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RESUMO 

O ácido hialurônico (HA) é um polissacarídeo natural presente em vários tecidos 

animais presente na matriz extracelular. HA possui propriedades mecânicas que são 

responsáveis pela lubrificação, amortecimento de choques e preservação das juntas 

articulares. Apesar das excelentes propriedades, o HA é rapidamente degradado in vivo. 

A sua estabilidade e tempo de meia vida tem sido melhorada através de modificação 

química nos seus grupos funcionais e reticulação. Um exemplo de modificação química 

é a oxidação parcial dos grupos hidroxilas do HA (oxi-HA), que favorece a extensão e 

compactação das cadeias permitindo a reticulação com dihidrazida adípica (ADH), por 

meio de reação tipo click, espontânea e sem uso de catalisadores ou iniciadores 

químicos. Entretanto a literatura ainda é escassa nos estudos do oxi-HA/ADH como 

biomaterial visando aplicação na medicina regenerativa. Dentro deste contexto, este 

trabalho teve como objetivo estudar as propriedades físico-químicas do oxi-HA/ADH e 

o seu desempenho como biomaterial para carreamento, proliferação de células 

mesenquimais do tecido adiposo humano (h-AdMSCs) e diferenciação condrogênica em 

associação com PRP. Os resultados obtidos mostraram que pela modulação do grau de 

oxidação e de reticulação com ADH é possível obter biomateriais com diferentes 

propriedades, assim como micro e nanoestruturas. As microestruturas particularmente, 

demostraram mais eficientes para a proliferação de AdMSCs, sendo uma estratégia 

promissora para a formação de microtecidos em estratégia do tipo bottom-up. Além 

disso, as microestruturas com 2 e 5 mg não suprimiram a expansão da rede de fibrina do 

plasma rico em leucócitos e plaquetas (L-PRP) e melhoraram a proliferação celular. Os 

resultados de modulação e microestruturação do oxi-HA/ADH são inovadores e 

contribuem para uma o desenvolvimento de novos biomateriais baseados em oxi-

HA/ADH para aplicações em engenharia de tecidos e medicina regenerativa.  

Palavras chave: ácido hialurônico oxidado, dihidrazida adípica, microestruturas, 

engenharia tecidual, medicina regenerativa.  



 

 

    

 

ABSTRACT 

Tissue engineering and regenerative medicine work to develop new and effective 

treatments for a range of diseases. Hyaluronic acid (HA) is a natural polysaccharide 

present in the extracellular matrix and its exogenous product obtained from 

fermentation is widely used as a biomaterial. Despite its mechanical and biological 

properties, HA is rapidly degraded in vivo. Its stability can be improved through 

chemical modification in their functional groups and crosslinking. The HA association 

with platelet-rich-plasma (PRP) has shown benefits in regenerative medicine 

applications. The partial oxidation reaction of hydroxyl groups in HA (oxi-HA) favors 

extension and compacting of the chains allowing crosslinking with adipic dihydrazide 

acid (ADH), through a click-type reaction, spontaneous and without the use of chemical 

catalysts or initiators. However, the literature is still scarce on studies of oxi-HA/ADH 

as a biomaterial. Therefore, this work aimed to study the physical-chemical properties 

of the partial oxidation and crosslinking process (oxi-HA/ADH) and its performance as 

a biomaterial for carrying and proliferation of human- adipose mesenchymal cells (h-

AdMSCs) and their chondrogenic differentiation in association with PRP. The results 

obtained showed that by modulating the degree of oxidation and crosslinking of HA it is 

possible to obtain biomaterials with different properties as well as micro and 

nanostructures. The microstructures, in particular, proved to be more efficient for the 

proliferation of AdMSCs, being a promising strategy for the formation of microtissues 

in a bottom-up strategy. In addition, microstructures with 2 and 5 mg did not suppress 

the expansion of the leukocyte- and platelet rich plasma (L-PRP) fibrin network and 

improved cell proliferation. The results of modulation and microstructuring of oxi-

HA/ADH are innovative and contribute to the development of new biomaterials based 

on oxi-HA/ADH for applications in tissue engineering and regenerative medicine. 

