymers, gelatin is one of the most used biopolymers and
noteworthy for having properties of high biological value, as aforementioned. The
literature is rich in works that report the use of gelatin nanoparticles (GNPs) as carriers
of a wide variety of therapeutic compounds, including gene materials (Madkhali, Mekhail
and Wettig, 2019), peptide (Aramwit et al. 2015) and non-peptide (Ofokansi et al. 2010
and Aramwit et al. 2015) sources. In the last decade, some studies showed that GNPs are
promising candidates for drug delivery in immunotherapy treatments (BU et al., 2021;
KLIER et al., 2012; SARFRAZ et al., 2016). Furthermore, another very interesting
feature is its cationic character, since GNPs may interact electrostatically with anionic
terminal portions of proteins, glycans or phospholipids present in the plasma membrane
and induce cellular uptake by promoting its association in cells by various endocytic
cellular mechanisms (BANNUNAH et al., 2014; ARAMWIT et al., 2015). Despite of
these advances, non-crosslinked GNPs have been shown to be unstable in aqueous media,
tending to dissolve over time by having low thermal and mechanical resistances
(YASMIN et al., 2017).

Different techniques have been reported for the preparation of GNPs, as

summarized in Table 2.

Table 2 — Preparation technique, crosslinker and particle size of GNPs.

Technique Crosslinker® Particle size (nm) Reference
Coacervation - ~50 Mohanty et al. (2005)
Emulsion GTA 397 - 501 Aramwit et al. (2015)
Solvent evaporation

) DIC ~200-300 Baseer et al. (2019)
Nanoprecipitation
NaCas ~190 Lemes et al. (2017)
Coester et al. (2000)
GTA ~280
Ofokansi et al. (2010)
Desolvatation GTA ~272-479
Khramtsov et al.
GTA ~130-190
(2021)
Zwiorek et al. (2007)
130 —260
Two-step desolvatation GTA 103 Gilsu, Killi and
' Alper (2022)
Inverse miniemulsion GTA ~ 180 —230 Ethirajan et al. (2008)

aCrosslinker: DIC — diisopropylcarbodiimide; FTIC-D — fluorescein isothiocyanate dextran; GTA
— glutaraldehyde; NaCas — sodium caseinate;
Source: Author (2023).
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As platforms in drug delivery, stimulus-responsive polymers have been widely
used due to the advantage of being biologically active, providing stable delivery and
controlled release rates (ELTOUKHY et al., 2012).

In summary, responsiveness concerns the variations caused in the external
environment that act as stimuli that induce specific responses in the polymer itself. Such
variations may be related to temperature, pH, presence or absence of oxygen, light,
enzymes or specific ligands, ionic strength, magnetic or electric fields, among others.

A study conducted by Qin et al. (2019), the authors synthesized thermo,
oxidation, pH, and CO;-responsive polymers from aza and Thiol Michael reactions in one
pot by reacting amines and thiols. Other techniques are used to produce stimuli-
responsive biopolymers and one of the approaches used is the cationization in which
through the introduction of amino groups portions (e.g., ethylenediamine-co-gelatin) in
the polymer chain, cationic polymers are obtained, as carried out by Fukunaka et al.
(2002) and Hori et al. (2007).

In this context, a simple and quite viable tool for obtaining responsive stimulus-
GNPs is the use the nucleophilic aza-Michael addition reaction. This reaction is an
interesting approach in the synthesis of cationic polymers (pH-responsiveness) among
other several advantages (LIU et al., 2019; QIN et al., 2019).

For gelatin, free primary and secondary amino groups react with other
compounds (e.g., aldehydes, o, P-unsaturated esters, ketones, etc.) forming strong
covalent bonds (ETHIRAJAN et al., 2008; ELTOUKHY et al., 2012). Allied to this, it
has been proven that gelatin hydrogels, such as GNPs, also have a cationic character at
neutral pH environments due to amines charge transition showing pH-responsiveness and
charge reversible properties (GULSU; KILLI; ALPER, 2022; MADKHALI; MEKHAIL;
WETTIG et al., 2019).

From this, new possible configurations may emerge through the formation of
tertiary amines during the aza-Michael reaction, which can become protonated with pH
variations and be destabilized at acidic environment (LYNN & LANGER, 2000). In
addition, these amino groups are capable of electrostatically interacting with the negative
charges of drugs (Potineni et al. 2003) or genes (Eltoukhy et al. 2012) producing a
nanocomposite (LIU et al., 2019). As mentioned by Lynn, Amiji & Langer (2001), these
polymers rapidly solubilized at pH below 6.5 even though the unprotonated polymer is

insoluble in aqueous media at physiological pH.
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Furthermore, such stimuli are essential conditions in the use of these platforms,
in view of changes in physiological pH, making them excellent candidates for specific
biomedical applications such as a vehicle to achieve delivery in intracellular conditions
(IYER et al., 2013; LYNN; AMIJI & LANGER, 2001). As proven in the Potineni et al.
(2003) study, the poly(ethylene oxide)-modified poly(pB-amino ester) nanoparticles were
rapidly internalized by non-specific endocytosis releasing their content (paclitaxel) due

to the low intracellular pH.

2.5.1 Inverse miniemulsion polymerization

In view of the aforementioned techniques for NPs preparation, obtaining
polymeric particles in the submicrometric range can be achieved through direct or inverse
miniemulsion polymerization that have been widely studied in recent decades and possess
numerous advantages (WANG et al., 2015). From that, the first reported miniemulsion
polymerization mechanism was proposed by Ugelstad, El-Aasser and Vanderhoff (1973)
during the styrene polymerization.

In this context, miniemulsion polymerization refers to the reaction that takes
place in a dispersed system with a very complex particle formation mechanism (EL-
AASSER & SUDOL, 2004). It consists of a process, in which the application of extreme
shear forces in an emulsion, containing a monomer or monomers mixture, surfactant and
an osmotic pressure agent (e.g., salt/water) are dispersed in a continuous phase, with the
use of high energy with the aid of high shear equipment (e.g., ultrasound, turrax)
(GHARIEH; KHOEE; MAHDAVIAN, 2019).

The miniemulsion involves the dispersion of many monomer droplets, from the
miniemulsification of dispersed phase, thus, this process allows the formation of droplets
(Figure 14) and NPs with narrow and stable size distribution for long periods of time
(CAPEK, 2010; GUO et al., 2012). However, the literature does not present a consensus
on the range of sizes that comprise the nanometric scale and the values can vary between

50 and 500 nm (HUEPPE; WURM; LANDFESTER, 2022).
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Figure 14 — Scheme of droplet formation in miniemulsion polymerization process.
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Some advantages are achieved over conventional bulk and suspension
polymerization methods by the occurrence of the radicals compartmentalization
mechanism in submicrometric particles, such as: high reaction rates and high molecular
weights, wide molecular mass distribution, few problems related to heat transfer or
mixing during polymerization (due to the low viscosity of continuous phase) and
problems with residual monomers can be minimized by the high conversion of monomer
to polymer, are widely used commercially, however, the process is not without its
disadvantages (ASUA, 2002; EL-AASER & SUDOL, 2004).

The distinction between the two systems, direct and inverse, is that in the inverse
miniemulsion, the aqueous soluble monomer is dispersed in a continuous oil phase and
usually the low HLB non-ionic surfactant is less homogeneously adsorbed on the particle
surface (LANDFESTER, 2006). The first reported mechanism for any inverse emulsion
polymerization was proposed in 1987 by Hunkeler, Hamielec & Baade for the acrylamide
polymerization (“inverse-micro-suspension”) and more deeply studied into a developed
kinetic model from 1989s (HERNANDEZ—BARAJAS & HUNKELER, 1997;
HUNKELER & HAMIELEC, 1991; HUNKELER; HAMIELEC; BAAD, 1989).

In inverse miniemulsion systems, stability is a problem before and during the
polymerization of the monomer, since the dispersions are thermodynamically unstable
and water separation can occur and, consequently, the shelf life is reduced. In this sense,
stability in inverse miniemulsions can be achieved from the ideal combination between
an effective surfactant and an osmotic pressure agent (practically insoluble in the
continuous phase). To obtain a condensed interface, blends of non-ionic surfactants are
commonly used to promote steric stabilization in these systems, in addition to reducing

the aggregation and diffusion of the monomer from the smaller to the larger droplets and
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preventing the process of diffusional degradation (Ostwald ripening). The addition of a
lipophobe in the monomeric phase induces the formation of nanodroplets with osmotic
stability and, therefore, these miniemulsions have long-term stability against collisional
and diffusional degradation (EL-AASER & SUDOL, 2004).

A generic inverse miniemulsion polymerization scheme is shown in Figure 15
and this procedure is based on the works carried out by Peres et al. (2018) and
Steinmacher (2014) during hydrophilic nanoparticles synthesis. Initially, the
aqueous/dispersed and organic/continuous phases (1) are mixed by magnetic stirring
leading to a macroemulsion formation. Subsequently, the macroemulsion is
ultrasonicated at a predetermined time interval and stabilized monomer droplets appears
after phases breakdown due to high energy imputed, (Figure — 15, a). In sequence (b), the
continuous/organic phase (2) is dropwise to the previously ultrasonicated droplet
dispersion and subjected to another ultrasonication step. From that, the polymerization
reaction proceeds and, at the end of the process, a latex with polymerized and stable NPs

is obtained.

Figure 15 — General scheme of inverse miniemulsion polymerization process.
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2.5.2 Interfacial polymerization

Interfacial polymerization is known by its oldest applications such as nylon and
polyester synthesis (CHENG et al., 2017; RAAIJMAKERS & BENES, 2016). In
addition, new approaches and applications have been developed from its use, as for

instance in nanoparticulate devices for drug delivery (BASEER et al., 2019).
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Though, this type of polymerization requires that two co-reactants are
immiscible and one of the phases can also be dispersed in another. Subsequently, each
phase containing the reactive monomers are solubilized or in the oil phase or in the water
phase and reaction takes place at the interface (FALCA et al., 2021; RADMANESH et
al., 2023). Frequently, the oil phase is emulsified in water phase (direct emulsion), but
inverse systems (water-oil) have also been reported, as proposed in the present work
(RAAIJMAKERS & BENES, 2016; SONG; FAN & WANG, 2017; ZHANG; FAN &
WANG, 2020).

In addition, interfacial polymerization is suitable for a wide range of monomers
and a diversity of polymers can be obtained from this approach, such as polyesters (Cheng
et al. 2017), polyurethanes (Bossion et al. 2017 and Wang et al. 2020), polycarbonates
(Garrison et al. 2021 and Kyriacos, 2017), polyamides (Gohil & Ray, 2017 and Seah et
al. 2020), polyimides (Kim, Lee & Kim, 2000 and Yang, Zhen & Su, 2017), including
thin-film composites (Seman, Khayet & Hilal, 2010), nanofiltration membranes (Arribas
et al. 2020 and Zhang et al. 2013) and functional materials as micro and nanocapsules
with active ingredients among others (Wang et al. 2021).

Additionally, the interfacial polymerization presents several advantages over the
classical step-growth polymerization such as, mild reaction conditions with high final
molecular weights and high reaction rates, respectively. It is one of the well-established
methods for nanoparticulate systems synthesis and as mentioned by Landfester (2006)
several polymerization mechanisms have been applied for NPs and polymer synthesis
through reactions at interface such as anionic polymerization (Hui et al. 2018; Limouzin
et al. 2003) free radical polymerization (Shenoy & Bowman, 2013; Wu et al. 2006)
polycondensation (Cho, Kwon and Cho, 2002; Su, Wang and Ren, 2007;
photopolymerization (Liu et al. 2013; Raaijmakers & Benes, 2016) among others
techniques (SHEN, 2023).

In this context, the crosslinking via interfacial polymerization have also been
used to hydrophilic nanoparticles synthesis by the addition of adequate quantities of
crosslinkers, monomers and co-monomers allowing reactions to take place at droplet
interface and, consequently, the polymeric nanoparticles formed can be resuspended in
water, buffers and/or biological fluid (HUEPPE; WURM; LANDFESTER, 2022; SHEN,
2023). As mentioned by Baseer et al. (2019) due to crosslinker hydrophobicity, only the

surface functional groups are accessible to crosslinking. Furthermore, the crosslinker does
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not diffuse into the interior of the hydrophilic NPs and once all available functional
groups are crosslinked, no further crosslinking is expected to occur.

A general scheme of crosslinking through interfacial polymerization in
nanoparticulate system is shown in Figure 16. As illustrated, polymerization reaction
occurs at the liquid-liquid interface, resulting in crosslinked polymeric NPs at the end of
reaction. However, as stated in literature, it can also be performed in liquid-gas and liquid-

solid systems (RADMANESH et al., 2023; SHEN, 2023).

Figure 16 — Scheme of interfacial crosslinking reaction.
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In the work conducted by Baseer et al. (2019), authors synthesized gelatin
nanoparticles (GNPs) by coacervation and performed the crosslinking via interfacial
polymerization using diisopropylcarbodiimide (DIC) as crosslinker. The study carried out
by Liu et al. (2013), authors used an interfacial thiol-ene polymerization to synthesize
hybrid microcapsules to encapsulate hydrophobic and hydrophilic dyes. In addition,
different drugs such as ivermectin (Valarini Junior et al. 2021) and paclitaxel (Li et al.
2009), also are encapsulated in hydrophilic and hydrophobic nanoparticles prepared
through interfacial polymerizations improving its properties by the surface-modification.

For instance, in the Sayer’s and Hermes de Araujo’s research group, authors
have published some reports using interfacial polymerizations during NPs prepare for
encapsulation of hydrophilic molecules as can be seen in the works carried out by Peres
et al. (2018) when encapsulated doxorubicin as drug model within crosslinked glutamic
acid-based nanogels and Steinmacher et al. (2017) with sulforhodamine 101 (SR 101) dye

within crosslinked starch nanocapsules.
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2.5.3 Free-radical photopolymerization and photo-crosslinking

Another widely applied approach in polymer synthesis or modification is the
UV-curing or photopolymerization reaction in which a liquid monomer can be
transformed into a solid polymer using light. It has been utilized in several applications
such as inkjet printing (Check, Chartoff and Chang, 2015; Wagner, Miihlberger and
Paulik, 2019), adhesives (Besse et al. 2016; Gziut et al. 2023; Ye et al. 2007), and has
gained attention by its use in patterned structures synthesis (Hwang & Park, 2021; Lim et
al. 2023) and in crosslinking of polymeric systems (Ovsianikov & Chichkov, 2012; Zhu
et al. 2020) due to inherent advantages over traditional polymerization methods such as
low process time, quickly curing at room temperature, reduced energy consumption and
can be carried out in solvent-free conditions and in cases when substrates are temperature
sensitive (BAROLI, 2006; FISHER et al., 2001). This reaction is initiated by monomer
exposure to a specific light wavelength that triggers a chain reaction and lead to a
crosslinked polymer chain formation. In the biomedical field, photopolymerization have
been used to prepare 3D hydrogels and bioprinting, encapsulation of cells, drug delivery
systems among others (TOMAL & ORTYL, 2020).

Nonetheless, some applications needed a photoinitiator (PI) to start the
photopolymerization reaction mediated by UV light exposure (PAPPAS & ASMUS,
1982; SCHWALM, 2001). However, it is also reported that some photopolymerization
reactions can be carried out without photoinitiator, and in these cases, the own monomer
or co-reactants can photopolymerize by itself upon UV light (BAUER et al., 2014;
WAGNER; MUHLBERGER; PAULIK, 2019). An example of this molecules is the
acrylates and methacrylates due to their versatility and high reactivity (BAUER et al.,
2014; LLORENTE etal.,2021; PAPPAS & ASMUS, 1982). Methacrylates possess lower
toxicity, faster curing, and the lower reactivity than acrylates (LANG et al., 2022).

In this context, the most used photoinitiators are based on alkyl-phenones,
phospin oxides or aromatic ketones such as DMPA (hydrophobic initiator) and Irgacure
2959 (hydrophilic initiator) (BARCELOS et al., 2020; EREN et al., 2021; MUCCI &
VALLO,2012; NOWAK etal., 2017). However, is reported that the use of photoinitiators
may modify the final polymer characteristics by promoting yellowing or migration
(DESSAUER, 2006; GREEN, 2010; SCHROEDER; ARENAS; VALLO, 2007).
Thereupon, in protein-based systems, photoinitiators have been chosen carefully once

they also can damage protein structure (TOMAL & ORTYL, 2020).
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It is important to mention that in the presence of photoinitiator, the absence of
oxygen is necessary to avoid the inhibition that may be caused by peroxy-radicals formed
when oxygen readily bind with free-radicals generated from photoinitiator photolysis
(TOMAL & ORTYL, 2020). To overcome these challenges several approaches are
commonly used such as, amine additions, inert conditions by adding nitrogen (N2) gas
purge, red light irradiation with dye sensitizer or by using wax barrier coatings
(WAGNER; MUHLBERGER; PAULIK, 2019).

Among the widely used photoinitiators, DMPA has gained prominence in
applications such as dental resins, because it is colorless, improves aesthetic properties
and has been shown to be efficient in the photopolymerization of acrylates and
methacrylates with fast polymerization times (40 to 60 s). In the Schroeder, Arenas and
Vallo (2007) and Lizymol & Krishnan (2008) works, UV-curing photopolymerization
was carried out to crosslinking methacrylates during dental composite resins synthesis.

In the study conducted by Mucci & Vallo (2012), the authors evaluated
photopolymerization of dental resins from methacrylate monomers and mentioned that in
vitrifying systems the reactants diffusion is highly suppressed and changes in the
photofragmentation and secondary photoreactions are expected to occur. Nonetheless,
they proved the polymerizing resin was transformed from a viscous liquid to a rigid glass
during photolysis of DMPA in methacrylate monomer.

The free-radical polymerization is a very efficient and complex mechanism that
can be associated at least three mainly phases, initiation, propagation, and termination
(TOMAL & ORTYL, 2020). The initiation mechanism may be excited by visible,
thermal, ultraviolet, or redox initiator form free radicals. On the other hand, the
propagation step refers to reaction between radicals and monomers that became highly
reactive and will react with further monomers. By the end, the termination step can be by
two different mechanisms through chain transfer or radical combination developing
polymeric matrices (LANG et al.,, 2022; MATYJASZEWSKI & DAVIS, 2002;
SALDIVAR-GUERRA; VIVALDO-LIMA, 2013).

Some works employs the ultraviolet light for a photopolymerization at the
interface (CHECK; CHARTOFF; CHANG, 2015; LIU et al., 2013; RAAIJIMAKERS &
BENES, 2016). In nanoparticulated systems it has been used to promote crosslinking
density throughout several interfacial polymerization techniques as reported in the work

carried out by Liu et al. (2013).


https://www.sciencedirect.com/topics/chemistry/photopolymerization
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In principle, the free radical polymerization technology is usually used to
polymerize mixtures of vinyl monomers such as acrylates and methacrylates being one
of the most widely produced classes of polymers (LANG et al., 2022) In addition,
hydrogels can also be obtained by free radical polymerization of water-soluble polymers
derivatized with vinyl polymerizable groups (ARSLAN, 2020; BUKHARI et al., 2015).

On the other hand, photo-crosslinking is a versatile tool to create controlled
chemical connections between molecules and consist of the introduction of photo-reactive
groups into molecules of interest that will be chemically linked through light (LIM et al.,
2020; XIE; YANG; WANG, 2019). This approach has been extensively applied for the
synthesis/modification of polymers, in the study of biomolecular interactions such as
protein-protein and protein-DNA, and for drug delivery systems in which drugs are
encapsulated within a crosslinked matrix (ZHANG et al., 2022).

From the exposed, it can be found several approaches that have been used to
photopolymerize or photo-crosslink polymers through use of UV light. Furthermore,
among the most reported reaction routes, click reactions such as thiol-ene, aza-Michael
and thiol-Michael stand out as the most promising techniques.

To exemplify, the general schemes (without step by step) of aza-Michael photo-
crosslinking reaction between free amino groups from a generic primary amine with a
generic diacrylate and diacrylate homopolymerization (without step by step) via free

radical photopolymerization were presented in the schemes of Figures 17 and 18.
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Figure 17 — Scheme of aza-Michael photo-crosslinking reaction.
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The free radical polymerization reaction starts with the initiator decomposition
producing radicals. These radicals bind to vinylic groups of the acrylate leading to the
initiation radical and starting the propagation which is followed by termination. In
addition, by undergoing a polymerization reaction upon heating or light, acrylic and

methacrylic molecules can form a highly stable crosslinked polymer network as

demonstrated in Figure 18.
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Figure 18 — Scheme of diacrylate monomer homopolymerization crosslinking reaction.
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2.6 DOXORUBICIN (DOX)

Doxorubicin  (hydroxyldaunorubicin, C7H2oNO11), Figure 19, is a
chemotherapeutic drug that belongs to the anthracycline group and has been used in
various cancer treatments by its potent antitumor activity (PERES et al., 2018). It is
derived from the bacterium Streptomyces peucetius and considered as an antibiotic that

has high solubility and stability. Some studies report its use as a chemotherapeutic agent
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since the 1960s to treat sarcomas (e.g., tissues and bones), cancers (e.g., lung, ovary,

bladder, breast, and thyroid) and various types of leukemia (HUANG et al., 2020).

Figure 19 — DOX chemical structure and red fluorescence by optical microscopy.
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According to National Library of Medicine (NIH), DOX can be administered by
different ways, generally, is provided intravenously but the clinical applications are
limited because of its side effects, specifically cardiotoxicity and development of
chemoresistance, being often used in combination with other chemotherapy drugs to
increase its effectiveness (GRECO et al., 2023; OBIREDDY et al., 2020). It has been
reported that the DOX also induces cardiotoxicity by the increasing of reactive oxygen
species (ROS) and through the upregulation of death receptor-mediated apoptosis in
cardiomyocytes. Additionally, is proved that the DOX release is accelerated in an acidic
condition (CARVALHO et al., 2009; HUANG et al., 2020; ZHAO & ZHANG, 2017).
As related by Huang et al. (2020) and Zhao & Zhang, (2017) another side effects,
including weakness vomiting, nausea, diarrhea, and tiredness during the drug
administration may experienced by patients and the balance between its therapeutic
benefits and potential side effects needs to be carefully managed during its use.

Moreover, DOX works by interfering with the DNA in cancer cells, preventing
them from growing and dividing, its widely use can be associated to the inhibition of
DNA and RNA synthesis and DNA strand breakage by being the main mechanism of
drug action, which can intercalate within DNA base pairs and prevent further
macromolecular biosynthesis (JAISWAL et al., 2021). However, when bonded with iron

also limits DNA synthesis due to oxidative damage caused by free radicals. In addition,
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by inhibiting the topoisomerase Il enzyme, it induces apoptosis and, consequently, DNA
damage (JOHNSON-ARBOR & DUBEY, 2022). As mentioned by Gewirtz (1999), the
antiproliferation and cytotoxicity effects are not only related to these cited mechanisms
but also to the increase of free radical formation and lipid peroxidation.

From the exposed, in the study conducted by Peres and co-workers (2018), the
N-acryloyl-L-glutamic acid and poly(L-glutamic acid-co-BIS) nanogels were used to
encapsulate doxorubicin showing high encapsulation efficiency (= 85%) when
redispersed in the aqueous media. According to authors, by being highly hydrophilic, its
encapsulation in hydrophilic polymers is favored due to possible drug-polymer
interactions through strong hydrogen bonds and commonly used in controlled release
systems.

In another study carried out by Fan et al. (2018), DOX-loaded glycyrrhetinic
acid modified gelatin (GA-GEL) micelles were synthesized via emulsion-solvent
evaporation method to serve as carriers for drug delivery in hepatocellular carcinoma
(HCC) therapy. The mean diameters of micelles varied between 195 — 235nm and
encapsulation efficiency from 63.6 up to 96.2% with drug loading of 8.3 up to 12.5%. In
the Huang et al. (2020) work, magnetic nanoparticles of (DOX—gelatin) core and (Fe3O4—
alginate) shell layer were developed to function as targeted anticancer drug delivery
vehicles with encapsulation rate of 64.6 = 11.8%. The results show that NPs have the
potential for use in targeted drug delivery in cancer therapy and as mentioned by authors,
the embedding of DOX in the gelatin inner core prevents the risk of cardiotoxicity while
the alginate outer layer provides a controlled drug release rate and stabilizes the NPs
structures. Furthermore, doxorubicin is a chromophore and has been investigated as a
potential photosensitizer in photochemotherapy (PCT) by being capable of absorbing
visible light. Studies are being conducted to increase the anticancer activity of DOX using
photochemotherapy. In the study by Greco et al. (2023) it was reported that depending on
its concentration, DOX can generate peroxides and singlet oxygen after irradiation with

white light LED (24 mW-cm?) for 30 min.
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2.7 THE STATE-OF-THE-ART

The nanotechnology applied to encapsulation and release of drugs has advanced
considerably in the recent decades and has shown to be a promising field of research.
Several reports related an infinity of approaches and start materials to synthesize
nanoparticles for these purposes. One the one hand, the biodegradability and
biocompatibility are some of crucial criteria to the development of a reliable and efficient
drug delivery systems. On the other hand, even though great advances had been reached
until now, still there some challenges to be overcome in this area.

One of the main lacks and challenges refers to the encapsulation of hydrophilic
molecules or drugs into matrixes with also hydrophilic cores in way to promote their
controlled and sustained release at specific conditions and desired sites of action, helping
to reduce the burst release effect and by the chosen of biocompatible and biodegradable
materials that will not generate undesirable and toxic compounds that are harmful to
health.

In this context, and as reported in the literature, due to its intrinsic and interesting
characteristics such as biocompatibility, biodegradability, capacity of gel-network
formation and charge reversal properties, gelatin had been widely used as part for the
synthesis of hybrid biomedical materials. Commonly, it has also been modified to provide
specific properties as the ability of encapsulate hydrophilic drugs and the controlled drug
release in response to pH changes. In addition, for the nanoparticulated system, the use
of inverse miniemulsion technique is an interesting approach to nanoparticle synthesis
and drug encapsulation, as it allows the obtaining of stable particles, with narrow
distribution and reduced size.

Based on that, this work highlighted the synthesis of hydrogels and nanogels
made up from functionalized and/or crosslinked gelatin to serve as biomedical devices in
these types of applications. Additionally, we investigated the encapsulation of a
hydrophilic drug into a hydrophilic core using the inverse miniemulsion technique for
synthesis and crosslinking through the environmentally friendly click-reaction of aza-
Michael addition with different polymerization systems and approaches. Further, these
materials were also characterized in terms of their specific characteristics.

From all previously mentioned, the innovative potential of this work concerns

to:
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. The use of a biocompatible and biodegradable natural polymer (gelatin)
coupled (“acrylated” or crosslinked) with another proved biodegradable crosslinker (1,4-
butanediol diacrylate) in order to increase its biodegradability and biocompatibility, to
reduce the side effects and potential cytotoxicity as well as an alternative to other
synthetic and non-compatible materials used for biomedical purposes;

. The engineering of properties of great interest from the biomedical point
of view;

. The creation of macroscopic hydrogels susceptible to post-polymerization
modifications such as photo-crosslinking due to their pendant vinyl portions present;

o The synthesis of modified (“acrylated” or crosslinked) gelatin
nanoparticles (GNPs) by means of inverse miniemulsion technique that will be serve as
nanocarriers of hydrophilic drugs (doxorubicin) envisaging a controlled and sustained
release with the aim of minimizing the potential side-effects and the increasing of drug
therapeutic efficacy at acidic cell environments for cancer treatments;

. The use of a post free radical photopolymerization or free radical photo-

crosslinking to improve their degree of modification or crosslinking.

In summary, the state-of-the-art of this work fits into a field of research in
advanced nanotechnology contributing to the development of more effective and
innovative approaches and formulations that can result in more efficient treatments, with
lower side effects and better therapeutic drug targeting which would benefit patients and

health.
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3MATERIALS AND METHODS

3.1 EXPERIMENTAL PROCEDURE

3.1.1 Materials

Gelatin from porcine skin, type A, bloom strength 280, 8 mesh, was kindly gifted
by Gelnex (Ita, Santa Catarina) and was used as the starting material for all reactions.
Additional information about gelatin composition is available in Table 21, Appendix A.
1,4-Butanediol diacrylate (1,4-BDDA, CioH1404, 198.22 gmol'), 1,8-diazobicyclo
[5.4.0]Jundec-7-ene (DBU, CoHi6No, 152.24 g'mol '), 2,4,6-trinitrobenzenesulfonic acid
solution 5% w/v in water (TNBS, CsH3N304S, 293.17 g'mol™!), deuterium oxide (D20,
20.03 g'mol™), ethylene glycol dimethacrylate (EGDMA, C10H1404, 198.22 g-mol™), 2-
hydroxyethyl methacrylate (HEMA, C¢H003, 130.14 g-mol™), acrylic acid (C3H4O,
72.06 g'mol™!) and butyl acrylate (C7H1202, 128.17 g'mol!) were purchased from Sigma
Aldrich and were used without further purification. Further chemicals and solvents
include cyclohexane (CéHi2, 84.16 g'mol”, Dindmica), polyglycerol polyricinoleate
(PGPR, C21H420¢, 390.6 g'mol™!, Dhaymers), diethyl ether ((C2Hs),0O, 74.12 g'mol !,
Dindmica), hydrochloric acid (HCI, 36.5 gmol”, Dinimica), sodium bicarbonate
(NaHCO3, 105.98 g'mol™!, Neon), doxorubicin hydrochloride (DOX, C27H29NOy;-HCI,
579.98 g:mol!), 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
2959, 22425 gmol'), 2,2-Dimethoxy-2-phenylacetophenone (DMPA, CisHi603,
256.301 g-mol™), potassium persulfate (KPS, K2S:0s, 270.322 g-mol™') and distilled
water (H20, 18 g-mol™).

3.1.2 Methods
3.1.3 Characterization of the Molecular Weight (M,,) of the Gelatin

The gelatin molecular weight was accessed by two different approaches. The
first approach was the gel permeation chromatography (GPC) in aqueous solution of
NaNOs (0.1 M) as proposed by Peres et al. (2018) and the analyses were carried out at
the Laboratory of Size Exclusion Chromatography (LASEC — UFRGS/RS) using a size
exclusion chromatographer (Viscotek, GPCmax VE-2001, Malvern Instruments GmbH,
Markham, Canada).
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For that, freeze-dried neat gelatin was solubilized in hot distilled water at the
concentration of 5 mg-mL" at 50 °C for 2 h. This solution was filtered through a 0.22 pm
syringe filter (Millex-GP Filter) and the volume of 100 uL was injected into a column
equipped with refraction index detector (model 2410) at 35 °C with a flow rate of 0.50
mL-min”!. The results were compared against polyethylene oxide standard and number-
average and weight-average molecular weights and dispersity were calculated with
OmniSEC software. Afterwards, the data were treated with the software Origin 9.0.

In the second approach, the M,, was obtained from the Rayleigh Equation,
(Equation 20), according to the methodology proposed by Fredheim, Braaten and
Christensen, (2002); Harding & Jumel, (1998); Karimi et al. (2020); Puskés et al. (2013)
and the manufacturer’s instructions (ANTON PAAR, 2023; MALVERN
INSTRUMENTS, 2015% 2017°). In sequence, an aqueous solution of pure dried gelatin
at 2 mg-mL! was diluted in the range of 0.1 to 2.0 mg'mL"! in distilled water at 50 °C and
stirred for 1 h until complete dissolution. Then, the solutions were analyzed by static light
scattering (SLS) with a glass cuvette at 50 °C using a Nanosizer (Malvern Instruments
GmbH, U.K) and the following parameters: scattering angle of (173° - NIBS default); the
refractive index (R.I.) of gelatin was considered equal to 1.450, as used for proteins
determination; absorption coefficient value of a = 0.0010; coil model with R, = 1.56 Ry;
refractive index increment of dn-dC’ = 0.100. Analyses were carried out in triplicate; the

means and the standard deviations were also calculated.

Ke_1 + 24,C 20
R =+ 2 (20)
In which Ry is the Rayleigh ratio; K is the Debye’s/optical constant; C is the polymer

concentration in mg-mL™!; M,, is the average molecular weight in kDa; A, is the second

virial coefficient in mL-mol-g and KC - Ry~ " is given in molkg™.
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3.1.4 &Amino groups quantification by 2,4,6-Trinitobenzenic sulfonic acid
(TNBS) essay

TNBS test is a colorimetric approach commonly used to determine free amine
content in heterogeneous biomaterials, in which TNBS reacts with primary amino groups
forming a yellow-colored hydrolyzed product, according to the reaction presented in
Figure 3. Herein, this approach was employed in the freeze-dried pure gelatin and in the
freeze-dried crosslinked gelatin hydrogels, respectively, and also in the oven dried
crosslinked gelatin nanoparticles.

For all experiments, analyses were carried out in 20 mL glass sealed and covered
test tubes, where 11 mg of freeze-dried gelatin, crosslinked gelatin hydrogels or dried
crosslinked GNPs were dissolved in 1 mL of 4% sodium bicarbonate (NaHCO3) solution
and 1 mL of TNBS (0.5% w/v) solution in water bath at 40 °C for 4 h. In sequence, 3 mL
of HCI (6 N) was added to each sample and followed by autoclaving at 121 °C and 1.03
bar for 1 h. The hydrolyzed mass was diluted in 5 mL of distilled water followed by the
addition of 5 mL of diethyl ether to remove the TNBS excess (not reacted) and samples
were submitted to a vortex mixer (KASVI, K45-2810, Sao José dos Pinhais, Brazil) for 1
min. Then, 5 mL of aqueous phase (yellow/orange phase) was removed and heated open
in a hot water bath at 50 °C for 15 min to evaporate residual diethyl ether in the sample.
In sequence, samples were again diluted with 15 mL of distilled water, cooled down to
room temperature and their absorbance was measured at 349 nm using a 96-well
microplate reader (Biotek® — EPOCHH-SN, Agilent Technologies, Santa Clara, USA).
At the same conditions mentioned above, blanks were prepared in duplicate, but in this
case, HCI (6 N) volumes were added before TNBS to avoid the reaction between primary
amines with sulfonic groups of TNBS.

Finally, the e-amino groups could be determined according to Equation (21) as
proposed by Campiglio et al. (2020) and Ofner & Bubnis (1996). However, it is reported
that due to the uncertainty in the molecular weight (M,,) of gelatin, in the most of cases,
Equation (21) may be modified to Equation (22) with results presented as mols of
lysine-ggelatin™! as proposed in the works of Baseer et al. (2019) and Kale & Bajaj (2010).

mols of lysine  2(ABS)(0.020)(M,,) )
mols of protein  1.46 x 10%(b)(x) @
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In which, 4BS represents sample absorbance, dimensionless; 0.020 is the sample volume
in L; M,, is the protein molecular weight in g'mol'; the constant /.46x10? is the molar
absorptivity of TNP-lys in L'mol!-cm'; b is the cell path length in cm and x is the sample
weight in g.

mols of lysine  2(ABS)(0.020)
g of gelatin ~ 1.46 x 104(b)(x)

(22)

In which, 4BS represents sample absorbance, dimensionless; 0.020 is the sample volume
in L; the constant /.46x10? is the molar absorptivity of TNP-lys in L-mol!-cm™; 5 is the

cell path length in cm and x is the sample weight in g.

Due to asymmetrical consumption of the acrylates in 1,4-BDDA, some aza-
Michael adducts bear an acrylate group from incomplete crosslinking. In this case, we
refer to that as an “acrylation” because even though aza-Michael addition has taken place,
free acrylate groups have been inserted in the gelatin. Then, the consumption of free
amino groups was named as modification degree (DM).

The DM was estimated as proposed by Campiglio et al. (2020) and Zatorski et
al. (2020) according to Equation 23.

ABS;
DM (%) = (1 -

ABS,) x 100 23)

In which ABSy is the absorbance of synthesized hydrogel and ABS; being the absorbance

of pure polymer, both dimensionless.
The modification extent (X,,) is defined as the number of amino groups lost after

reaction and was calculated as reported by Ofner & Bubnis (1996) according to Equation

24.

Modification extent (X,,) = (& — sf) (24)

In which g is the total free amine content in the pure polymer and &; is the total remained

free amine content after functionalization, both in mmol of lysine-gnydrogel .
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3.1.5 Synthesis of chemically crosslinked gelatin hydrogels

In the present work, three different formulations of gelatin hydrogels with
different crosslinker concentrations were prepared in solution according to a methodology
adapted from Peres et al. (2018) and Yoon et al. (2016) as shown in Table 3. Initially,
dried pure gelatin was solubilized in distilled water, 20% w/w to solvent, at 50 °C under
magnetic stirring at 200 rpm for 1 h until a clear gelatin solution was formed. Afterwards,
DBU (equal concentration of mmol DBU to mmol of 1,4-BBDA) was added to elevate
the medium pH and to facilitate the nucleophilic attack in diacrylate double bonds by
deprotonated amines as proposed by Arslan (2020). Subsequently, the crosslinker 1,4-
butanediol diacrylate (1,4-BDDA) was added dropwise in the following molar ratios of
g-amino groups-to-crosslinker: 1:0.5, 1:1 and 1:1.5, then the reactions were carried out
for 24 h to form crosslinked poly(B-amino ester) gelatin-based hydrogels. The ratios were
based on our TNBS results, 0.305 mmol of g-amino groups:geelatin”'. The solution pH was
measured with a benchtop pHmeter (KASVI, K39-1410A, Brazil) with automatic

temperature compensation (ATC) and all formulations were presented in Table 3.

Table 3 — Formulations for the synthesis of gelatin hydrogels in solution.

Sample Weighttheorithical Ntheorithical Weightrea TNreal
G_0.15 (pH=10.9)

Gelatin 10.0 0.0030 10.0047 + 0.0049 0.0030 = 1.46:10°°
DBU 0.228 0.0015 0.2320 + 0.0029 0.0015 £1.9:10°
1,4-BDDA 0.297 0.0015 0.3044 + 0.0065 0.0015 +3.28-10°
Water 50.0 27777 50.0142 +£0.0113 2.7786 £ 6.29-10*
G_0.30 (pH=12.8)

Gelatin 10.0 0.0030 10.0242 + 0.0226 0.0030 £ 6.79:10°6
DBU 0.456 0.0030 0.4538 +0.0032 0.0030 =2.09-10°
1,4-BDDA 0.594 0.0030 0.5952 £+ 0.0006 0.0030 +2.85-10¢
Water 50.0 27777 50.1225+0.1696 2.7846 +9.42:1073
G_0.45 (pH=14.0)

Gelatin 10.0 0.0030 10.0026 + 0.0021 0.0030 £ 6.36:1077
DBU 0.685 0.0045 0.6880 + 0.0052 0.0045 + 3.44-10°
1,4-BDDA 0.891 0.0045 0.8980 + 0.0085 0.0045 + 4.28-10°
Water 50.0 27777 50.0080 + 0.0012 2.7782 £ 6.68:10°

Results are shown as mean (n = 2) followed by + standard deviation (SD);
Parameters: Weightthcorctical and Weightrcal (g), Niheoretical AN Nreal (mOl),
Source: Author (2023).
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After the reaction time, a purification step was carried out by adding 500 mL of
hot distilled water at 50 °C to the reactor to solubilize unreacted gelatin and to remove
DBU and crosslinker excesses. This solution was filtered through a stainless-steel sieve
(d = 80 mm) and hydrogels were transferred again to the reaction flask. This step was
repeated once again by adding 500 mL of hot distilled water at 50 °C under magnetic
stirring at 200 rpm and followed by sieve filtration. Finally, the purified hydrogels were
frozen at -80 °C and submitted to freeze-drying (L101, Liotop, Brazil) for 48 h. Then, the
final product was stored in a desiccator until further use.

The flowchart containing the synthesis (step-by-step) of the chemically

crosslinked gelatin hydrogels is shown in Figure 20.

Figure 20 — Flowchart of chemically crosslinked gelatin hydrogels synthesis.
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3.1.6 Swelling Ratio (SR)

The equilibrium water content of the hydrogels was defined as the weight ratio
of water content to dried hydrogels. To evaluate the SR of gelatin hydrogels,
approximately 30 mg of dried hydrogels were soaked into distilled water for 72 h at 37
°C. After that, hydrogels were removed from distilled water, placed between two pieces
of dried filter paper to remove water excess, and then weighed (wy). The swelling ratio of

hydrogels were determined according to Equation (25).

, , Ws — Wq
Swelling Ratio (%) = (w—) x 100 (25)
d
In which wy is the in g and wy is the dry weight of hydrogel in g;

3.1.7 Insoluble fraction evaluation

The insoluble fraction of the hydrogels was estimated according to the
methodology proposed by Bukhari et al. (2015) & Suhail et al. (2021) with some
modifications. Since crosslinked polymers must not be soluble in any solvent, the
purification process after crosslinking removes non-reacted and non-crosslinked (soluble
fraction, Equation 26) components from hydrogels.