Keywords: oxidized hyaluronic acid, adipic dihydrazide acid, microstructures, tissue 

engineering, regenerative medicine. 
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oxi-HA/ADH – ácido hialurônico oxidado e reticulado com dihidrazida adípica 

PRP – plasma rico em plaquetas 

RBC – glóbulo vermelho 
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1. INTRODUÇÃO GERAL 

O ácido hialurônico (HA) é um heteropolissacarídeo que existe naturalmente em 

vários tecidos animais. No corpo humano, as maiores concentrações de HA são 

encontradas na matriz extracelular dos tecidos conjuntivos moles (FRASER; 

LAURENT; LAURENT, 1997). Isolado primeiramente em 1934 do humor vítreo 

bovino por Karl Meyer e John Palmer (MEYER; PALMER, 1934), e posteriormente da 

crista de galo (BOAS, 1949; SWANN; CAULFIELD, 1975), atualmente a maior parte 

do HA é produzido por fermentação microbiana usando bactérias do gênero 

Streptococci (CHONG; BLANK; MCLAUGHLIN; NIELSEN, 2005). O HA exógeno 

de fonte microbiana possui propriedades iguais ao endógeno, e por isso vem sendo 

usado em várias aplicações médicas, principalmente no tratamento de doenças 

musculoesqueléticas (NICHOLLS; FIERLINGER; NIAZI; BHANDARI, 2017).  

1.1. HA: estrutura, propriedades e funções 

HA é composto de unidades alternadas de ácido D-glucurônico e N-

acetilglicosamina unidas por ligações glicosídicas ß-1,4 e ß-1,3. Apesar da sua alta 

hidrofilicidade (domínios poli-hidroxílicos), o HA é um anfifílico, com domínios 

hidrofóbicos nas suas unidades CH. Em meio aquoso, esses domínios se agregam 

formando uma estrutura secundária do tipo fita retorcida, que se enovela aleatoriamente 

produzindo estruturas terciárias do tipo “random coil”, estabilizadas por ligações físicas 

(HASCALL; LAURENT, 1997). Em solução fisiológica a estrutura terciária se 

expande, formando hidrogéis porosos que ocupam um grande volume (SCOTT, 1998) 

HA possui propriedades mecânicas, viscosidade e viscoelasticidade, que são 

responsáveis pela lubrificação, amortecimento de choques e preservação das juntas 

articulares (COWMAN; SCHMIDT; RAGHAVAN; STECCO, 2015; TEMPLE-

WONG; REN; QUACH; HANSEN et al., 2016). Além de manter a arquitetura da 

matriz extracelular, o HA possui a capacidade de sinalização celular, que é a sua 

principal propriedade biológica. A sinalização resulta da ligação a receptores 

específicos expressos em muitas células tais como CD44, à molécula de adesão 

intracelular ICAM-1 e ao receptor mediador de motilidade RHAMM. Essas interações 

regulam as atividades funcionais das células tais como migração e proliferação, nos 

estados fisiológico e patológico (KNUDSON; KNUDSON, 1999; TURLEY; NOBLE; 

BOURGUIGNON, 2002). 

1.2. Modificações químicas e físicas do HA 
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Várias modificações químicas podem ser feitas no HA nativo para torná-lo um 

material robusto e resistente à degradação. Os grupos carboxila e hidroxila são os sítios 

mais comuns para ativação e posterior ligação química covalente ou crosslinking. As 

modificações químicas dos grupos carboxílicos são amidação ou esterificação, enquanto 

reações de formação de éter, éster, hemiacetal e oxidação, ativam os grupos hidroxila 

com os agentes de acoplamento butanedioldiglicidil éter, divinil sulfone, glutaraldeído, 

brometo de cianogênio, succínico anidrido e periodato de sódio. O HA resultante, 

quimicamente modificado, tem propriedades físico-químicas diferentes do HA nativo, 

porém a maioria retém a sua biocompatibilidade e biodegradabilidade (BURDICK; 

PRESTWICH, 2011; PRESTWICH, 2001). 