Then, after purification and swelling experiments, the swelled hydrogels were
weighed and submitted to drying in a vacuum oven at 37 °C for 72 h (same time of
swelling experiments) and a constant weight (w;) was reached (when the total water
content was removed). Subsequently, samples were weighed once again. Analyses were
carried out in sextuplicate, and mean values and standard deviations were also calculated.

Finally, the hydrogel’s insoluble fraction was determined by Equation (27).

Wo — W;

Sol fraction (%) = ( ) %x 100 (26)

Wo
Insoluble fraction (%) = 100 — Sol fraction (27)

In which wy and w; is the initial hydrogel weight before and after extraction process,

respectively, in g.
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3.1.8 Polymer density by helium picnometry

Gas pycnometry is a non-destructive and inert method to determine sample
volume, specific volume, and real specific mass (true density) of materials. This method
is based on Arquimedes principle of fluid flow. For that, these parameters of freeze-dried
neat gelatin and freeze-dried hydrogels were determined in one cycle consisted of 10
measurements to obtain an average density and volume by He-picnometry as proposed
by Andrade (2015) and Billiet et al. (2013) using a pycnometer (Accu Pyc II 1340,
Micromeritics Instrument Corporation, Norcross, USA). The parameters were obtained
from the equipment by adding a known sample mass (1 g) into equipment cylinder and
helium was injected at constant temperature (25 °C) until equipment pressure equilibrate.

Results were presented in the Table 23, Appendix A.

3.1.9 Analysis of the network structure by Flory-Rehner theory

The Flory-Rehner theory was also used to evaluate the network crosslinking
based on swelling experiments (after 72 h, at 37 °C) and parameters such as equilibrium
polymer swollen (Q,,), polymer volume fraction (v, s), Flory-Huggins interact parameter
or Chi parameter (), molecular weight between crosslinks (M), crosslinking density (q),
shear modulus (G), Flory’s characteristic ratio (C,, or Cy,), unperturbed end-to-end chain
distance (152)1/?, elongation factor (a) and the network mesh size () were obtained from
the calculated parameters of Flory-Rehner Equations (Equations 4 to 19) presented in the
previously topics.

For the estimation, it was required a set of information about the system that was
obtained either from previous analyses or the literature, the polymer density (pgeiain = 1.34
g-cm?) by pycnometer data, solvent density (psomens = 1.0 g:cm™) as suggest by USGS
(2018), swelling ratio (SR) values at 72 h, average molecular weight of gelatin before
crosslinking (M,, =471,278 g':mol!) by GPC, molar volume of water (V/; = 18.01 mL-mol’
1) as proposed by Vigata et al. (2021) and the specific volume of gelatin (7 = 0.7486
mL-g!) by pycnometer data. The molecular weight of the repeat unit (M,.) was considered
as the average molecular weight of the amino acid composition and it was used as equal
to 91.91 g'mol! for porcine type A gelatin (bloom ~300) as reported by Vigata et al.
(2021) and Gilchrist et al. (2019).
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The Flory’s characteristic ratio (C,, or C.) was calculated according to Equation
(17) as proposed by Ma et al. (2013) and was estimated to be equal to 7.8193.

For the root-mean-square end-to-end distance of the polymer chains between
two adjacent crosslinks (1,2)"/?, the factor used is equal to 3 because the repetitive unit
already consists of 2 bonds (1,4-BDDA) instead of 1 like for vinyl polymers as proposed
by Ma et al. (2013).

The calculated amino acid bond length (/= 1.44 A) was determined by Equation
(28) as reported by Osetrov, Uspenskaya and Sitnikova (2021) and Ma et al. (2013). The
segment length (I5) is equal to 4.32 A obtained by Equation (29) according to Mark,
(1999) and Berg & Tymoczko (2018). The persistence length (,,) estimated to be equal
to 20 as proposed by Mark, (1999) and Berg & Tymoczko (2018).

- 1.53A + 1474 + 1.32A

3 (28)

l,=153A + 1.47A + 1324 (29)

3.1.10 Fourier transform infrared (FTIR) spectroscopy

The neat gelatin and gelatin hydrogels samples were analyzed by FTIR
spectroscopy using the ATR (attenuated total reflection) mode with a ZnSe crystal as
proposed by Kumar et al. (2020). Freeze-dried neat gelatin was chosen as polymer
reference and all spectra were recorded in a range of 4000 — 650 cm™! with 32 scans using
the spectrophotometer Cary 660 FTIR, Agilent Technologies, USA. Finally, the obtained
data were normalized in relation to amide I with peak located at around 1635 cm™ as
proposed by ZachariaSova et al. (2019), using Origin 9.0 software and the vibration bands

were associated with the principal chemical groups.

3.1.11 X-ray diffraction (XRD)

To evaluate the influence of crosslinking on the solid-state structure, XRD was
carried out in the freeze-dried neat gelatin and in the freeze-dried hydrogels, as proposed
by Kulkarni et al. (2021), Al Islam et al. (2016) and Swaroop et al. (2019). Then, freeze-

dried samples in the form of milled powders were subjected to XRD analysis at room
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temperature with a step size of 0.05, velocity = 5°min™! and 20 = 5 — 45° using the
diffractometer MiniFlex600 XRD, Rigaku, Auburn Hills, Texas, USA. The obtained data

were treated with smoothing and plotted using Origin 9.0 software.

3.1.12 Thermal analyses (TGA & DSC)

Thermal analyses of pure gelatin and synthesized hydrogels were performed by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) in a STA
449-F3 Jupiter equipment and samples (freeze-dried neat gelatin and crosslinked
hydrogels) with approximately 10 mg each were heated from 25 up to 700 °C with a
heating rate of 10 °C-min™' under N purge of 20 mL-min™! using a hermetic aluminum
pan as proposed by Gonzalez et al. (2015) and Al Islam et al. (2016). For the DSC curves
obtained from this approach, the thermal history of samples was not erased. Additionally,
DSC analysis was also carried out in a calorimeter (Jade-DSC, Perkin Elmer 600, USA)
using a hermetic aluminum pan, approximately 5 mg of freeze-dried gelatin and
crosslinked hydrogels were heated with a first heating ramp from -30 to 100 °C at 10
°C-min’! and cooling ramp at -5 °C-min’'. Subsequently, the second heating ramp from -
30 to 220 °C at 5 °C-min’! and cooling ramp at -5 °C-min"! under N, atmosphere of with
a 20 mL-min"! flow was carried out as proposed by Kumar et al. (2020). The thermal

history of samples was erased in the first cycle.

3.1.13 Synthesis of crosslinked gelatin nanoparticles

Chemically crosslinked GNPs were synthesized via interfacial aza-Michael
addition reaction in inverse miniemulsion with three distinct crosslinker concentrations
in relation to the free primary amino groups of gelatin (1:1.2, 1:4 and 1:8 mmol of
NH2:mmol of crosslinker), according to the scheme presented in Figure 22. The dispersed
aqueous phase was prepared by dissolving gelatin (0.2025 g) and DBU (0.0407 g) in a
0.15 M NaCl aqueous solution (1.0262 g). In sequence, the continuous organic phase (1)
consisting of PGPR (0.1267 g), and cyclohexane (7.5 g) was added to the aqueous phase
and was stirred magnetically at 100 rpm for 1 h. The pre-emulsion (macroemulsion) was
homogenized by sonication using a sonicator (Sonic Dismembrator model 500, Fisher
Scientific) for 3 min at 40 % amplitude intensity with pulse cycles of 20 s sonication and

10 s pauses in a 25 mL beaker under ice cooling bath. Afterwards, a second continuous
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organic phase (organic phase 2) containing the crosslinker, 1,4-BDDA (0.01, 0.05 or 0.1
g), cyclohexane (2.5 g) and PGPR (0.015 g) was dripped in the miniemulsion, mixed for
15 s under magnetic stirring without temperature, and followed by another sonication step
at the same previously conditions (time: 3 min, amplitude: 40 % and pulses: 20 s ON and
10 s OFF in a 25 mL beaker under ice cooling bath) and reaction proceeded for 24 h at
50 °C. Subsequently, 6 mL of cyclohexane was added to the latex followed by evaporation
at 25 °C for approximately 24 h, this process was carried out twice (total evaporation time
~ 48 h). This solvent evaporation step was followed either by GNPs redispersion in SDS
(0.3 wt.%) aqueous solution or by dual curing photopolymerization. When used,
doxorubicin (1.5 wt.% to monomer) was added in the dispersed aqueous phase.

The general methodology for the preparation of pure GNPs and DOX-loaded are
represented in the schemes of Figures 21 and 22. The formulations for the pure GNPs
(G_0.01; G_0.05 and G_0.1) and DOX-loaded GNPs (DOXG_0.01; DOXG_0.05 and
DOXG_0.1) synthesis with different crosslinker concentrations are presented in Tables 4
and 5, respectively. All reactants were added in weight (g) and results are shown as mean

(n =2) followed by =+ standard deviation (SD).

Figure 21 — Scheme of pure GNPs prepare via inverse miniemulsion.
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Table 4 — Formulations of inverse miniemulsion for pure GNPs.

Weight . Weightreal
Clgheoretiesl ™ 0,015 1,4-BDDA__ 0.05 g 1,4-BDDA__ 0.1 g 1,4-BDDA
Organic phase 1
Cyclohexane 7.5 7.5058 +0.0008 7.5085 £ 0.0049 7.5072 £ 0.0069
PGPR 0.1267 0.1266 = 0.0001 0.1267 £0.0001 0.1267 £ 0.0002
Organic phase 2
Cyclohexane 2.5 2.5079 £ 0.0081 2.5056 £0.0014 2.5210£0.0019
0.01
or
1,4-BDDA 0.05 0.0109 = 0.0001 0.0525 £ 0.0007 0.1011 £ 0.0002
or
0.1
PGPR 0.015 0.0152 £ 0.0002 0.0153 £0.0002 0.0154 £ 0.0002
Aqueous phase
Gelatin 0.2025 0.2026 = 0.0002 0.2026 =+ 0.0000 0.2026 + 0.0002
DBU 0.0407 0.0406 £ 0.0003 0.0409 £ 0.0001 0.0407 £ 0.0001
NaCl(aq) 0.15 M 1.0262 1.0262 £ 0.0002 1.0264 +0.0001 1.0262 £+ 0.0001

Formulations: Doxorubicin Gelatin Crosslinker concentration, (G_0.01; G_0.05; G_0.1);

Source: Author (2023).

Figure 22 — Scheme of GNPs-DOX loaded prepare via inverse miniemulsion.
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Table 5 — Formulations of inverse miniemulsion for crosslinked DOX-loaded GNPs.

Weight . Weightreal
Clmeoretiesl "0 01 g 1,4-BDDA_ 0.05g 1,4-BDDA___ 0.1 g 1,4-BDDA
Organic phase 1
Cyclohexane 7.5 7.5062 £ 0.0071 7.5131 £0.0071 7.5209 £ 0.0161
PGPR 0.1267 0.1267 £ 0.0002 0.1268 £ 0.0071 0.1268 £ 0.0002
Organic phase 2
Cyclohexane 2.5 2.5076 + 0.0038 2.5063 +0.0072 2.5036 + 0.0021
0.01
or
1,4-BDDA 0.05 0.0105 £ 0.0008 0.0530+£0.0014 0.1013 £0.0001
or
0.1
PGPR 0.015 0.0152 £ 0.0001 0.0152 £ 0.0001 0.0151 £ 0.0002
Aqueous phase
Gelatin 0.2025 0.2023 £ 0.0002 0.2026 + 0.0003 0.2026 £ 0.0005
DBU 0.0407 0.0409 £ 0.0001 0.0407 £ 0.0001 0.0409 £ 0.0006
DOX (1.5%) 0.0030 0.0032 £ 0.0001 0.0033 £ 0.0002 0.0031 £ 0.0001
NaClg) 0.15 M 1.0262 1.0263 £ 0.0002 1.0262 £ 0.0001 1.0264 £ 0.0004

Formulations: Doxorubicin Gelatin_Crosslinker weight (DOXG_0.01; DOXG_0.05; DOXG_0.1);
Source: Author (2023).

3.1.14 GNPs prepared via free radical photopolymerization and photo-crosslinking
reactions

As supported by Baseer et al. (2019), some of free e-amino groups may be not
free at GNPs surface but rather spatially oriented to within nanoparticle, which can reduce
their availability to crosslinking at interface. To circumvent that, a dual curing
photopolymerization and/or photo-crosslinking approach was applied to improve
crosslinking density of the GNPs. In addition, as mentioned by Llorente et al. (2021) and
Lang et al. (2022), the photopolymerization reactions are a suitable approach in
crosslinking reactions with acrylates groups because they are highly reactive and the
reaction occurs rapidly and, they can homopolymerize producing high molecular weight
polymers and promoting the improvement of crosslinking density (q).

To prepare photo-crosslinked GNPs, the procedure used to prepare inverse
miniemulsion was kept the same. The general methodology for the preparation of
photopolymerized GNPs and photopolymerized GNPs DOX-loaded via interfacial

crosslinking in inverse miniemulsion is represented in the scheme of Figure 23.
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Figure 23 — Scheme of photo-cured GNPs-DOX loaded prepare.
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After GNPs crosslinking by interfacial aza-Michael addition reaction, the latexes
were submitted to a photo-curing according to a methodology adapted from Liu et al.
(2013). For that, a DMPA solution was added dropwise into the latex, in a concentration
of 2 wt.% in relation to gelatin, to react with the residual acrylate groups of the
crosslinking agent that did not undergo aza-Michael addition previously used to crosslink
the GNPs. The photoinitiator (DMPA) solution was prepared by dissolving 4.05 mg of
DMPA in 0.5 mL of cyclohexane in a N> purged glass vial in the dark and this solution

was stirred for 5 min. The free radical photo-curing reactions were carried out in a pre-
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heated UV chamber (~ 40 °C) with power output of 4.13 mW-cm™ for 15 min in an open
glass vial, under magnetic stirring at 200 rpm. Additionally, to evaluate the photo-curing
efficiency in the free amine’s consumption, the modification degree (DM) of the photo-
cured GNPs was estimated by TNBS essay after latex purification and drying. When used,
DOX (1.5 wt.% to monomer) was added in aqueous phase.

The formulations of the inverse miniemulsions for photo-cured GNPs
(PHG_0.01; PHG_0.05 and PHG_0.1) DOX-loaded  GNPs
(PHDOXG_0.01; PHDOXG_0.05 and PHDOXG_0.1) synthesis with different crosslinker

and  photo-cured

concentrations are presented in Tables 6 and 7, respectively. All reactants were added in

weight (g) and results are shown as mean (n = 2) followed by + standard deviation (SD).

Table 6 — Formulations for crosslinked photo-cured GNPs.
Weightreal

B et 0.01 g14-BDDA  0.05g1,4-BDDA 0.1 g1,4-BDDA
Organic phase 1
Cyclohexane 7.5 7.5053 +0.0001 7.5054 + 0.0002 7.5041 £ 0.0026
PGPR 0.1267 0.1267 £ 0.0001 0.1266 + 0.0001 0.1267 +0.0001
Organic phase 2
Cyclohexane 2.5 2.5185+0.0192 2.5084 £ 0.0040 2.5171 £0.0212
0.01
or
1,4-BDDA 0.05 0.0120 + 0.0006 0.0520 £0.0014 0.1011 £0.0011
or
0.1
PGPR 0.015 0.0152 £ 0.0001 0.0151 +0.0001 0.0152 +0.0001
Aqueous phase
Gelatin 0.2025 0.2026 + 0.0001 0.2026 + 0.0001 0.2026 + 0.0001
DBU 0.0407 0.0408 + 0.0001 0.0408 + 0.0001 0.0407 + 0.0001
NaCl@g) 0.15 M 1.0262 1.0263 + 0.0002 1.0263 +0.0001 1.0263 +0.0001

2PP (two photon polymerization)

DMPA (2%)

0.0020

0.0024 + 0.0005

0.0022 +0.0001

0.0022 + 0.0003

Formulations: Photo-cured Gelatin_Crosslinker weight (PHG_0.01; PHG_0.05; PHG_0.1);

Source: Author (2023).
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Weight . Weightreal
EMftheoretil ™0 01 g 1,4-BDDA_ 0.05g 1,4-BDDA__ 0.1 g 1,4-BDDA

Organic phase 1
Cyclohexane 7.5 7.5037 £0.0021 7.5042 £0.0018 7.5107 £ 0.0080
PGPR 0.1267 0.1267 £ 0.0001 0.1268 £ 0.0001 0.1267 £0.0001
Organic phase 2
Cyclohexane 2.5 2.5121£0.0163 2.5031 +0.0029 2.5123£0.0123

0.01
1,4-BDDA 0.05 0.0115 £ 0.0007 0.0515 £ 0.0007 0.1015 £ 0.0007

0.1
PGPR 0.015 0.0152 +0.0001 0.0151 £ 0.0001 0.0152 £ 0.0001
Aqueous phase
Gelatin 0.2025 0.2026 = 0.0001 0.2026 + 0.0001 0.2026 + 0.0001
DBU 0.0407 0.0407 = 0.0001 0.0407 £ 0.0001 0.0407 £ 0.0001
NaCl@g) 0.15 M 1.0262 1.0263 = 0.0001 1.0262 £ 0.0001 1.0262 £ 0.0001
DOX (1.5%) 0.0030 0.0031 £ 0.0001 0.0031 £ 0.0001 0.0033 £ 0.0002

2PP (two photon polymerization)

0.0020

0.0021 £+ 0.0001

0.0023 £ 0.0001

0.0026 £ 0.0004

DMPA (2%)

Formulations: Photo-cured DOX Gelatin_Crosslinker weight
(PHDOXG_0.01; PHDOXG_0.05; PHDOXG_0.1);
Source: Author (2023).

3.1.15 GNPs Redispersion

Nanoparticles were transferred to the aqueous phase according to the
methodology proposed by Peres et al. (2018) and Steinmacher et al. (2017) with some
modifications. The redispersion was carried out by adding 0.5 mL of purified GNPs
dispersions into 1.5 mL of an aqueous SDS solution (0.3 wt.%). Samples were then stirred
overnight at 100 rpm and at room temperature to completely remove cyclohexane excess
by evaporation. Subsequently, the particle size and PDI were immediately measured via
DLS by transferring 0.25 uL of redispersed GNPs to a glass cuvette containing 1.5 mL of
distilled water using a Nanosizer (Malvern Instruments GmbH, U.K) and the

measurements were conducted at 25 °C.

3.1.16 Zeta potential ({)

Colloidal stability was indirectly evaluated by measuring the superficial charge
density of GNPs according to the methodology proposed by Baseer et al. (2019); Cordeiro

et al. (2021) with some modifications. For that, the zeta potential was determined by
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electrophoretic light scattering (ELS) with a Zetasizer (Malvern Instruments GmbH,
U.K). The pH-dependence of GNPs stability was evaluated by performing studies at
different pH (5.0, 6.5 and 7.4) using distilled water or PBS solutions as solvent. To
evaluate the charge behavior at low pH values, a preliminary study was also conducted at
the same conditions with PBS at pH 3.0. Subsequently the GNPs redispersion, 25 pL of
redispersed GNPs were resuspended in 1.5 mL of distilled water or PBS solutions in an
Eppendorf tube. The resulting samples were used for zeta potential measurements at 37
°C, after two minutes of sample-equipment equilibration, at a scattering angle of 173°
using the following parameters for the system, water refractive index (R.I. = 1.333); water
dielectric constant (k = 74.83); water viscosity (¢ = 0.6965 cP) and gelatin coefficient
attenuator (o = 0.010). All experiments were carried out in duplicate and the mean values

and standard deviations were calculated from each measurement in triplicate.

Morphology and particle size
3.1.17 Particle size (D,) and polydispersity index (PDI)

The intensity average nanoparticles diameter (D, ) and the polydispersity index
(PDI) were determined by dynamic light scattering (DLS). To access the droplet and
nanoparticle size, an aliquot of 0.25 pL of inverse miniemulsion or latex was transferred
to a glass cuvette containing 1.5 mL of cyclohexane, in the beginning (droplet) and at the
end of polymerization reactions (particle) and readings were recorded at 25 °C in triplicate
at an angle of 173° using a Nanosizer (Malvern Instruments GmbH, U.K). The size of
redispersed nanoparticles in distilled water was measured at the same conditions used to
cyclohexane, however, the solvent parameters as refractive index and viscosity were
changed suitably in equipment software for both solvents. Refractive index and viscosity
of cyclohexane (R.I. = 1.423 and x4 = 0.8920 cP) and water (R.I. = 1.330 and u« = 0.8872
cP) both at 25 °C, were used in the measurements, respectively. The refractive index of

gelatin applied (R.I. = 1.59) is based on the polystyrene protein standard.

3.1.18 Microscopy analyses

Morphology and particle size of the redispersed DOX-unloaded GNPs were
evaluated by Transmission Electron Microscopy (TEM) at 100 kV as proposed by
Cordeiro et al. (2021). Then, 5 pL of dispersion (0.1% solids content) was dripped on a
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carbon-coated copper grid (300 mesh) and dried for 48 h at room temperature.
Subsequently, samples were stained with 2% of uranyl acetate for 10 min in a dark room
environment and the uranyl acetate excess was removed with a filter paper and grid were
again submitted to dry for more 48 h at room temperature in a dark environment. Finally,
TEM images were accessed by an electronic microscope (TEM, JEOL JEM-1011,
Peabody, USA) and image captures were made in a representative sample content.

In addition, in order to evaluate the morphology and the effective drug
encapsulation (incorporation or accumulation of the hydrophilic drug) after five days of
GNPs redispersion in water, the doxorubicin fluorescence at 480 nm in the inner core was
measured and used as the encapsulation indicative of the drug model, for that fluorescence
microscopy measurements were carried out with objective lenses at 20 and 40X of
magnification using an optical microscope (Olympus, BX41) equipped with a fluorescent
lamp and using the suitable filters for this evaluation. Then, the images were captured by
Q-capture Pro 5.1 Q-imaging® software. To the same objective, the confocal laser
scanning microscopy (CLSM) was also carried out in photopolymerized DOX-GNPs
after five days of GNPs redispersion in water with excitation and emission wavelengths
at 470 and 585 nm (FAN et al., 2018; KAUFFMAN et al., 2016; LIU et al., 2013),
respectively, using a confocal microscope (Leica Microsystems, TCS SP5/DMI 6000,
Illinois, USA) equipped with a fluorescent lamp using the suitable filter for evaluation
and images were captured by LAS AF Lite software. In the optical and confocal cases,
analysis was carried out after five days of aqueous redispersion to promote the swelling

of GNPs (size increase) allowing their identification.

3.1.19 Encapsulation efficiency (EE)

For the encapsulation efficiency (EE, %) estimation, the methodology proposed
by Cordeiro et al. (2020), Huang et al. (2020) and Peres et al. (2018) was used with some
modifications. The blank was prepared by centrifuging the GNPs dispersed in
cyclohexane (without DOX) twice for 30 min at 3,500 rpm (Mini Spin Plus, Eppendorf,
Hamburg, Germany) to purify the inverse miniemulsion and separate the solid phase from
the liquid phase. The clear supernatant solution was removed, and absorbance was
determined at room temperature in a 96-well microplate reader (Biotek® — EPOCHH-

SN, Agilent Technologies, Santa Clara, USA) at 480 nm. For all experiments containing
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DOX-loaded GNPs, the procedure as kept the same. Subsequently, the absorbance was
compared to a prepared DOX calibration curve, Figure (24) and applied to Equation (30).

EE (%) = (%) x 100 (30)

f
In which w, (ug'mL) is the total doxorubicin concentration at the beginning of the
process and wy (ug'mL™) is the concentration of supernatant (nonencapsulated)

doxorubicin.

3.1.20 DOX calibration curve

The mean absorbance of the model drug (DOX) at different concentrations was
plotted to form a calibration curve. The DOX calibration curve (Figure 24, y = 0.002-X—
0.0011 and R?>=0.9978) in the dilutions range of (0.5 to 55 ug'mL') was prepared in the
dark with distilled water, in duplicate. Samples were read at 480 nm as proposed by Peres
et al. (2018) using a 96-well microplate reader (Biotek® — EPOCHH-SN, Agilent
Technologies, Santa Clara, USA). This curve was used as reference to encapsulation

efficiency studies.

Figure 24 — Doxorubicin calibration curve.
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3.1.21 Statistical Analysis

The results were treated with Microsoft Excel (Office, 2019), Origin 9.1 and
STATISTICA 7.0. The Shapiro-Wilk test was applied to verify the data normality and
they were submitted to ANOVA (variance analysis) at significance level of 95% with (p-
value < 0.05) to evaluate the significantly statistics differences between the means and to
the Tukey test to evaluate the mainly differences. Conversely, data that did not present
normality were submitted to Kruskal-Wallis ANOVA test and median test. Afterwards,
were submitted to multiple comparisons of mean ranks with (p-value < 0.05 or p-value <

0.10).
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4RESULTS AND DISCUSSION

4.1 GELATIN AND HYDROGELS CHARACTERIZATION

4.1.1 Gelatin Molecular weight (M,,) evaluation

Molecular weight averages and molecular weight distribution of neat, freeze-
dried gelatin were assessed by two different techniques gel permeation chromatography
(GPC) and light scattering (LS). Number and weight average molecular weights (M,, and
M,,) and dispersity (D) determined by GPC are presented in Table 8.

Table 8 — Average molecular weights (M,, and M,,)) and dispersity (D) of gelatin

determined by GPC.
Sample Peak M, (g'rmol?) M,, (g'mol?) )
1 471,278 539,127 1.144
Gelatin
2 28,303 271,203 2.516

Source: Author (2023).

The estimated gelatin molecular weight (M,,) and polydispersity (D) are in
accordance with values reported in literature for porcine type A gelatin. The results found
for the first peak showed a narrow and monodisperse distribution while the second peak
presents a broad and polydisperse distribution (MALVERN, 2017°). Generally, the
molecular weight distribution of gelatins is bimodal and the first elution peak is related
to the portions of y-chain (higher M,,) and the second to the portions of B-chain (lower
M,,), as found here and in the works carried out by Haema et al. (2014), Meyer &
Morgenstern (2003) and Peng, Martineau & Shek (2008).

Haema et al. (2014) reported values of M,, = 83,000 kDa, M,, = 157,000 kDa
and B = 1.8 for porcine type A gelatin (Sigma Aldrich) using the GPC/SEC technique
and calibration with polyethylene oxide (PEO) standard as in the present study.

Meyer & Morgenstern (2003) evaluated samples of type B gelatin and acid
soluble collagen (ACS) via SEC-MALS (size exclusion chromatography coupled to a
multi-angle light scattering) and detected that around 8% of the fractions of gelatin
presented M,, > 300 kg-mol™. The authors also reported that larger gelatin molecules in
the sample may be due to the incomplete disintegration of collagen fibrils that may be

covalently crosslinked with molecules derived from collagen itself and which were not
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cleaved during hydrolysis to produce gelatin. As mentioned by these authors, even with
a very broad molecular weight distribution, the higher molecular weight components (M,,,
> 500 kg'mol ) were not separated and were eluted in the void volume, and parts of lower
molecular components were also not separated by the column and the scattering intensity
of small gelatin molecules (M,, < 20 kg:mol™!) was too low to calculate with sufficient
accuracy.

As reported by Herrick, Marziarz & Liu (2018) the SEC technique is suitable for
analyzing polypeptides and low molecular weight gelatin molecules when low molecular
weight standards are used, however, in the region of ultra-high molecular weight (= 10°
Da), SEC has a poor resolution because of the total size limit of packed columns being
commonly coupled to other detection systems e.g., FFF (Field Flow Fractionation) and
AFIFFF-MALS (4Asymmetrical Flow Field Flow Fractionation coupled to an Ultraviolet
and Multi Angle Light Scattering). Commonly, the reported values for molecular weight
distribution of type A and B gelatins from SEC are in the order of 10 and 400 kDa, but
values above (= 10° Da) are also reported and commonly referred to as “microgels”.

In addition, the weight average molecular weight was also estimated by static
light scattering (SLS), in triplicate, via linear adjustment (y = 3.69523-X + 0.0018 and R’
= 0.9895) to the Rayleigh Equation, Equation (19). Molecular weight was found to be in
the range of 543,478 + 5,810 kDa and the 2™ virial’s coefficient equal to 0.0018 +
1.72:10* mL-mol-min’!, as presented in Figure 41, Appendix A.

The second virial coefficient ( A, ), a temperature-dependent parameter,
determines the solution nonideality, which is close to an ideal solution in a wide range of
concentrations when A, = 0. This occurs when the entropy of mixing compensates
repulsive polymer—solvent interactions or attractive polymer—polymer interactions. In
this context, the second virial coefficient represents deviations from ideality caused by
interactions between two molecules (TERAOKA, 2002; pg. 79). Herein, the value of the
second virial coefficient found at 50 °C, suggests a proximity to an ideal solution and a
suitable polymer-solvent (gelatin-water) interaction for being nearly to zero.

Molecular weight results from both techniques presented a fair agreement with
each other. Moreover, SLS is considered an absolute method and has shown to be a
reliable and useful tool for characterizing the molecular weight of proteins. On the other
hand, the M,, and, consequently, the PDI cannot be estimated by SLS as they can be by
GPC, which in turn has the limitation of being a relative method based on calibration

standard.
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However, as mentioned by Duthen et al. (2018), these approaches may have
some limitations in detection and could over or underestimate the real molecular weight
of complex aqueous polymers, to render more accurate estimations SLS (or MALS)
detector is commonly coupled to a GPC equipment or using other techniques such as the
ASFIFFF-UV/MALS (Asymmetrical Flow Field Flow Fractionation coupled to an
Ultraviolet and Multi Angle Light Scattering), which proved to be more sensitive
approaches in the detection of gelatins molecular weights, presenting values over 1-10’

g'mol™.

4.1.2 Synthesis of covalently crosslinked gelatin hydrogels in solution

The synthesis of the PBAEs gelatin-based hydrogels was carried out by a one-
pot aza-Michael addition reaction of the free primary amino groups (+ 0.305 mmol of
lysine-geelatin') and, subsequently, the secondary amines from gelatin chain and the
secondary amines (N-H) formed after the addition to acrylate groups of 1,4-butanediol
diacrylate (crosslinker). According to Billiet et al. (2013), in addition to lysine, other free
amino groups from gelatin as hydroxylysine and ornithine can also covalently react with
carbonyls to form amides or unsaturated bonds to form crosslinked networks. The
crosslinking reaction takes place quickly (+ 2 h), being possible to visualize the gel
formation inside the reactor. However, it was decided to continue for a period of 24 h to
ensure that reaction was complete. This statement corroborates the results reported by
Billiet et al. (2013) and Nichol et al. (201) during the synthesis of acrylated and
methacrylated gelatin hydrogels, with a maximum reaction time of 1 h under conditions
like those used in this work.

In addition, and considering the studies conducted by Shooshtari & Van de Mark
(2001*") and Mallik & Das (1960) on 1,4-addition reactions mechanisms for primary and
secondary amines with acrylic and diacrylic esters, it was proposed a concerted
mechanism as described by Shooshtari & Van de Mark (2001?) and shown in the scheme
of Figures 25 and 26. After nucleophilic attack by amines, the first step consists of a
proton transfer (a), and followed by formation of a stable intermediate compound (b),
forming the covalently crosslinked gelatin hydrogel (Figure 26). However, even the
concerted mechanism being widely accepted, as reported, and proposed by Mallik & Das
(1960) and Bernasconi (1989), concomitantly ionic mechanisms and formation of

intermediate zwitterionic compounds throughout the reaction may also occur.
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Figure 25 — Concerted mechanism for the synthesis of covalently crosslinked gelatin
hydrogels.
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Figure 26 — Representation of the covalently crosslinked gelatin hydrogel.
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A similar approach was performed by Arslan (2020) during the covalently
crosslinked gelatin hydrogels preparation for the use in biomedical applications. The
author used an acrylated B-cyclodextrin as crosslinker agent to successfully crosslink
gelatin using DBU as catalyst through of aza-Michael addition reaction for diclofenac
sodium salt encapsulation.

Furthermore, it is worth mentioning that, in this work, we proved another
important evidence reported in literature concerned to the reactivity of vinylic
compounds. Initially, an attempt was made to crosslinking gelatin with ethylene glycol
dimethacrylate (EGDMA) under the same reaction conditions as the hydrogels
crosslinked with 1,4-BDDA were (20% w/v to solvent and equal concentration of mmol
DBU to mmol EGDMA). The main difference between these crosslinkers is the presence
of methyl group in the EGDMA acrylic groups that makes it more hindered and more
hydrophobic than 1,4-BDDA.
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In addition to aza-Michael reaction (a), other attempts with different
mechanisms were carried out (all these formulations are presented in Table 22, Appendix
A) to promote gelatin crosslinking with EGDMA, such as:

a) aza-Michael addition in solution at 50 °C for 24 h;

b) aza-Michael addition in solution at 50 °C for 24 h, followed by free radical
polymerization using potassium persulfate (KPS) as thermal initiator (2%
Winitiator/ Wmonomer) at 70 °C for 24 h;

¢) aza-Michael addition in solution at 50 °C for 24 h, followed by free radical
photopolymerization with 1G2959 (2% Winitiator/Wmonomer) @S photoinitiator under inert
environment (N> purge) at 40 °C for 4 h;

d) aza-Michael addition in solution at 50 °C for 24 h in solution, followed by
free radical photopolymerization with 1G2959 (2% Winitiator/ Wmonomer) 1n the presence of a

hydroxyethylmethacrylate (HEMA) monomer at 40 °C for 4 h under inert environment
(N2 purge).

In Table 9 the reaction conditions are summarized as well as the solubility of

synthesized hydrogels in hot water at 50 °C to evaluate the crosslinking efficiency.

Table 9 — Solubility of hydrogels synthesized using EGDMA as crosslinker.

Solubility in
Sample Reaction conditions
hot water (50 °C)
a) G_ EGDMA Solution polymerization (50 °C, 24 h) Totally soluble
Solution polymerization (50 °C, 24 h)
b) G EGDMA KPS followed by free radical polymerization Totally soluble
(70 °C, 4 h)
Solution polymerization (24 h, 50 °C)
¢) G_ EGDMA 1G2959 followed by free radical Totally soluble
photopolymerization (40 °C, 4 h)
Solution polymerization (24 h, 50 °C)
d) G EGDMA 1G2959 followed by free radical
Partially soluble
HEMA photopolymerization (40 °C, 4 h) with

co-monomer (HEMA)
Source: Author (2023).
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Nonetheless, it was found in all cases, that crosslinking did not occur because
the final polymers obtained were totally soluble in hot water, except for the formulation
(d). However, on contrary to 1,4-BDDA purifications, in all EGDMA tests, solutions
were purified in cool ethanol or acetone to remove the reagents excess since solid
hydrogels were not formed as evidenced in 1,4-BDDA formulations. As found in the
works carried out by Mallik & Das (1960) and Gonzalez et al. (2015), the presence of the
methyl group at the a position of the double bond in the alkyl methacrylates causes a
steric hindrance to nucleophilic attack by amine groups and, consequently, the reduction
of electrophilic character in the addition type reactions. Then, due to this hindrance, the
EGDMA is less reactive (poor Michael acceptor) than 1,4-BDDA in the aza-Michael
addition reactions affinity order which reduces the possibility of binding and,
consequently, the expected crosslinking. For these reasons and from the above tests
carried out, the 1,4-butanediol diacrylate was chosen as crosslinker agent for all
experiments performed and the following characterizations made corresponds to

hydrogels prepared only via aza-Michael addition approach using this crosslinker.

4.1.3 Density and volume by helium pycnometry

The measured gelatin density is in accordance with literature values reported by
Gilchrist et al. (2019), Vigata et al. (2021), Osetrov, Uspenskaya & Sitnikova (2021) and
Xing et al. (2014) with pgeiain = 1.345 g-cm™. For crosslinked hydrogels, the true density
varied from 1.29 up to 1.55 g-cm™ and presented normal distribution by Shapiro-Wilk
test. Statistically, the density and the swelling ratio shown differences between the means
at significance level of 95% (p-value <0.05) by ANOVA and all samples differ from each
other by Tukey’s test as shown in Table 10.

Table 10 — Physical parameters and swelling ratio values.
Sample  (p) — True density (g-cm™) SR - Swelling Ratio (%)

Gelatin 1.34 £ 0.0057% -

G_0.15 1.55 £ 0.0049° 961.67 +32.83%
G_0.30 1.29+£0.0031¢ 1547.20 = 64.42°
G_0.45 1.39 + 0.0048¢ 2563.50 = 60.71¢

Results are shown as mean (n = 10) for density and (n = 6) for swelling followed by + standard
deviation (SD);
Different letters in the same column indicate statistically significant differences between the means
by Tukey’s test at significance level of 95% (p-value < 0.05);
Source: Author (2023).
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The lowest density was found for formulation G_0.30 (1:1) and the highest for
G_0.15 (1:0.5) and G_0.45 (1:1.5) showed an intermediate value. The density values
found are accordingly to those reported by Ofner & Bubnis (1996) for crosslinked gelatin
hydrogels using glutaraldehyde (GTA), with values varying from 1.29 to 1.39 g:cm™.
Additionally, other measured parameters such as volume and specific volume were

presented in Table 23, Appendix A.

4.1.4 Swelling ratio (SR)

The hydrogels total water absorption in percentage (%) was accessed by
measuring the total weight of a soaked hydrogel after 72 h of swelling in water at 37 °C,
Figure 27. In addition, the swelling kinetics were not carried out to avoid weight losses

during weighing and to keep all polymers intact until the equilibrium was achieved.

Figure 27 — Swelling ratio (%) of gelatin hydrogels at 37 °C.
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Results are shown as mean (n = 6) followed by + standard deviation (SD);
Different letters at bars indicate statistically significant differences between the means by Tukey’s test at
significance level of 95% (p-value < 0.05);
Source: Author (2023).
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Moreover, the highest swelling ratio (%), Figure 27, was found for the highest
crosslinker concentration (G_0.45 — 25.64 £ 0.60 gwaterZhydrogel ') and decreases in
decreasing crosslinker concentration order (G_0.30 — 15.47 £ 0.64 gwaterhydrogel | <
G_0.15 — 9.61 £ 0.32 gwaterZhydrogel ). In addition, the means presented statistical
differences at significance level of 95% by ANOVA analysis and all the samples differ
to each other by presenting significantly statistically differences by the Tukey’s test (p-
value <0.05). The statistical differences point the significant effect of varying crosslinker
concentration on the hydrogels swelling. On the other hand, the presence of a greater
amount of crosslinker (SAP — superabsorbent polymer) in the more substituted hydrogels
can also provide to polymer a greater absorbent capacity due to inherent characteristics
of these compounds, such as high-water absorption capacity (WAC), high water retention
even under pressure, ionic sensitivity, flexibility, among others, as previously mentioned
(see Item 2.2 — Literature review).

Additionally, the swelling ratio (SR) increased with the modification degree
(DM) increased. In this sense, the insertion of acrylate moieties from the incomplete
crosslinking can keep the hydrophilic nature of gelatin suggesting a less crosslinked
networks which allows the absorption of a great amount of water, as later confirmed by
the crosslinking density values (q).

For hydrogels, the swelling behavior is an important parameter to evaluate as it
influences solute diffusion, surface properties and mobility, mechanical properties, and
by being intrinsically related to their structural properties, solvent affinity, crosslinking
density, pore size and hydrophilicity, which can affect their entirely applications
(NICHOL et al., 2010; YOON et al., 2016). Based on that, using the crosslinking strategy
via aza-Michael addition reaction, the hydrophilicity of gelatin can be preserved, which
allows high swelling ratio values to be achieved, as found here. Even though some works
in the literature are capable of crosslinking gelatin using the “acrylation” (derivatization)
approach followed by a free radical polymerization, usually, one of the most appealing
characteristics of gelatin is lost, which is the fact that is a highly hydrophilic polymer.

In addition, the notable ability of gelatin of enhancing the swelling ratio of
hydrogels can be found in the work carried out by Treesuppharat et al. (2017), in which,
crosslinked gelatin-bacterial cellulose hydrogels showed great swelling ratios between
400 to 600% of water uptake, even using the high reactive and hydrophobic, GTA as
crosslinker. A similar study to that elaborated here was made by Arslan (2020), the author
reported swelling ratio values between 340 up to 940% for gelatin-based hydrogels
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crosslinked with B-cyclodextrin via Michael addition. In another work conducted by
Yoon and colleagues (2016), when preparing methacrylated fish-skin gelatin hydrogels,
the authors verified a maximum swelling value of approximately 40 with methacrylation
degree of 26.4 £+ 7.5%. On the other hand, when comparing fish and porcine skin gelatins
at polymer concentration of 5% w/v and with high methacrylation degree (91.4 + 3.1%),
swelling ratios of 19.8 + 0.8 and 11.2 + 1.1 were obtained, respectively. In contrast to
Yoon et al. (2016), herein, at polymer concentration of 20% w/w and DM of 26%
(medium substitution) it was obtained a swelling ratio of 15.5 £ 0.64 gwater Shydrogel -
However, the DM is much lower than those reported by authors, mainly due to the more
hydrophobic characteristic of their hydrogels. In the work of Nichol et al. (2010), during
swelling studies of methacrylated hydrogels, the authors reported that at polymer
concentrations of 10 and 15% w/v and low methacrylation degree (19.7 + 0.7%), the
higher swelling ratio found was approximately close to 20. However, similar values were
obtained when using 5% w/v of polymer concentration but with medium methacrylation
degree (53.8 + 0.5%).