1.3. HA no tratamento de doenças musculoesqueléticas 

Os distúrbios musculoesqueléticos são lesões que afetam ossos, músculos, 

articulações, ligamentos, tendões ou cartilagem, e causam dores, fraquezas, ruídos 

articulares e redução da amplitude de movimento (GOMEZ-GALAN; PEREZ-

ALONSO; CALLEJON-FERRE; LOPEZ-MARTINEZ, 2017; VALERO; 

SIVANATHAN; BOSCHE; ABDEL-WAHAB, 2016). Atualmente, com o aumento da 

expectativa de longevidade devido à melhoria nas condições de vida (IBGE, 2008), os 

distúrbios musculoesqueléticos vem afetando significativamente a qualidade de vida da 

população idosa (GOMEZ-GALAN; PEREZ-ALONSO; CALLEJON-FERRE; LOPEZ-

MARTINEZ, 2017; VALERO; SIVANATHAN; BOSCHE; ABDEL-WAHAB, 2016).  

A osteoartrite (OA) é uma doença musculoesquelética que afeta principalmente as 

articulações, do quadril e joelhos. No mundo, OA é a quarta enfermidade que mais 

reduz a qualidade de vida, segundo a Organização Mundial de Saúde (OMS) (BRASIL, 

2017; SUS, 2015). No Brasil, a osteoartrite acomete mais de 10 milhões de casos em 

adultos registrados, atingindo principalmente pessoas acima dos 41 anos de idade. 

Entretanto, adultos na faixa dos 30 anos de idade também sofrem com a doença 

(BRASIL, 2017). 

A OA de joelho é a de maior incidência, sendo uma das principais causas de 

incapacidade de movimento da população adulta (BHOSALE; RICHARDSON, 2008; 

HE; LI; ALEXANDER; OCASIO-NIEVES et al., 2020). OA de joelho é caracterizada 

por dor articular, degeneração da cartilagem e redução progressiva da função do joelho, 

afetando a capacidade do indivíduo para realizar atividades diárias (BADLEY; 

WILFONG; YIP; MILLSTONE et al., 2020; CHENG; SOUZDALNITSKI; 
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VROOMAN; CHENG, 2012). Portanto, impacta negativamente fatores 

socioeconômicos, pois a deficiência associada muitas vezes leva a um desempenho 

prejudicado no trabalho e aposentadoria precoce. Estima-se que na faixa etária de 85 

anos, 1 de cada 2 pessoas desenvolverá osteoartrite de joelho sintomática (LOESER, 

2017).  

HA tem sido extensamente usado no tratamento da OA de joelho. Injeções intra-

articulares de HA produzem benefícios clínicos além da lubrificação e absorção de 

choque, por meio de vários mecanismos, tais como: proteção de condrócitos, mediante 

sinalização por meio do receptor CD44, estímulo da síntese de proteoglicanos e 

glicosaminoglicanos, efeitos anti-inflamatórios e alívio da dor. As evidências mostram 

que HA produz efeitos modificadores da doença, na preservação e restauração da matriz 

extracelular (ALTMAN; MANJOO; FIERLINGER; NIAZI et al., 2015; NICHOLLS; 

FIERLINGER; NIAZI; BHANDARI, 2017). 

Resultados mais favoráveis são obtidos com o tratamento intra-articular com HA 

de alta massa molar, e HA de fonte microbiana possui perfil bioquímico mais seguro. 

Comparativamente o tratamento com HA intra-articular proporciona maior alívio da 

dor, comparado aos corticoides, NSAID (nonsteroidal anti-inflammatory drugs) e 

fisioterapia. Além disso, o tratamento com ciclos repetidos parece adiar as intervenções 

cirúrgicas na osteoartrite do joelho e quadril, conforme mostrado por vários estudos. 