It is important to mention that in all cited works, the post photo-crosslinking of
the acrylated or methacrylated hydrogels led to the loss of inherent hydrophilic nature of
gelatin mainly due to the conversion of the polar groups involved in the reactions, into
apolar groups, which turn them more hydrophobic and less propense to absorb water, and
because they were also photo-crosslinked after synthesis which probably contributed for
the lower swelling since hydrogels were more covalently linked. According to
Udayakumar et al. (2021), the solubility, reactivity, absorption, and biodegradability of
natural polymers such as gelatin are determined by the number of polar groups present in
the polymer backbone. In addition, as reported by Khan & Ranjha (2014), due to the
presence of hydrophilic groups in the polymeric chain, high swellings can be achieved
since they can also interact with water forming hydrogens bonds or ionic interactions.

Furthermore, after swelling, all hydrogels displayed a transparent color as found
by Arslan (2020). In addition, as also mentioned by Nichol et al. (2010), swelling can
significantly impact the overall shape of patterned hydrogels as can be observed in this

work, Figure 28.
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Figure 28 — Swelled crosslinked hydrogels (37 °C for 72 h).

Swelling ratio (%)
Source: Author (2023).

4.1.5 Insoluble fraction (%)

The gel-fraction of a hydrogel can be used as qualitative indication for
crosslinking efficiency (BILLIET et al., 2013; CAO et al., 2020). It can be found in
literature several reports which have been estimated the sol-gel fraction of hydrogels
using different type of approaches. To quote, the most used techniques are the Soxhlet
extraction (Bukhari et al. 2015), syringe test — filtration using GPC filter (Tolentino,
2022) or drying after swelling (Billiet et al. 2013 and Cao et al. 2020) which validate to
each other being commonly applied to characterize those fractions.

In this work, it is worth mentioning that for our experiments we have also tried
to determine the insoluble fraction using such cited approaches. A Soxhlet extraction was
carried out for 6 to 8 h using a thimble made of paper filter and cellulose acetate
membrane, but due to losses that occurred during the process, the method failed to render
reproducibility. For the syringe test, attempts using distilled water, DMSO and acetic acid
as solvents were carried out, but the obstruction and clogging of the GPC filter also
difficulted the correct estimation.

Furthermore, from our observations, we considered that true soluble fraction was
removed during hydrogel purification directly after synthesis, since water in excess was
added to solution to remove non-reacted reactants that were still present. In order not to
underestimate or super-estimate results, the total soluble and gel fractions of the
synthesized hydrogels were determined after the swelling experiments followed by drying
in an oven. For that, the remaining fraction was named “insoluble fraction” instead of

“gel-fraction”.
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Then, from these observations, there are presented in Figure 29 the insoluble

fractions (%) obtained after drying swollen samples at 37 °C for 72 h.

Figure 29 — Insoluble fraction (%) of gelatin hydrogels at 37 °C.
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Results are shown as mean (n = 6) followed by + standard deviation (SD);
Different letters at bars indicate significantly statistical differences between the means by Tukey’s test at
significance level of 95% (p-value < 0.05);
Source: Author (2023).

Overall, the use of 20% w/w of gelatin for synthesis provided hydrogels with
insoluble fractions (> 73%) after drying and only G_0.15 and G_0.30 formulation showed
statistically significant differences between the means by Tukey’s test (~8% of difference
in the insoluble fraction). In addition, a slight increase in the insoluble fraction was
observed with increase of crosslinker concentration, however, the residual photoreactive
acrylic groups from the asymmetric aza-Michael additions of the symmetric crosslinker
are rendered wuseful to further increase the insoluble fraction through
photopolymerization, for example.

These results were in accordance with those reported by Billiet et al. (2013)
during gelatin acrylamide and methacrylamide hydrogels synthesized via chemical

derivatization followed by a photo-crosslinking approach, the obtained gel-fraction
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values varied from 79.25 up to 96.92% and were assessed after swelling ratio experiments
(as in the present study), varying the polymer concentration from 5 up to 20%. In other
study conducted by Bukhari et al. (2015), gelatin/acrylic acid hydrogels were prepared
via free radical polymerization using ammonium persulfate as thermal initiator and
ethylene glycol dimethacrylate (EGDMA) as crosslinker, these hydrogels showed an
increase in gel-fractions between 84.4 up to 95.2% measured after Soxhlet extraction and
drying by increasing the reactants concentration.

According to Van Den Bulcke et al. (2000), the insertion of acrylic moieties in
the gelatin chain can preserve its inherent water-soluble characteristic. In addition, as
mentioned by Honarkar & Barikani (2009) and Ono et al. (2000), the observed polymeric
losses can be associated with remained polar functional groups, such as amines and
carboxylic acids, and with a loosely crosslinked network that can fall apart leading to
solubilization after swelling.

An indirect measurement of crosslinking is based on the difference between the
initial and final weight of hydrogels, after purification and freeze-drying processes and
before swelling experiments, since crosslinked hydrogels synthesized are insoluble in any
solvent, the hot water purification process (50 °C) would only remove reactants excess.
However, losses of polymeric mass during the hydrogel removal and purification
processes were evidenced, which could lead to underestimated results. Although, weight
yields after purification, freeze-drying and before insoluble fraction determination were

greater than 20% for all formulations.

4.1.6 Amines consumption assessment by TNBS essay

The total g-amino groups content (mmol of lysine-geeiatin), the modification
extent (X,,,, mmol of lysine*ggelatin') and the modification degree (DM, %) results were
presented in Table 11. Herein, the values obtained for the free primary amines content
was (0.305 £ 0.0065 mmol of lysine-ggelain™') for the type A porcine skin gelatin and were
in accordance with values reported in the literature by Zatorski et al. (2020), Kuijpers et
al. (2000) and Sisso, Boit & Deforest (2020).

Additionally, for all hydrogel’s formulations, the number of mmol of
lysine-ggelatin”!  decreased with increase of crosslinker concentration and presented
significantly statistically differences between the means by Tukey’s test. The values of

modification degree (%) varied between 26.4 + 2.1% for the hydrogels prepared with
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lower (G_0.15), 53.2 + 2.5% with medium (G_0.30), and 62.9 + 3.6% with higher

(G_0.45) crosslinker concentration.

Table 11 — Amine’s consumption evaluation from TNBS essay.

Sample g-amino groups Modification extent (X,,) Modification
mmol of lysine: ggelatin™! mmol of lysine:ggelatin” degree (DM) (%)
Neat gelatin (n =4) 0.305 £ 0.0065* - -
G_0.15(n=3) 0.228 +0.0090° 0.0777 £ 0.0090 26.4+2.1?2
G_0.30 (n=3) 0.144 + 0.0100¢ 0.1610 +0.0100 53.2+2.5°
G_0.45 (n=3) 0.114+0.0141¢ 0.1919 +£0.0141 62.9 +3.6°

Results are shown as mean (n =4 or n = 3) followed by =+ standard deviation (SD);
Different letters at the same column indicate significantly statistical differences between the
means by Tukey’s test at significance level of 95% (p-value < 0.05);

Source: Author (2023).

The modification extent (X,,) and the modification degree (DM) increased with
increase of crosslinker concentration and from ANOVA also presented significant
statistically differences at significance level of 95% (p-value < 0.05) with all formulations
differing to each other by the Tukey’s test. These results indicate the significative effect
of crosslinker molar ratio variation on the consume of free primary amino groups (e-NH,).
However, a slight difference (= 10%) in the DM between formulations (G_0.30) and
(G_0.45) was verified with increasing of crosslinker concentration in 1.5 times (0.30 up
to 0.45 mmol).

As mentioned by Liu et al. (2019) and proved by Shooshtari & Van de Mark
(2001), the structure of poly(B-amino esters) (PBAEs) depends mainly on the reaction
sites (V) occupied in the acrylates (N4) and amines (Np) used in the polymerization.

Herein, it was verified that the excess addition of crosslinker (G_0.45 and
G_0.30) in relation to the e-NH, of gelatin allowed the synthesis of a more substituted
hydrogels in relation to the formulation (G_0.15) prepared with lower crosslinker
concentration. Considering only the e-NH, consumption as an indicator of substitution
and crosslinking, the increase in crosslinker concentration led to a greater consumption
of these groups as indicated by X,,,, presenting the highest DM found. It can be associated
with the more crosslinker reaction sites free (acrylates) and available to react than the
total e-NH, content present (Np >>> N,), making it difficult, for the amine’s interaction
with the same crosslinker molecule as would promote the network closing and the

crosslinking increasing. However, these results are very interesting from the point of view
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of biomedical applications as it allows post-modifications by the presence of pendant
photo-crosslinkable acrylate moieties in the polymeric chain, as can be found in the works
mentioned below.

Even though the following studies have used different approaches to “acrylate”
or “methacrylate” gelatin, close modification/substitution degrees to those found here
were reported. The results found by Nichol and co-workers (2010) during the synthesis
of methacrylated gelatin hydrogels for creating cell-laden microtissues and microfluidic
devices reported methacrylation degrees of 19.7 + 0.7% (for low methacrylation), 53.8 £+
0.5 % (for medium methacrylation) and 81.4% =+ 0.4% (for high methacrylation)
measured by 'H-NMR technique. In another study, during the synthesis of acrylated and
methacrylated gelatin hydrogels for cell-laden constructions, Billiet et al. (2013) reported
substitution degrees of 66 + 1.0% for methacrylated gelatin and 66 + 2.8% for acrylated
gelatin, also measured by 'H-NMR, varying gelatin concentration in the range of 5 up to
20%. In the work conducted by Yoon et al. (2016), were determined the methacrylation
degree of methacrylated gelatin hydrogels for tissue engineering applications through
TNBS essay (as in the present study), obtaining values of 26.4 + 7.5% (for low
methacrylation), 55.9 + 5.3 % (for medium methacrylation) and 91.4% + 3.1% (for high
methacrylation) using 10% of gelatin from fish source.

In addition, although the crosslinker excess in the reaction medium provided a
greater DM, it is a consensus that the number of reaction sites of a primary amine is (Na
= 2) and it can react with two reaction sites of acrylates (N4 = 2). However, the reaction
with secondary amines, such as those from histidine, can also occurs even if it is present
at lower concentrations or possessing lower reactivity than primary ones, leading to
consume the excess of added crosslinker and helping to promote an increase in the DM
or participating of the crosslinking mechanism. Nonetheless, as mentioned by Meyer and
Morgenstern (2003), gelatin has an unequal distribution of amino acids along polypeptide
chain and by that, it is not known for sure (quantitatively) the initial concentration of
secondary amines that are available to react and how many secondary amines actually
formed reacted to form tertiary amines or to crosslink network, since from the TNBS test,
it is possible to quantify only the number of primary amines present and consumed.
Besides all these observations, such hypotheses were not evaluated, quantified, and
considered here. In addition, as mentioned by Gonzalez et al. (2015), the significantly

lower reactivity of the secondary amines formed, and the complex and highly branched
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structure of gelatin can lead to topological restrictions and also reduce the reactivity of
the original secondary amines of polymer.

Thus, based on these results and in addition to variation of crosslinker
concentration, it is possible to infer that the different DM (%) obtained for the gelatin
hydrogels may also be associated with the different concentrations of both secondary
amines (original and formed) present in the gelatin chain and to the accessibility of the
N-H bonds that are effectively found available to react. These results suggest that even
though the modification degree and the modification extent had been determined only
based on free primary amine’s content, those values as well as the crosslinking density

can be higher if secondary amines were correctly accounted.

4.1.7 FTIR analysis

From ATR spectra, Figure 30, it was possible to identify some characteristic
peaks of freeze-dried neat gelatin and in the freeze-dried chemically crosslinked
hydrogels synthesized.

According to several reports, usually, four spectral regions can be identified in
gelatin spectra, such as peaks at 2300-3600 cm™ (Amide-A), 1644-1656 cm™ (Amide 1),
1335-1560 cm™ (Amide II), and 670-1240 cm™' (Amide I1TI) (AKBARZADEGAN et al.,
2021; WANG et al., 2017). The broad peaks observed at 3280, 3286, 3293 and 3295 cm™
Iare attributed to N-H stretch groups (YAO et al., 2019; BUKHARI et al., 2015). The
vibration peaks at 2919, 2930, 2931, 2395 cm™! and at 2850, 2859 and 2873 cm! are
assigned to aliphatic C—H stretches (GRANDE-TOVAR; VALEJO; ZULUAGA, 2018;
KULKARNI et al., 2021; WAN ISHAK et al., 2018). The peaks assigned at 1633 and
1641 cm! are related to (C=0) located in the same region of C-N and N-H bending of
amide [ (KULKARNTI et al., 2021; RATHER et al., 2022; WANG et al., 2017). The peaks
at 1525, 1538, 1544 cm™ are attributed to N-H bending and C—H stretching vibration of
amide II (BILLIET et al., 2013; FAN et al., 2005; GENG et al., 2021 and WANG et al.,
2017). As mentioned by Wang et al. (2017), after the grafting reaction, the formation of
secondary amines results in the shifting of C—N stretching vibration peak to higher wave
numbers, as observed herein.

For amide III, the peaks at 1234, 1238 and 1239 cm™ are attributed to N-H
bending and C-N stretching, while the peaks at 1446, 1442 and 1450 cm™! are associated
to aliphatic C—H bending, respectively (BUKHARI et al., 2015; FAN et al., 2005;
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ROKHADE et al., 2006; WAN ISHAK et al., 2018). The symmetric and asymmetric
bending vibrations of methyl groups were assigned at peaks 1386 (neat gelatin) up to
1388, 1392 and 1398 cm™ (DAS et al., 2017). In addition, the range between 1398 — 1450
cm™ could also be related to the deformation of hydroxyl (—OH) groups from the
carboxylic acid moieties as informed by Grande-Tovar; Valejo & Zuluaga, (2018).
According to Pradini et al. (2018) and Rather et al. (2022) these vibration peaks are the
most useful and beneficial tool for analysis of protein secondary structures in the IR

spectral region.

Figure 30 — FTIR of freeze-dried polymers.
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In all hydrogel’s formulations it is possible to verify the miscibility and the
presence of the non-reacted 1,4-BDDA around 1730 cm’!. The peaks assigned at 1720
(weak), 1727, and 1731 cm™ are associated to (C=0) stretch of a, B-unsaturated esters
and were not verified in the spectrum of the freeze-dried neat gelatin (1718 cm™).

The peaks assigned between 1000 — 1100 cm™ are attributed to C-O and C-O—
O stretching vibrations in carbohydrate residue of collagen and represents amide I in

proteoglycan carbohydrate residues as well as the carboxylic acids of the amino acids’
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groups and of the crosslinker coupled (AKBARZADEGAN et al., 2021; GARCIA-
VAQUERO & MIRZAPOUR-KOUHDASHT, 2023). The C-O ester stretches with
bands of moderate intensity at peaks 1079 cm™ could be overlapped typical stretching
vibration of the C—N bond from amino groups (at 1164 cm™') which did not react with the
1,4-butanediol diacrylate (GRANDE-TOVAR; VALEJO; ZULUAGA, 2018;
TREESUPPHARAT et al., 2017). Furthermore, the peaks at 1164 cm™' were attributed
to the primary amino groups (—NHz) of gelatin, which suffered a progressive slight
reduction with the increase of the DM, suggesting the effective grafting and/or formation
of crosslinked network between gelatin and 1,4-butanediol diacrylate as also proposed by
Grande-Tovar; Valejo & Zuluaga, (2018).

Additionally, another points interesting to note is the fact of these peaks’
occurrence are more pronounced in decreasing order from the higher crosslinker
concentrations to the lower ones (G_0.45 > G_0.30 > G_0.15), suggesting that the 1,4-
butanediol diacrylate coupling being accordingly with TNBS essay which proved that
G_0.45 sample is the most substituted hydrogel (with pendant acrylate moieties).

4.1.8 X-ray diffraction

To evaluate the intrinsic nature of freeze-dried neat gelatin and in the freeze-
dried chemically crosslinked hydrogels, the XRD analyses were carried out and patterns
are shown in Figure 31.

Two characteristic diffraction peaks at 26 = 8° and = 17 — 20° may be found in
the neat gelatin diffractogram, respectively. As reported by Radev et al. (2009) these
peaks reveal that the gelatin structure is essentially amorphous. Nevertheless, according
to Kulkarni et al. (2021) the peak at 20 = 8° is associated to the double helix diameter
and the intensity to the triple helix segments of gelatin. However, in the study conducted
by Al Islam et al. (2016) the authors found this peak sharper at 20 = 7.7°. The peak at 8°
was found only in the neat gelatin sample, suggesting the modification of gelatin structure
in all hydrogel’s formulations synthesized, as expected.

A broader peak at 20 = 20.2° was evidenced in gelatin and G_0.30 samples and
this peak is correlated to the semi-crystalline nature of gelatin as mentioned by Al Islam
etal. (2016), Sherafatkhah Azari et al. (2021), Swaroop et al. (2019) and Yao et al. (2019).
Nonetheless, a downward shift in this peak at 17.2° (gelatin), 16.65° (G_0.15) and 16.3°
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(G_0.45) was evidenced and are also associated to this semi-crystalline structure and has
more pronounced sharp in G_0.45 and G_0.15 formulations.

These findings are in accordance to results reported by Kulkarni et al. (2021) in
which this peak was more pronounced at 18° in gelatin-chitosan blends and Yao et al.
(2019) found this peak at 21.7° in gelatin-cellulose microgels. In addition, in all
hydrogel’s formulations this peak presented a lower intensity when compared to neat
gelatin. Moreover, samples G_0.15 and G_0.45 presented a couple of small peaks at 13.9°
(G_0.15), 13.45° (G_0.45) and almost imperceptible at 13.45° (G_0.30) and represent the

semi-crystalline part of hydrogels while de broad peaks the amorphous moiety.

Figure 31 — Diffractogram of freeze-dried polymers.

(16.3; 61.45) (20.2; 61.62)
100 (13.45; 38.38) ' '
— (8.0; 54.85) |
: G_0.45
50 i (20.2; 94.2)
100 - (16.3;75.08) __
(13.45; 53.04)
__ sof (8.0;,54.85) ' G_0.30
(U' (1665,:8638} (20_2; ?B.D?]
S ] :
‘;: 100 |- (13.9; 50.07)
= (8.0; 54.85) : G 0.15
o :
% 50 | (20.2; 172.55)
E‘ (17.2; 151.68) :
— 150 | .
(13.9; 92.93)
100 ' _
Gelatin
(8.0; 54.85)
50
0 I I ] ] I I ]
5 10 15 20 25 30 35 40 45

20 (degrees)
Source: Author (2023).

Additionally, another interesting point to note is that in all hydrogel patterns
there was an intensity decrease after incorporating of 1,4-BDDA which may suggest the
establishment of intermolecular interactions such as crosslinking causing a destruction in
the regularity of neat gelatin pattern as mentioned and evidenced in the works carried out

by Kulkarni et al. (2021), Swaroop et al. (2019) and Sherafatkhah Azari et al. (2021).
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4.2 THERMAL PROPERTIES

To evaluate thermal properties of freeze-dried gelatin and of the covalently
crosslinked hydrogels, thermogravimetric analysis was carried out and the thermograms
(TGA) are illustrated in Figure 32, DTG (Figure 33) and DSC (Figures 34 and 35).
Additionally, all samples were kept in an oven at 40 °C before analysis to avoid moisture

absorption.

4.2.1 Thermogravimetric analysis (TGA)

For all samples analyzed, the first degradation process peak occurs from 40 °C
until approximately 125 °C with a maximum around of 90.2 °C (Figure 32) and it might
be associated with evaporation of physically adsorbed water molecules (moisture)
(KUMAR et al., 2020; ROY & RHIM, 2021). The weight losses due to water evaporation
is about of 3% to 4.5%. These water molecules are in bonded state and not in its free form
and the results obtained were in accordance with those reported by Kulkarni et al. (2021),

Salles, Lombello and d’Avila (2015) and Roy & Rhim (2022).

Figure 32 — Thermograms of freeze-dried polymers.
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Overall, for all samples evaluated, degradation starts at a temperature of
approximately 200 °C with weight loss of approximately 64.8 to 72% occurring in the
range of 150 to 450 °C in which the highest change occurs at around 300 °C which is
associated to gelatin thermal decomposition (ROY & RHIM, 2021). In this process,
samples undergo endothermic reactions of hydrolysis and oxidation (MATTOS, 2011;
pg. 101; SALLES, LOMBELLO AND D’AVILA, 2015).

Nevertheless, the thermal decomposition pattern of the hydrogels denotes that
the crosslinker (1,4-BDDA) addition slightly affect the thermal stability of neat gelatin,
as those reported by Roy & Rhim (2021). Similar behavior was found in the study
conducted by Kumar et al. (2020) when ZnO nanoparticles were incorporated into
chitosan-gelatin films. Nonetheless, the authors found more thermal stability during ZnO
addition by the increasing in compactness of these films. In addition, the incorporation of
1,4-butanediol diacrylate into gelatin may cause plasticization of the sample, leading to a
reduction in the thermal and mechanical properties, this effect will be more deeply
discussed in the following DSC analysis.

According to Mattos, (2011, pg. 101), in the final step above 420 to 700°C,
exothermic reactions occur at the end of pyrolysis derived collagen. Therefore, a mass
loss of 70.7% up to 79.8% leaving approximately 20.2 to 29.2% ashes were formed by

carbon residues (Table 12).

Table 12 — Remaining fraction (%) and ash content by TGA evaluation.
Remained fraction (%)

Sample W, (mg)

T 1ax (<300 °C) Ash (700 °C)
Gelatin 10.55+0.071 63.03 + 0.097 26.88 +0.142
G_0.15 10.20 +0.018 64.27+0.018 24.5+0.289
G_0.30 11.70 £ 1.556 72.47 +1.537 29.26 £ 0.368
G_0.45 10.15+£0.071 70.35 + 0.084 20.25+0.018

Results are shown as mean (n = 2) followed by + standard deviation (SD);
Source: Author (2023).

The residual ash content (%) at 700 °C and the remaining weight fraction (%) at
maximum decomposition temperature (from = 300°C up to 327 °C) of neat gelatin and
chemically crosslinked hydrogels were presented in Table 12, and it was not significantly

affected by substitution or crosslinking, with differences of approximately 9%. Similar
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results were found by Roy & Rhim (2022) when evaluated thermal stability of genipin
crosslinked gelatin-chitosan films.

From DTG (Figure 33) evaluation, is possible to verify the same trend, in which
the more pronounced peaks were found at 301.7 °C (G_0.45), 306.7 °C (G_0.30), 321.7
°C (G_0.15) and 326.7 °C for neat gelatin. As mentioned by Roy & Rhim (2021) these
degradation peaks are related to the thermal polymer decomposition. The decomposition
temperatures did not change too much with crosslinking, around 20 °C between the neat
gelatin and hydrogels, but increased from the hydrogels prepared with lower to higher
crosslinker concentration ( G_0.45 > G_0.30 > G_0.15), indicating that substitution

and/or crosslinking impacts their thermal behavior.

Figure 33 — DTG curves of the neat gelatin and of the gelatin hydrogels.
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In addition, it is possible to verify that around 200 °C the gelatin denaturation
process begins. This behavior was also evidenced in the DSC curves presented in Figure
35 by the slight displacement observed in the curves at this temperature, another

phenomenon was also identified at 300 °C related to the polymer decomposition.
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4.2.2 Differential Scanning Calorimetry (DSC)

DSC curves from STA equipment were obtained during TGA analysis and are
shown in Figure 34, and it was possible to identify in all samples an event close to 185 —
220 °C, which can be associated to denaturation/melting of polymers being more
pronounced in the neat gelatin. However, another thermal transition with broader
endothermic peak occurs around 280 — 340 °C and is associated with polymeric
decomposition as mentioned by Kulkarni et al. (2021). Furthermore, in all cases the
thermal history of polymers was not removed, since TGA considers the weight loss during

analysis.

Figure 34 — DSC curves of polymers assessed at the first heating cycle.
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A true T is usually difficult to be estimated and several values are reported in
the literature. As reported by Marshall & Petri (1980), Mateev et al. (1997) and Rosellini
et al. (2020), the disagreement between the preparation methods, calibration, type of
technique and control of the moisture content in these polymers are crucial factors for an

adequate determination of this parameter and inconsistency of values are commonly
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found. In addition to previously cited variables, these variations are mainly because of
gelatin possess gel behavior with temperature, is a complex, amorphous and highly
heterogeneous biopolymer obtained from different sources and methods being commonly
recommended the combination of other techniques for a more accurate determination,
such as rheometry or DMA, for example.

Based on that, in Figure 35 are shown DSC curves obtained from the second
approach (erasing the first thermal cycle of samples and using a specific calorimeter
equipment, Jade DSC), and a broad endothermic peak between 50 and 120 °C was noticed
for all formulations. These peaks were attributed to the removal of free and adsorbed
water on the surface of the hydrogels (approximately 4.5%) and to the gelatin helix-coil

transition.

Figure 35 — DSC curves of polymers.

G_0.45

G 0.30 :
0 T=193.1°C

T=200.2°C

Heat Flow (mW) =—endo
d

G ¥
0 —| T=2135°C

-4 I ! I I I
0 50 100 150 200

Temperature (°C)
Source: Author (2023).

An approximate T value of around 200 °C is reported in the literature for pure
freeze-dried gelatin obtained from porcine skin, as proposed in the work of Marshall &
Petri (1980). In addition, the T, displacement may overlap the melting temperature of

polymer, which is in the range between 220 and 230 °C. Herein, the temperatures
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observed for these events between 190 to 215 °C were lower for the hydrogels in
descending order of crosslinker concentration (G_0.45 (193 ¢C) > G_0.30 (200.2 ¢C) >
G_0.15 (213.5 9C)) when compared to neat gelatin (> 220 °C) and are associated to
denaturing or unfolding or melting temperature (T5,,) of gelatin. Nevertheless, the higher
T, value was evidenced for the neat gelatin and the broadness of the first peak may be
considered as the overlapping of T, of the gelatin amino acid composition as reported by
Al Islam et al. (2016).

The same DSC curve pattern for gelatin was published by Rosellini et al. (2020),
with an estimated T value between 220 and 250 °C. In the work of Mateev et al. (1997),
a mathematical model was developed to estimate the T, of proteins based on the T, of
individual amino acids. The T; values estimated by the model and those measured by
DSC, DMA and viscoelastic analyzes showed excellent agreement for the instrumental
determination of the T;; of proteins such as collagen (188 °C), gelatin (200 °C) and elastin
(256 °C), and values experimental temperatures of 192 and 217 and 252 °C, respectively.

As stated by Dzeikala et al. (2023), the limited changes of the positions of mers
and segments of polymer chain may increase the T, and the heat capacity in the
macromolecules due to the formation of new connections which is mediated by
crosslinking. Furthermore, as it is a fibrous protein, the plasticizing effect of water and
alcohols in the gelatin is reported in several studies in the literature. As reported by
Marshall & Petri (1980), when using hermetically sealed pans, the plasticizing effect of
water can be avoided, and it is possible to observe the glass transition temperature
followed by the melting of the polymer. However, here, the verified reduction of T; and
T,, of the hydrogels when compared to neat gelatin was attributed to plasticizing effect
of the diol (1,4-butanediol diacrylate) which was inserted in the polymeric structure
through Michael addition. In this sense, as mentioned by Vanin et al. (2005), the
plasticizing effect is characterized by a decrease in the Van der Walls forces, which
reduces interchain interactions increasing the flexibility of polymer chains. This effect is
plasticizer concentration-dependent and can causes interferences in the workability and
final characteristics of products, mainly in the mechanical strength and thermal
properties, as supported by Suderman, Isa and Sarbon (2018) and Vanin et al. (2005) for
gelatin-based films.

In addition, similar thermal behavior was observed for the two approaches used

and the thermal stability found here is feasible for the type of application chosen. In
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addition, as mentioned by Slaughter et al. (2009) hydrogels are typically soft and elastic
due to their thermodynamic compatibility with water being generally used above their T,
in many biomedical applications.

It is worth to mention that some preliminary studies to evaluate the thermal
behavior of neat gelatin were conducted to estimate a true Ty. For that, it was varied the
temperature range from -30 °C up to 250 °C and heat rate of 10 or 20 °C-min’'. The DSC
curves obtained are shown in the Figure 42, Appendix A, and it is possible to identify that
T, is located between 200 and 250 °C (see item d), and in some cases, it overlaps the first
broader peak of gelatin which is considered as the melting temperature (T5,,) of polymer

as suggest by Marshall & Petri (1980) and Rosellini et al. (2020).
4.3 FLORY-REHNER THEORY OF POLYMER SWELLING

For the hydrogels network structure evaluation, the density and the specific

volume of the pure polymer was used (pgeiqtin = 1.34 g-cm™ and Ugejqrin = 0.7486 cm’-g

1) and the molecular weight of the repeat unit (M,) from the molecular weight of the
amino acid chain equal to 91.19 g-mol™! as suggested by Vigata et al. (2021) and Gilchrist

et al. (2019) was used in all calculations.

4.3.1 Network structure evaluation from Flory-Rehner theory

Flory-Rehner’s equations were used to evaluate the influence of crosslinking on
water mass gain (water absorption) and on network structure (mesh size) from
experimental data on the swelling of hydrogels in distilled water at 37 °C for 72 h. The
parameters values were calculated and are shown in Table 13.

From the results obtained, it was noted that with the increase in the crosslinker

concentration there was an increase in the values of the molecular weight between

crosslinks (M), the unperturbed end-to-end distance (1”02)1/ 2, the elongation factor («)
and the mesh size of the network (§) as also found for the (Q,) values.

As mentioned by Nistane et al. (2002) lower y implies higher polymer-solvent
interaction, indicating higher solubility. In this study, the y values were in the range of
approximately 0.50 up to 0.52 for all formulations evaluated, indicating that polymer—

polymer and solvent-solvent contacts are preferred instead of polymer—solvent contacts.
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These values agree with those reported by several authors as can be found in Vigata et al.
(2021); Osetrov, Uspenskaya and Sitnikova (2021); Ma et al. (2013); Mudassir & Ranjha
(2008); Xue, Champ and Huglin (2001); Sen, Yakar & Giiven, (1998) and Ofner &

Bubnis (1996) with y values varying from 0.44 to 0.70 for gelatin-based polymers.

Table 13 — Flory-Rehner parameters determined from swelling experiments.

Parameters Sample

G_0.15 G_0.30 G_0.45
Qy 12.51 £ 0.4385 20.33 £ 0.8606 33.91+0.8110
Ups 0.0800 + 0.0232 0.0493 +£0.0021° 0.0295 £+ 0.0007¢
X 0.526 + 0,00212 0.516 £ 0,0007° 0.510 + 0,0002¢
M, 471,278!
M, 91.19
M. 186,711.88 £26,276.72%  225,587.19 £ 12,290.74>  234,085.29 £ 1,694.04"¢
q 1.37-103 £7.15-107 2.80-10%+2.25-107 7.22-100 £ 2.72-1080¢
G 0.280 + 0.002? 0.055 +4.81-104b 0.007 £ 3.31:1073b¢
(roz)l/z 325.57+10.132 346.79 £ 9.53% 353.36 + 1.28b¢
a 2.321 £ 0.0027* 2.729 £ 0.0039° 3.237 £ 0.0026°
3 731.58 £61.042 946.65 + 39.25%P 1143.69 + 13.245¢

Results are shown as mean (n = 6) followed by + standard deviation (SD);

Different letters at the same line indicate statistically significant differences between the means by
Tukey’s or Kruskal-Wallis’s tests at significance level of 95% (p-value < 0.05);
'Estimated by GPC;

Parameters: Q,, — equilibrium volumetric swelling (dimensionless); q — crosslinking density
(mol-g)x1073; G — shear modulus (kPa); v, ;— volume fraction (dimensionless); x — Flory-
Huggins (polymer-solvent interact) parameter (dimensionless);

M,, — average number molecular weight before crosslink (g'mol™'); M,. — molecular weight of the

repeated unit (g'mol"); M, — molecular weight between crosslinks (g-mol™'); (roz)l/ 2 — root-mean-
square end-to-end distance of the polymer chains between crosslinks (unperturbed distance) (A);
— elongation of the polymer chain in any direction (dimensionless); & — network mesh size (&);

Source: Author (2023).

The y values slightly decreased with the increase of DM, suggesting a higher
interaction between hydrogel-solvent, possibly because the hydrogels prepared with
higher crosslinker concentrations (G_0.30 and G_0.45) allow a higher interaction with
water (more opened chain) than the hydrogels prepared with lower crosslinker
concentration (G_0.15) by being more covalently bonded (crosslinked). In addition, high
q values provide more hardened hydrogels, while low g values provide more
malleable/looser and with more entanglements, which favors it to expand more. However,
when (q) is too little, they are very fragile and much looser and starts to fall apart when

swell too much. In this study, the capacity of hydrogels to absorb and interact with water



120

was also confirmed by the decrease of g, M and mesh sizes values with increase of DM,
indicating more opened networks/weakly crosslinked.

The Flory’s characteristic ratio (C,,) for large chains, such as in gelatins, has its
value tending to infinite (C,, ) and was estimated from Equation (17) as proposed by Ma
et al. (2013). The calculated C,, value is equal to 7.8193 and was used for the mesh size
estimation and agrees to reported values for polypeptides, including modified gelatins
with C,, = 8.26 by Ma et al. (2013), C,, = 8.8785 by Vigata et al. (2021) and Gilchrist et
al. (2019).

As reported by Van Den Bulcke et al. (2000), the incorporation of vinyl side
groups along the gelatin chains clearly interferes with the helix formation. Then, the
experimentally measured elongation factor (o) showed a slight increase varying from 2.32
+ 0.002 up to 3.24 £ 0.002 for the experimental conditions used. It is reported in the
literature, an approximated value equal to 2.0 for the conformation of gelatin in solution,
under different conditions, as reported by Billiet et al. (2013), Mwangi & Ofner, (2004)
and Von Hippel, (1965).

From statistic evaluation, the data (Q,, Vo5, ¥ M, (roz)l/ 2, g, q and G),
presented normal distribution by Shapiro-Wilk test and statistically significant
differences at significance level of 95% (p-value < 0.05) by ANOVA analysis, with
exception for G (with p-value < 0.1). The Tukey’s test indicates the parameters SR, v, ,
x and a, presented statistically significant differences among all samples. Nonetheless,

for the molecular weight between crosslinks (M), crosslinking density (g), and for the
unperturbed end-to-end chain distance (52) /2 only sample G_0.15 (Mg = 186,711.88 +

26,276.72 g'mol™!; g = 1.37-10 £ 7.15:107 mmol-g’!, and (roz)l/z = 325.57 + 10.13)
differs from the others samples (G_0.30 and G_0.45) at the statistical significance level
(p-value <0.05). In addition, only the mesh size (§) did not present a normal distribution,
and a non-parametric statistical analysis was performed comparing multiple independent
samples (by groups). By using the Kruskal-Wallis’s variance test, it was observed
statistically significant differences at a significance level of 95% (p-value < 0.05) and
based on multiple comparisons of mean ranks, the means of these samples were analyzed.
It was showed by the median test, statistically significant differences at a significance
level of 95% (p-value < 0.05) and by the multiple comparison test only G_0.15 and
G_0.45 differ from each other at statistical significance level (p-value < 0.05). Similarly,

for the G values, through ANOVA it was not observed significantly statistically
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differences at a significance level of 95% (p-value was > 0.05), but at significance level
of 90% (p-value < 0.1), significantly statistically differences between the means were
observed for hydrogels prepared with lower ( G_0.15) to the higher crosslinker
concentration (G_0.45) formulations.

The mesh size is not only a measure of the distance between crosslinks,
according to Slaughter et al. (2009) and Nicodemus & Bryant (2008), it is considered a
critical parameter as it influences the permeability and diffusion of drugs and other
molecules in biodegradable hydrogels, among other valuable parameters. In addition,
according to Lin & Matters (2006) for biomedical applications, typical mesh size values
between 5 to 100 nm are reported for swollen hydrogels. However, their mesh size is
usually higher than the size of drugs and small molecules, that can avoid the possibility
of retards the drug diffusion when at in swollen state. In contrast, the sustained release of
macromolecules, such as oligonucleotides and proteins, can be achieved from swollen
hydrogels due to the significant hydrodynamic radii of these molecules. In this work,
values between 73 to 114 nm were obtained for the mesh size and finding in the range
cited by Lin & Matters (2006) for the most biomedical applications. Also, the values
obtained are accordingly with those reported by Vigata et al. (2021) for gelatin
methacryloyl hydrogels (GelMa) with values between 4 to 61.6 nm, varying the GelMa
concentration from 5 to 15% and the ionic strength from 15 to 300 mM during swelling.
Other work conducted by Gilchrist and co-workers (2019) were reported mesh size values
for methacrylamide gelatin hydrogels (GelMa) between 32 to 72 nm, and the value
increased with the reduction of GelMa concentration. In addition, as mentioned by Ma et
al. (2013) even though the Flory-Rehner theory represents a rather ideal picture of
crosslinked polymers, the determined experimentally mesh size values are more
influenced by entanglements, loops, or dangling chains.

Further, as pointed out by Lee, Bouhadir and Mooney (2004), the mechanical
properties of the gel are strongly correlated to the swelling ratio with effect on the q.
However, it was observed the same characteristic as one cited by Vigata et al. (2021), in
which, higher mesh sizes correlate with lower mechanical stiffness due to the higher
swelling ratio of these samples. Nonetheless, from our results, it was verified that the
crosslinking density (g ) and the shear modulus (G ) decreased with increasing of
crosslinker concentration, suggesting that the softer hydrogel is the less crosslinked, as
expected. Additionally, these “lower” mechanical resistance achieved can also be

attributed to the plasticizer effect of the crosslinker employed, as previously discussed.
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Nonetheless, Gilchrist and colleagues (2019) reported values of G,,,, = 0.51 + 0.03 kPa;
Gmea = 1.74+0.22 kPa and Gp;gp, =4.80 £ 0.3 kPa for methacrylamide gelatin hydrogels

at fixed conditions (degree of functionalization of 85%, 0.1% of photoinitiator
concentration, and with 4%, 5% and 7.5% of GeIMA). However, these hydrogels were
prepared via radical photopolymerization, and above results were obtained using the
stress-relaxation indentation tests, different to the approaches used here, and in which
values were calculated theoretically.

Evaluating the crosslinking density (q), it was found that the q value for the
formulation prepared with higher crosslinker concentration (G_0.45) was approximately
190 times lower than those found for G_0.15 and 38.8 times lower when compared to
G_0.30, as evidenced by the high DM found for these samples (DM = 53 and 63%),
respectively, and as previously discussed for TNBS results. In addition, the values
decreased from 1.37-10% + 7.15-107 mmol-g! to 7.22:10° + 2.72:10® mmol-g! by
increasing crosslinker concentration from 0.15 to 0.45 mmol. In the work carried out by
Billiet and colleagues (2013), authors concluded that the synthesized acrylamide-gelatin
hydrogels provided a tighter network with lower mesh sizes (11.4 to 25 nm) than
methacrylamide ones (13.9 to 35.7 nm). Conversely, crosslinking density showed to be
higher in the acrylamide hydrogels (1.35 up to 3.39-10 mol-cm™) than methacrylamide
ones (0.88 up to 2.44:10* mol-cm™) varying GelMa concentration in the range of 5 to
15%. The values reported by Billiet et al. (2013) agreed to those found in this work, even
at different reaction conditions/approaches used.

The use of crosslinker in excess can promotes significantly differences in several
parameters and properties of the hydrogels. Herein, it was verified that the hydrogels
synthesized with excess of crosslinker provided polymers with thermal and mechanical
properties reduced with the increase of DM probably due to the plasticizing effect of the
crosslinker and also due to the preservation of the hydrophilic characteristic of gelatin
even after modification/crosslinking.

On the other hand, it was observed an increase of the mesh size, molecular
weight between crosslinks and the swelling ratio with DM increases. Additionally, the
observed increased also indicates less crosslinked hydrogels, corroborating with results
obtained in the swelling experiments, in which, the lower “acrylated” hydrogels has the
lower swelling ratios by being more crosslinked, and as confirmed by the calculated g

values (Table 13).
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It was schematized in Figure 36, the Flory-Rehner’s parameters obtained for the

synthesized hydrogels.

Figure 36 — Network mesh size from Flory-Rehner equations.
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Source: Author (2023).

Briefly, although these hydrogels were not submitted to a dual crosslinking such
as, a post- free radical photopolymerization and/or photo-crosslinking reaction, after
crosslinking through aza-Michael addition as typically reported in literature, all those
results obtained from Flory-Rehner theory confirming that incorporation of different
molar concentrations of 1,4-butanediol diacrylate has a statistically significant effect on
several parameters of the synthesized hydrogels.

As stated by Peppas et al. (2006), even there some mathematical models for
describing the phenomenon, the theoretical treatment of swelling of ionic hydrogels is
much more complex. By that, the ionic contribution (AG;,,) Was not considered in the
equating due to the difficulty in estimate the actual moiety of ionic groups formed during
hydrogels “acrylation” and/or crosslinking which truly contributed to enhanced swelling

found, in addition to the presence of others hydrophilic and protonable groups capable of
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interacting with water, and by the fact that reaction was not carried out using ionic
solvents, such as PBS or salt solutions.

Moreover, for the freeze-dried hydrogels, visually, they displayed white color
and rigid structure for hydrogels prepared with the lowest (G_0.15) and intermediate
(G_0.30) crosslinker concentrations to hydrogels prepared with higher crosslinker

concentration (G_0.45), as shown in the Figure 37.

Figure 37 — Freeze-dried gelatin hydrogels.
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Source: Author (2023).

In addition, physically, after the freeze-drying process, the G_0.45 formulation
was the softest hydrogel synthesized, as also indicated by calculated G values, with
porous and foam-like appearance as reported by Yoon et al. (2016) and Nichol et al.
(2010) during the gelatin-methacryloyl (GelMA) hydrogels synthesis. Furthermore, the
softer structures were obtained in descending order of DM (G_0.45 < G_0.30 < G_0.15)
and are accordingly to the G values calculated.

Additionally, the elongation factor (o) also increased with increasing of
crosslinker concentration. Conversely, it was verified that less substituted polymer
(G_0.15) possess a more rigid structure visually and sensorially with lower elongation
factor (o = 2.32 + 0.002) and higher shear modulus (G = 0.280 + 0.002 kPa). The bigger
elongation factors (o) in solution are attributed to less crosslinked networks and to the
stretch of gelatin chains mainly due to the plasticizing effect of this compound, as verified

from the previously discussed thermal results.
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4.4 GELATIN NANOPARTICLES SYNTHESIS

4.4.1 GNPs crosslinking

The total concentration of g-amino groups (mmol of lysine-ggelatin'), the
modification extent (X,,,, mmol of lysine-geelatin') and the modification degree (DM, %)

+ standard deviation of the synthesized GNPs is shown in Table 14.

Table 14 — Crosslinking evaluation of the GNPs from TNBS essay.

g-amino groups Modification extent (X,,,) Modification degree

Sample
mmol of lysine:ggelatin™ mmol of lysine: ggelatin! (DM) (%)
G_0.01 0.166 £ 0.021 0.139 +0.021 45.60 £6.95
PHG_0.01 0.131+£0.017 0.174 +0.017 56.96 = 5.63
D0XG_0.01 0.121 £ 0.004 0.185+0.004 60.51 £+ 1.39
PHDOXG_0.01 0.166 £ 0.002 0.140 + 0.002 4578 £0.62
G_0.05 0.145 + 0.006 0.160 + 0.006 5240+ 1.85
PHG_0.05 0.123 £0.003 0.183 +0.003 59.84 £0.91
D0XG_0.05 0.131+0.009 0.175 + 0.006 57.20+2.83
PHDOXG_0.05 0.126 £ 0.001 0.179 £ 0.001 58.73 £0.12
G_0.1 0.139 +0.004 0.166 + 0.004 54.51+1.30
PHG_0.1 0.090 +0.013 0.215+0.013 70.39 £4.12
D0XG_0.1 0.112 £ 0.002 0.194 + 0.002 63.46 £ 0.66
PHDOXG_0.1 0.119 £ 0.004 0.186 + 0.004 60.92 + 141

Results are shown as mean (1 = 2) followed by + standard deviation (SD);
Source: Author (2023).

From the data obtained by the TNBS essay and considering the total free primary
amine (e-NH,) content equal to 0.305 = 0.0065 mmol of lysine-ggeiatin', the concentration
of e-NH, groups lost (X,,,) after the synthesis of GNPs varied between the lower value of
0.139 £ 0.021 mmol of lysine:ggetatin (G_0.01) to the higher value of 0.215 + 0.013 mmol
of lysine-ggelain” (PHG_0.1).

On the one hand, the DM varied between 45.6 + 6.95% for the lowest DM to 70.39
+ 4.12% for the highest DM with crosslinker concentration ranging from 0.01 up to 0.1 g
and different methodologies of prepare. Additionally, for the GNPs synthesized with the
same crosslinker concentration and different techniques of prepare the DM increased
maximum 14.9% using 0.01 g, 7.4% with 0.05 g and 15.9% with 0.1 g of crosslinker, not

taken in account the standard deviations of the formulations. It was possible to observe
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that by increasing the crosslinker concentration and keeping the same methodology of
prepare (e.g., G_0.01 to G_0.05 to G_0.1) there was a slightly increase in the DM of the
GNPs (except to PHG_0.1). The highest DM was evidenced for the sample PHG_0.1
(70.39 £+ 4.12%) which was also synthesized with the higher crosslinker concentration
(0.1 g). However, considering the calculated standard deviation of = 4.12%, this value is
according with those found for other samples using the same crosslinker concentration.

Furthermore, the formulations prepared with the higher crosslinker
concentration (0.1 g) showed the highest consumption of e-NH, (X,,,) and, consequently,
the higher DM (%), as also found for crosslinking reactions. In this sense, it can be
inferred that photopolymerization is able to create more linear chains between the
crosslinks, increasing the entanglement, which can also allow for greater swelling. These
results found for “acylated”/crosslinked GNPs showed a fair agreement with those
obtained for hydrogels synthesized in solution with DM varying between 26 up to 63%.
Then, the maximum DM differences, considering the higher DM value of GNPs (70.4%)
and of crosslinked hydrogels (63%) were approximately 7.5%. Moreover, in addition to
crosslinker excess, the high DM found (45 up to 70%) for GNPS can also be associated
to the large surface area of the nanoparticles that allows the binding of crosslinker
molecules in various parts of the particle surface at interface.

On the other hand, the DM of the formulations containing DOX varied between
from 45.7 to 60.5% using 0.01 g of crosslinker, from 57.2 to 58.7% using 0.05 g of
crosslinker, and from 60.9 to 63.4% using 0.1 g of crosslinker. However, it is necessary
to investigate more deeply if DOX causes an interference in the measurement of DM due
to its fluorescent characteristic and photooxidative behavior or if participates of the
reaction, since it has amino groups in its structure.

Additionally, as reported by Halbardier et al. (2022) during 3D printed shape
memory polymers (SMP) synthesis, the aza-Michael addition reaction and radical
photopolymerization can be adjusted to occurs concomitantly. Herein, the observed
increase in the consume of free primary amino groups for some photopolymerized
formulations may be attributed to conditions used in the photopolymerization which can
trigger the aza-Michael reaction to occur at the same time, albeit slowly, since the reaction
was not completely quenched. Furthermore, the use of a free radical photopolymerization
and/or photo-crosslinking techniques can help to increase the reactivity of acrylic groups,

and, consequently, the chance of react with the remained unreacted free amines of gelatin,
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crosslinking itself (via homopolymerization) or creating linear chains between the

previously formed crosslinks.

4.4.2 Particle size and PDI

The intensity average particle diameter of droplets and nanoparticles, as well as

the polydispersion index (PDI) of the synthesized GNPs are shown in Table 15.

Table 15 — Particle size and polydispersity index (PDI) of the synthesized GNPs.

Sample Droplet size - Nanoparticle size -
(nm) (nm)
G_0.01 201 £5 0.12+0.03 191 £1 0.09 £0.01
G_0.05 207 +3 0.14+£0.01 187+1 0.10+0.03
G_0.1 212+3 0.15+0.03 203 +4 0.12+0.06
PHG_0.01 210+ 5 0.21 £0.06 199 + 10 0.13+£0.01
PHG_0.05 209 + 8 0.13+0.02 201 £2 0.10+0.03
PHG_0.1 208 £ 4 0.15+0.03 186 £4 0.10+£0.03
DOXG_0.01 207 £8 0.13+£0.04 192+7 0.13+£0.02
DOXG_0.05 208 £1 0.14+£0.01 201 +£7 0.17+0.10
DOXG_0.1 210+ 6 0.14 +£0.02 199 +7 0.10+£0.02
PHDOXG_0.01 206+ 5 0.15+0.03 192+3 0.12+0.02
PHDOXG_0.05 210+ 2 0.16 £0.07 194 £4 0.10+£0.04
PHDOXG_0.1 1975 0.14+£0.02 191 £1 0.08 £0.01

Results are shown as mean (1 = 2) followed by + standard deviation (SD);
The GNPs were dispersed in cyclohexane at 20 °C;
Source: Author (2023).

For all formulations, droplet diameters varied between 197 and 212 nm and
nanoparticles (dispersed in cyclohexane) between 186 and 203 nm. In addition, the
polydispersity index was < 0.2, indicating good colloidal dispersion of the particles, in
the range over which the distribution algorithms operate best (BASEER et al., 2019;
SHAWN, 2018). Such values are within the expected range for nanoparticles intended for
biomedical applications as mentioned by Cordeiro et al. (2020) and Hueppe, Wurm and
Landfester, (2022) a size close to 200 nm is considered ideal as it favors GNPs longtime
circulation in the bloodstream leading to a preferential pathway through highly
vascularized tissues, and in drug delivery systems for tumor therapy favoring their
retention inside the tumor cells. The particle size and PDI values are also in agreement

with those reported by Ethirajan et al. (2008) for crosslinked gelatin nanoparticles via
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interfacial polymerization with glutaraldehyde in inverse miniemulsion. Similar results
were found by Baseer et al. (2019) during gelatin nanoparticles synthesis by
nanoprecipitation and Peres et al. (2018) during N-acryloyl-L-glutamic acid (.-AGA) e
poly(L-AGA-co-BIS) nanogels synthesis in inverse miniemulsion.

It is shown in Table 16, the mean diameter and polydispersity index (PDI) of the

GNPs after redispersion in an aqueous phase containing SDS (0.3 wt.%).

Table 16 — Particle size and PDI of the redispersed GNPs.

Redispersed
Intensity
Sample GNP size Size peaks (nm) PDI
(%)
(nm)
144 + 58 68
G_0.01 186 £5 509 + 160 30 0.44+0.03
5409 + 303 2
179 £ 78 96
G_0.05 156 £1 0.27+£0.02
4619 + 820 4
386 + 159 59
G_0.1 213+6 129 + 38 39 0.40+0.03
5412 + 300 2
205+ 108 98
PHG_0.01 164 +6 0.35+0.02
5381 +322 2
223 £ 164 98
PHG_0.05 171 +38 0.44+£0.12
5424 + 291 2
176 £ 98 98
PHG_0.1 145+6 0.26+0.03
4719+ 770 2
D0XG_0.01 - - - -
234 + 155 94
D0XG_0.05 195+2 0.39+£0.05
4936 + 653 6
D0OXG_0.1 - - - -
148 + 65 65
PHDOXG_0.01 204 + 12 520 + 186 32 0.51+0.05
5279 £ 421 3
PHDOXG_0.05 - - - -
PHDOXG_0.1 - - - -

Results are shown as mean (n = 2) followed by + standard deviation (SD);
The GNPs were redispersed in aqueous SDS (0.3 wt.%) solution at 20 °C and followed
by resuspending in distilled water for size determination;
Formulations with (-) did not attend quality report criteria from equipment;
Source: Author (2023).
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For the redispersed GNPs, the quality report criteria were not attended for all
redispersed samples due to the presence of large or sedimenting particles, fluorescence,
absorbance (colored samples) as informed by equipment reading. In addition, the results
provided by the report explain the fact that in these cases, all formulations contained
doxorubicin (fluorophore), and the samples that attended quality criteria presented broad
multimodal distributions.

These difficulties in particle diameter size measurement for redispersed GNPs
may be associated with the proximity between the refractive index of the continuous
phase (1.33 for water) and that of the dispersed phase (1.45 for gelatin and 1.456 for
crosslinker), preventing a more accurate size measurement. Furthermore, the use of a
DLS-MALS may be more effective in measuring the diameter of redispersed GNPs, as
verified in Peres et al. (2018) work.

The mean diameters varied between 145 = 6 and 213 = 6 nm, but in some
formulations, the presence of particles larger than 5.42 um was also observed, suggesting
aggregation between smaller swollen GNPs. In addition, particle aggregates with sizes
larger than 10 um may not be identified by the DLS due to the detection limitation of the
equipment. Another fact concerns to swelling ratio of the GNPs, since they are
hydrophilic nanoparticles, this causes the swelling to favor the observed increase in size
after redispersion step. Due to this, the PDI also showed high values (> 0.5) indicating
some particle agglomeration, evidenced by the size increase. This also includes the fact
that gelatin nanoparticles have a sticky appearance (gelatinous) and are more easily
agglomerated.

As observed previously, for crosslinking in solution, it was found that swelling
ratio varied between 962 and 2563% which can directly affect the particle size by favors
a higher swelling. However, for GNPs synthesis, in all formulations synthesized, the
crosslinker was used in excess, and not know exactly how many it influences in the real
particle swelling value. Nevertheless, an approach was made to estimate the particle size
from the GNPs diameter when dispersed in cyclohexane. For that, it was considered the
lower and the higher particle size value of the formulations dispersed in cyclohexane and
was assumed that de swollen nanoparticles density is equal to water density, and the

approximately swelled particle size was determined according to Equation 31.

1

SR _ (Pgelatin)] /3
Dp,SWOllen = Dp,original X [(100) X (56 a ln)] (31)
water
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In which, Dy, swoiien and Dy, originai are the particle diameters in nm; SR is the swelling
ratio, dimensionless; Pgeiatin aNd Pyqrer are polymer density and solvent density in

g-em™.

The estimated particle size values of redispersed GNPs by means of Equation 31

are presented in Table 17.

Table 17 — Estimated redispersed GNPs particle size.

Sample Dy sweitea (nm)
For SR =1000% For SR =2500%
For Dy, cyciohexane = 186 nm 442 600
For Dy, cycionexane = 203 nm 482 654

Source: Author (2023).

The estimated mean diameters for the swollen particles varied between 442 up
to 654 nm (Table 17) with swelling varying between 1000 and 2500% and are accordingly
with those predicted by DLS.

4.4.3 Colloidal stability

The effect of pH on the zeta potential of GNPs redispersed in water and PBS
solutions was further monitored in different experimental conditions. In the present work,
a preliminary study using PBS solution at pH 3.0 and 37 °C was conducted by measuring
zeta potential of the resuspending GNPs and evaluating the pH effect on the particle size

as shown in Table 18.

Table 18 — Preliminary zeta potential study.

Sample Zeta potential (mV) Particle size (nm) PDI
G_0.1 (pH 3.0) +7.6+3.2 742 £13.6 0.92 £ 0.065
G_0.1 (pH 6.5) -76.1£9 441.8 +£20.4 0.59 +£0.037

Results are shown as mean (n = 3) followed by + standard deviation (SD);
Gelatin_Crosslinker concentration (G_0.1).
Source: Author (2023).

Initially, it was expected a cationic behavior of the GNPs with the reduction of

pH below isoelectric point of gelatin (IP: 6 — 9). However, in the study conducted by
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Ahsan & Rao (2017) it is possible to verify that the change of isoelectric point of type A
gelatins occurred around pH 7.0 and positive zeta potentials were found at pH below 6.5
reaching a maximum at pH 3.0 (value in which all groups are protonated). As mentioned
by authors, a decrease of pH below 4.0 leads to the protonation of the acid amino acids
(acid aspartic and glutamic, respectively) which have pK, equal to 3.9 and 4.3 and is
expected that at pH below 3.5 all the side chains are fully protonated, and a further
decrease may have no effect on the ionization state of protein. The authors also mention
that the increase of CI™ ions from the HCI using to decrease pH may lead to ion par
formation and to the Debye-Hiickel shielding effect which contribute for decreasing of
zeta potential of protein.

In this work, it was verified that at pH 3.0, particles presented positive zeta
potential values as also evidenced by Ahsan & Rao (2017). In addition, the pH effect on
particle size indicated a considerable size increase with pH decrease. This fact can be
explained by the complete protonation of amino groups present that favors a higher
swelling of the GNPs, leading to an increase in the particle size due to GNPs
destabilization, as observed. However, at pH above 3.0, the cationic behavior was not
evidenced as expected, and it was associated to the Debye-Hiickel screening effect by the
excess of Cl™ions from HCI solution used to decrease pH of PBS solutions, to the high
IP of gelatin itself, and also to the remaining SDS excess of the redispersed-GNPs solution
which was not completely removed before resuspending.

The surfactant (SDS) used has an ionic characteristic and can contribute to
neutralize the formed cationic charges from protonable groups. In addition, due to its
ionic character and as it is in excess can also contribute for the negative zeta potentials
found. The main challenges for SDS excess removal concerns to the total gelatin weight
content (20% w/w) used for synthesis which difficult the separation process via
filtration/centrifugation using amicon (100 kDa) or filtration using GPC filter (0.22 pum)
as well as the high gelatin molecular weight (> 500 kDa) used and by its sticky appearance
which also difficult the SDS excess removal by centrifugation or dialysis using cellulose
acetate membrane (pore size not specified) in order to avoid particle agglomeration, drug
diffusion (if loaded) and morphological/structural changes before zeta potential readings
and further characterizations. Nonetheless, to overcome these challenges, some reports
recommending the use of specifics filtration membranes (dialysis) or tangential flow

filtration (TFF) for this purpose (BASEER et al., 2019).
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It is shown in Table 19, the values obtained for the zeta potential (§) £ SD of the
redispersed GNPs for all the synthesized formulations. Essays at different pH were
conducted and the zeta potential of the GNPs presented negative values for all

formulations, being the higher value found, in modulus, equal to 74 mV.

Table 19 — Zeta potential of the redispersed GNPs at 37 °C.

Sample & (mV) £ SD
PBS,pH=5.0 Distilled water, pH = 6.5 PBS,pH="7.4

G_0.01 -6.2=+1 -59.2+0.9 -10.6+1
G_0.05 -8+0.8 -61.7+1.8 -112+1.6
G_0.1 -10.9+0.8 -74.4+0.6 -15.7+1.2
PHG_0.01 -24+0.8 -42.8+0.6 286+ 1.5
PHG_0.05 -262+1 -49.4+1.1 -323+13
PHG_0.1 -33.5+04 -61.8+0.5 -36.2+0.4
D0XG_0.01 -2+0.2 -56.4+1.5 -18+£1.3
D0XG_0.05 -3.4+0.1 -60.9+ 1.8 -23+£0.6
DOXG_0.1 -6.1£0.5 -71 £0.1 28+1.1
PHDO0XG_0.01 347+ 14 -445+1.9 257+1.1
PHDOXG_0.05 -39.3+0.9 -503+1.3 277+1.1
PHDOXG_0.1 451+1.2 -59.9+£0.3 -31.8+0.7

Results are shown as mean (1 = 2) followed by + standard deviation (SD);
Source: Author (2023).

The zeta potential of GNPs suspension is expected to be zero at the isoelectric
pH of type A gelatin (pH 6 — 9), however, the smallest modulus found in this range was
-10.56 mV for the pure GNPs. As mentioned by Hoeller, Sperger and Valenta (2009),
Honary & Zahir (2013*°), absolute zeta potential values of 30 mV indicate adequate
stability, above 60 mV stability is excellent, short-term potential close to 20 mV and fast
aggregation in the range of -5 mV to 5 mV.

In general, with some exceptions, the values obtained for zeta potential indicated
a good colloidal stability of the GNPs dispersion, without aggregates formation at
different pH. Among the formulations, the lower potential variation (£ 21.8 mV) occurred
at pH 7.4, followed by pH 6.5 (= 31.5 mV) and pH 5.0 (= 39.0 mV). It is reported that
high charge densities on the surface of particles in buffer solutions promote greater
stability by increasing repulsive forces between particles.

However, the values obtained at pH 5.0 and 7.4 may also be associated to the

Debye-Hiickel screening effect and to the previous steric stability provided by the
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redispersion of GNPs in aqueous solution with surfactant (SDS 0.3% wt.) since no
changes in charges from (-) to (+) were verified with pH variation, as previously
mentioned, and as also verified by the use of Tween 80 in the Hoeller, Sperger and
Valenta (2009) work. Moreover, for the pure GNPs was verified a short-term stability
with values between -6.1 up to -15.7 mV.

Nevertheless, it was found that at pH 5.0, the highest values obtained for the zeta
potential were for non-photopolymerized GNPs indicating a tendency towards phase
reversion due to the destabilization in an acid medium and suggesting a possible
agglomeration between particles with potential ranging from -2.01 to -10.8 mV. These
results may suggest that photopolymerization provided greater stability to redispersed
GNPs even in face of pH variations. Except for water pH, in the other cases, the photo-
GNPs showed a higher zeta potential in modulus than the non-photopolymerized ones.
On the other hand, at pH 6.5, all formulations indicated excellent colloidal stability with
values between -42.8 to -74.3 mV.

The values obtained for the zeta potential at pH 7.4 agree with those reported in
the work by Ofokansi et al. (2010) in which the zeta potential of pure gelatin nanoparticles
was approximately -23 mV at pH 7.0, verifying that fluorescein isothiocyanate dextran
(FITC-D) encapsulation did not alter the surface charge density. In the work conducted
by Cordeiro et al. (2021) similar behavior to those reported in this study was observed
when also encapsulating hydrophilic drugs (4-nitrochalcone and diethyldithiocarbamate)
in BN (beeswax nanoparticles) via double emulsion with zeta potential ranging from -34
to -50 mV.

In the study conducted by Baseer et al. (2019), the zeta potential of GNPs was
expected to be zero at isoelectric point of type B gelatin (pH 4 — 5). However, authors
observed a shift in the IP of GNPs suspension towards (pH 6 — 7). As supported by the
authors, it was attributed to the crosslinker and the crosslinking mechanism itself, since
gelatin has twice as many arginine (5%) amino acid residues than r-lysine (2.7%) and
considering that all lysine (pK, = 10.5) groups were involved in the crosslinking
mechanism, the free residues of arginine (pK, = 12.5) leads to the evidenced IP increase
at higher pH values.

The results found here were consistent and followed the same trend to those
findings reported by Baseer and co-workers (2019) and Vigata et al. (2021). In addition
to the possibility of occurrence of all cited mechanisms contributions, such as the Debye-

Hiickel screening effect, the presence of aqueous SDS (ionic surfactant in excess), and
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the IP increase (free arginine residues), is believed that polyanionic characteristic of 1,4-
butanediol diacrylate (pK, = 6.5) also contributed to obtaining negative zeta potentials,
in addition to the fact that GNPs are highly substituted (DM > 45%) which can also
contribute to a shift of the IP, as observed. However, at preliminary study when pH
becomes sufficient lower (pH 3.0) to protonate all groups, the cationic behavior was

verified.

4.4.4 Encapsulation Efficiency studies

The encapsulation efficiency values (%) as well as the amount of encapsulated
drug (ugpox‘gpolymer ) in GNPs dispersed in cyclohexane and in GNPs redispersed in

aqueous medium (water with SDS 0.3 wt.%) are presented in Table 20.

Table 20 — Encapsulation efficiency and drug loading of DOX-loaded GNPs.

Sample EE (%) Loading, EEy (%) Loadingw 1

LEDOX" Epolymer | UEDOX" Zpolymer
DOXG_0.01 94.7 1 0.23 208+ 0.74 272+ 0.05 8.6+ 018
DOXG_0.05 94.6 + 0.60 3034286 27.8+0.67 8.6+ 0.60
DOXG_0.1 94.7 +0.22 28.9 +0.60 20,6+ 1.86 9.0+0.78
PHDOXG_0.01  95.9+033 202 +0.78 2024130 8.9+ 0.60
PHDOXG_0.05  95.6+033 20.1+0.78 324+1.10 9.9+0.57
PHDOXG_0.1 96.2 +0.36 313+2.16 34.5+0.03 1124074

Results are shown as mean (n = 2) followed by + standard deviation (SD);
GNPs dispersed in cyclohexane at 20 °C (EE and Loading.) and GNPs redispersed in distilled
water at 20 °C (EE}, and Loadingy,);
Source: Author (2023).

The maximum doxorubicin loading efficiency attained for the GNPs dispersed
in cyclohexane was 96.2% at 1.5% (w/w) of drug content. On the other hand, when
redispersed the maximum encapsulation efficiency was approximately 35%. In the work
by Peres et al. (2018) the authors encapsulated doxorubicin in nanoparticles of N-
acryloyl-L-glutamic acid (.-AGA) and poly(.-AGA-co-BIS) via inverse miniemulsion
polymerization, achieving encapsulation efficiencies greater than 83% and drug loading
higher than 41 gpox-gpolymer | When water-redispersed. Furthermore, as mentioned by the
authors, this is since possible hydrogen bonds between doxorubicin and the polymer
prevent the diffusion of DOX into the aqueous medium even under conditions of

temperature and pH.
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It was verified that photopolymerized samples showed slightly higher
encapsulation and drug loading after redispersion than non-photopolymerized DOX-
loaded GNPs. This fact may be associated with the reactions of the unreacted acrylate
groups of the crosslinker with the remaining free amino groups and to the
homopolymerization of crosslinker, providing a greater retention of the drug within GNPs
when water-redispersed by the formation of a more condensed hydrophobic surface.

The high release of DOX in aqueous medium (Table 20) may be due to the
process of redispersion of nanoparticles in aqueous SDS 0.3 wt.% solution, due to the
GNPs swelling and the affinity of the drug with water. In addition to magnetic stirring
(100 rpm) during redispersion (48 h), during the purification process to subsequently
reading the supernatant and determine the encapsulation efficiency, the sample is
centrifuged twice for 30 min at 3,500 rpm, these processes can accelerate the rate
diffusion of drug to water leading to a greater amount released, as verified in this study.

Furthermore, as verified in the synthesis of hydrogels in solution, the more
substituted hydrogels (higher acrylate ratio to amine ratio) showed higher swelling ratios,
in the case of GNPs, the fact that they are highly substituted, “acrylated” (DM min > 45%)
can also leads to higher swelling ratios, and consequently, to a greater drug release due
to drug-affinity with water. In addition, a maximum increase of 7.32% in the
encapsulation efficiency of photopolymerized particles in relation to non-

photopolymerized particles was verified.

4.4.5 Morphology and particle size assessment by TEM

The particle diameter and morphology evaluation of crosslinked GNPs were
assessed by TEM and micrographs were obtained in octuplicates from each analyzed
sample, subsequently, the best images were chosen to represent the total sample
distribution, as shown in Figure 38.

According to TEM images is possible to conclude that water redispersed GNPs
possess a roughly spherical morphology with varied particle diameters, and it is also
verified from the results obtained by optical and confocal laser scanning microscopy
(CLSM) which supports this information. Some authors as Baseer et al. (2019), Ethirajan
et al. (2008) found the same morphology to GNPs assessed by TEM even using different

preparation methodologies.
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Figure 38 — Unloaded crosslinked GNPs with different crosslinker concentrations.
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Figures a) scaling at 0.5 um and b) scaling at 2 um are the inverse miniemulsion formulation
using 0.01 g of crosslinker (samples sputter coated with carbon). Figures ¢) and d) both
scaling at 0.50 um are the formulations using 0.05 and 0.1 g of crosslinker, respectively,
(samples were stained with uranyl acetate (2%));
Source: Author (2023).

In addition, negative staining with uranyl acetate (Figure 38: ¢ and d) causes no
differences in the observation of particle contours comparing with carbon coated samples
(Figure 38: a and b). However, some flattening was evidenced in certain particles, and
may be correlated to sample preparation that can modify the original GNPs shape.
Furthermore, the heat generated by light beam from microscope can also deform and
affect the size of particles and such factors can impact the diameter as mentioned by
Cordeiro et al. (2020) when evaluating lipid nanoparticles.

From the Imagel software, the average particle diameter of the GNPs (Figure
38, d) was estimated to be equal to D, = 499.29 + 178.5 nm, as shown in Figure 43 —
Appendix A, and the total number of particles counted was in around 120 nanoparticles.
As illustrated, particles were well dispersed indicating no particle aggregation and good
dilution range to reading (0.1% solid concentration). The estimated value by TEM is in

accordance with the previously estimated particle size in the swollen state with
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Dy swotten (186 nm) = 442 nm for SR of 1000% and 600 nm for SR of 2500%, and
Dy swotien (203 nm)= 482 nm for SR of 1000% and 654 nm for SR of 2500%. However,

for TEM, particles were in the dry state and can be deformed forming discs.

The values found from transmission electron microscopy (TEM) agree with
those predicted by means of DLS in which the redispersed particles had shown varied
particle size and PDI. In general, it cannot be stated that particle size obtained by TEM
were significantly higher or lower than those analyzed by DLS (Table 16) but the data
presented a fair agreement with each other. It can be attributed to the presence of smaller
particles observed in the micrographs which were also difficult to count, leading to an
under or super estimated mean size value. Another plausible explanation concerns the
sample drying on the grid before analysis, in which portions of water also can evaporate
causing changes in the particle size and contributing to their loss of perfectly spherical
morphology. As mentioned by FAN et al. (2018), these differences are related to particles
are in dry state when determined by TEM, while by DLS measurement are performed in
the hydrated state. Another important point to be highlighted is the variance in particle
size by the two techniques employed, TEM and DLS, making it possible to verify
nanoparticles of different sizes that may be correlated to sample preparation, different
swelling ratio during redispersion and specificity of the applied technique.

However, DLS has restrictions for redispersed nanoparticles, being commonly
used the multi angle light scattering (MALS), as previously mentioned. Furthermore, the
average particle diameter measured by DLS is based on the average of the diameters of

all intensities and does not represent actual particle size.

4.5 FLUORESCENCE STUDIES

4.5.1 Optical microscopy

From the micrographs obtained by optical microscopy, Figure 39, the black
border well-defined around GNPs-surface can suggests a thick layer formation at GNPs
surface that can be related to the interfacial polymerization occurred between the liquid-
liquid interface.

It is shown in Figure 39 — ¢) and d), optical microscopy in a 40X magnification
lens. The fluorescence analysis was carried out immediately after redispersion (48 h), the

DOX loading was assessed in the optical microscope, making it possible to verify the
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success in encapsulating the drug within the redispersed GNPs, as shown in Figure 39, a)

— white filter and b) — red filter.

Figure 39 — Optical fluorescence images of the redispersed DOXG_0.1 at 40X.

50pm

All sampes scaling of 50 um for the formulations of GNPs prepared using 0.01 glof crosslinkef;-
a) white and b) red filter; ¢) and d) white filter of different part of the same sample.
Source: Author (2023).

Even though the GNPs were previously redispersed in aqueous SDS 0.3 wt.%
solution to increase their size by swelling and to be identified under the microscopy,
particles smaller than approximately 1.7 um were not accounted due to lenses range
restriction of microscope which could overestimate the real mean particle size. However,
after analysis, the average particle diameter size (+ 120 particles) estimated by the ImageJ

software was in the range of D, = 2.08 &= 0.374 um excluding the central particle (D, =

33.3 um) from the calculation (Figure 44 — Appendix A).
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4.5.2 Encapsulation assessment by confocal laser scanning microscopy (CLSM)

From the CLSM (Figure 40), it was possible to observe the DOX fluorescence (at
585 nm), as intended. In addition, for this analyze, it was selected the formulation that
encapsulated the highest drug content (11.2 pgpox.Zpolymer ).

Figure 40 — CLSM ima,

e of GNPsDOX-loaded elld fr 5 days.

Sample scaling of 50 pm for photopolymerlzed redispersed GNPS frmulatlons prepared using 0.1 g of
crosslinker (PHGDOX_0.1) assessed using green filter;
Source: Author (2023).

In addition to DOX's affinity for water and as reported by Bayram et al. (2022),
that DOX release is accelerated under acidic conditions, such as those used in these
experiments, from zeta potential studies, it was found that at pH (5.0), the GNPs were
anionic and stable, which would lead us to believe that the fluorescence observed comes
from the drug encapsulation (as observed in the optical microscopy) by the fact that
cationic GNPs destabilization begins to occur in acidic pH and it would be expected that
freer DOX would be observed.

Besides, despite of the long swelling time before analysis (five days), which
aimed to promote an increase in particle size due to the magnification restriction of the
microscope lenses, from the fluorescence of DOX, it was possible to verify its presence
in the samples, but it was not possible to state with absolute certainty whether the
observed fluorescence comes from encapsulated or free DOX, being recommended
cellular internalization studies for better visualization and interpretation of results, as
carried out in the studies conducted by Potineni et al. (2003), Ma et al. (2013) and Yoon
et al. (2016).
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Nonetheless, it was also expected that DOX release would be influenced by
GNPs redispersion that involves magnetic stirring, leading to a greater drug rate diffusion.
Furthermore, some spaces with sizes ranging between 5.6 and 87.5 pm were identified as
shown in Figure 40, and it is also not known for sure whether these measurements
correspond to the agglomeration of smaller swollen particles or if they could be related

to presence of bubbles arising from sample preparation.
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SFINAL CONSIDERATIONS

5.1 CONCLUSION

The use of the aza-Michael addition reaction proved to be a viable tool for
preparing crosslinked PBAEs gelatin-based hydrogels allowing to obtain biomaterials
with adjustable formulations and properties based on varying crosslinker concentration.
In addition, novel GNPs crosslinked with 1,4-butanediol diacrylate were successfully
synthesized via inverse miniemulsion technique from the interfacial polymerization
which also allows the post modification via free radical photopolymerization reaction to
serve as carriers of the hydrophilic drug doxorubicin.

From Flory-Rehner theory, a satisfactory adjustment to hydrogels swelling data
was verified and changes in the chemical structure were identified from FTIR and XRD
analyses, indicating the insertion of acrylate moieties in the gelatin chain and/or the
crosslinking occurrence. The swelling ratio, the network mesh size as well as the
mechanical and thermal properties can be tunable by varying the crosslinker molar ratio.
However, despite of plasticizer effect of the crosslinker on gelatin, all formulations seem
to be thermally suitable for the intended biomedical application.

Additionally, the synthesis of stable and polydisperse nanoparticles with sizes of
approximately 200 nm were obtained when dispersed in the original organic continuous
medium (cyclohexane). However, the water-redispersed GNPs showed a considerable
increase in particle size and higher PDI values. Further, a fair agreement was also
obtained by TEM analysis with an average diameter size measured of approximately 500
nm. Nonetheless, the cationic behavior was evidenced at lower pH values (< 3.0) when
all groups are expected to be protonated. Through microscopy analyses, the redispersed
GNPs presented almost perfectly spherical morphology. It was also found a moderated
drug loading from encapsulation efficiency studies after nanoparticles redispersion.
Optical microscopy clearly showed the drug encapsulation within GNPs through DOX
fluorescence.

The gelatin-based nanoparticles synthesized here are an innovative and

technological alternative for the encapsulation of hydrophilic cargo and have potential to
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be applied in several biomedical applications including, drug delivery systems for cancer

treatments.

5.2 SUGGESTIONS FOR FUTURE WORK

As suggestion for future work, the studies related to biodegradability and
cytotoxicity of the synthesized hydrogels and nanogels as well as the adjustment of
inverse miniemulsion formulation and the use of other approaches to purify the
redispersed GNPs DOX-loaded may be a more effective alternative to increase drug
encapsulation efficiency. Additionally, the conduction of studies in relation to drug
release kinetics, the photooxidative effects of the drug and ionic contributions in the

hydrogels swelling from the modified Flory-Rehner’s equations are also recommended.
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Table 21 — Physico-chemical composition and microbiological quality of type A gelatin
from porcine skin (Gelnex).

Physico-chemical Tests Unity Min. Max. fest Method
Results

Bloom (6,67%. 10°C) grams 270.0 290 277.0 GMIA/GME!
Viscosity (6,67%, 60°C) mPs 36.0 50.0 46 GMIA/GME
Moisture % - 12.0 10.5 GMIA/GME
Ashes % - 1.0 <1.0 GMIA/GME
pH (1%) n/a 4.7 6.5 5.55 GMIA
Sulfur dioxide (SO») ppm - 10.0 <10.0 GME
Hydrogen peroxide (H20,) ppm - 10.0 <10.0 GME
Arsenic (As) ppm - 0.8 <0.8 A.O.A.C?
Copper (Cu) ppm - 30.0 <30.0 A.OAC
Chromium (Cr) ppm - 5.0 <5.0 A.OAC
Lead (Pb) ppm - 1.5 <15 A.OAC
Cadmium (Cd) ppm - 0.5 <0.5 A.0OAC
Mercury (Hg) ppm - 0.15 <0.15 A.OAC
Zinc (Zn) ppm - 50.0 <50.0 A.0.A.C
Pentachlorophenol (CcHCIsO)  ppm - 0.30 <03 A.0.A.C
Nitrogen (N) % 15.0 - >15.0 Kjeldahl
Microbiological Tests Unity Specified limit Test Results Method
Total Bacteria Count (TBC) UFC/g <1000 <1000 USP?
E. coli /10 g Negative Negative USP
Salmonella ssp. /25 g Absent Absent A.0.A.C

!GMIA/GME — Gelatin Manufacturers Institute of America and Gelatin Manufacturers of Europe
2A.0.A.C — Association of Official Agricultural Chemists
3USP — United States Pharmacopeia.
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Table 22 — Formulations for prepare gelatin hydrogels using EGDMA as crosslinker

and different methodologies of synthesis.

Sample a) Weighttheoretical () Weightrea (g)
1.0017
Gelatin 1.0 1.0151
1.0008
0.01
or 0.0108
EGDMA 0.05 0.0522
or 0.1023
0.1
0.0553
DBU 0.05 0.0512
0.0501
5.0023
Water 5.0 5.0008
5.0107
Sample b) Weightineoretical (&) Weightrea (g)
Gelatin 1.0 1.0102
EGDMA 0.05 0.0522
DBU 0.05 0.0541
Water 5.0 5.0018
KPS (2 wt.%) 0.02 0.0211
Sample c) Weighttheoretical (g) Weightreal (8)
Gelatin 1.0 1.0027
EGDMA 0.05 0.0558
DBU 0.05 0.0511
Water 5.0 5.0118
1G2959 (2 wt.%) 0.02 0.0208
Sample d) Weighttheoretical (g) Weightreal (8)
Gelatin 1.0 1.0019
EGDMA 0.05 0.0502
DBU 0.05 0.0510
Water 5.0 5.0615
1G2959 (2 wt.%) 0.02 0.0241
HEMA (2 wt.%) 0.02 0.0203

EGDMA — ethylene glycol dimethacrylate; DBU — 1,8-Diazabicyclo(5.4.0)undec-7-ene; KPS —
potassium persulfate; HEMA — 2-hydroxyethyl methacrylate; 1G2959 — Irgacure 2959
(photoinitiator);

Source: Author (2023).



Table 23 - Estimated physical parameters by helium picnometry.

(p) — True density (V) — Volume (V) — Specific Volume
Sample
(g-em™) (cm?) (em>g™)
Gelatin 1.34 £ 0.0057* 0.9010 £ 0.0038 0.7486 + 0.0057
G 0.15 1.55 £ 0.0049° 0.6350 = 0.0020° 0.6448 + 0.0049°
G 0.30 1.29 +0.0031°¢ 0.8133 £0.0020¢ 0.7735+£0.0031¢
G 045 1.39 +0.0048¢ 0.7269 + 0.0025¢ 0.7190 + 0.00484

Results are shown as mean (n = 10) followed by + standard deviation (SD);
Different letters in the same column indicate statistically significant differences between the means
by Tukey’s test at significance level of 95% (p-value < 0.05);
Source: Author (2023).

Figure 41 — Gelatin M,, and 2™ virial coefficient results from Debye plot.
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Source: Author (2023).
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Figure 42 — DSC curves of neat gelatin at different heating conditions.
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second run of the same sample, respectively, until 250 °C and at 20 °C-min"!

Source: Author (2023).

43 — Estimated particle diamet
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. Scaling of 500 nm for the inverse miniemulsion using 0.1 g of crosslinker;
Source: Author (2023).
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Figure 44 — Optical microscopy image of redispersed DOXG_0.01 formulation.
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Scaling of 50 pm for the inverse miniemulsion using 0.01 g of crosslinker;
Source: Author (2023).
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