Portanto, HA intra-articular tem proporcionado tratamentos eficientes e muito menos 

invasivos, restringindo assim as intervenções cirúrgicas a casos especiais, além de evitar 

seus efeitos adversos e custos elevados. 

1.4. HA no tratamento regenerativo 

A engenharia de tecidos (TE) e a medicina regenerativa (RM) buscam atender à 

necessidade clínicas de reparo de tecidos danificados. Enquanto na TE o tecido é 

desenvolvido fora do corpo, a RM usa a capacidade regenerativa do próprio corpo para 

recrutar suas células-tronco, ativar células residentes no tecido ou implantar células 

previamente cultivadas, para recuperar a homeostase (KEENEY; LAI; YANG, 2011; 

VEGA; KWON; BURDICK, 2017). Ambas as estratégias empregam combinações 

únicas de materiais, células e sinais bioquímicos e mecânicos, que resultam no 

desenvolvimento crescente de tratamentos mais efetivos, eficazes e menos invasivos.  

As células-troncos mesenquimais (MSCs) vêm despertando grande interesse, 

pela sua relevância clínica como um tipo de célula que pode ser facilmente colhida e 

expandida, e por não expressarem HLA (human leukocyte antigen), e por isso pode ser 
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obtido de banco de células, ou seja, ainda é de forma autóloga. Na engenharia de tecidos 

da cartilagem, as MSCs aparecem como uma alternativa aos condrócitos autólogos. As 

MSCs mais usadas são provenientes da medula óssea gordura e sinóvio. Em termos de 

sinais bioquímicos, destacam-se os fatores de crescimento TGF-β, IGF, BMPs, IGD, 

FGF e as proteínas morfogênicas BMP. (TIRUVANNAMALAI-ANNAMALAI; 

ARMANT; MATTHEW, 2014). 

Apesar dos vários avanços, uma das principais limitações das MSCs é a 

qualidade da matriz extracelular gerada, e o desenvolvimento de scaffolds eficazes ainda 

é um desafio. Em geral o uso de biomateriais indutivos, como hidrogéis, é favorável, 

comparado aos materiais inertes. Nessa abordagem, HA emerge como um dos 

biomateriais indutivos mais estudados. Dentre os processos de fabricação de scaffolds 

tridimensionais duas abordagens são estudadas: top-down e bottom-up, Na abordagem 

convencional top-down, a estrutura porosa dos hidrogéis é previamente formada e a 

suspensão de células posteriormente dispersa na estrutura porosa. As limitações dessa 

estratégia são a vascularização lenta, gradientes de nutrientes devido à resistência 

difusiva, baixa densidade celular e distribuição não uniforme, que se refletem na 

qualidade do tecido formado (TIRUVANNAMALAI-ANNAMALAI; ARMANT; 

MATTHEW, 2014). Visando contornar as limitações difusivas, a abordagem (bottom-

up) envolve microcarregadores com as células adsorvidas na superfície externa, cuja 

proliferação em multicamadas dará origem a microtecidos e posteriormente a um macro 

tecido (DECLERCQ; DE CALUWE; KRYSKO; BACHERT et al., 2013). Os 

microcarreadores podem encapsular estimulantes dos sinais bioquímicos e ser dispostos 

em unidades repetitivas mimetizando a cartilagem nativa (MALDA; FRONDOZA, 

2006). Atualmente os processos de produção de scaffolds estão evoluindo nas áreas de 

bioimpressão 3D, inclusive envolvendo HA (WEIS; SHAN; KUHLMANN; JUNGST et 

al., 2018). 

1.5. Associação do HA e o plasma rico em plaquetas (PRP) 

O plasma-rico em plaquetas (PRP) é um produto autólogo derivado do sangue, 

rico em fatores de crescimento e proteínas. Adicionalmente, o PRP possui propriedades 

anti-inflamatórias e antimicrobianas e contém fibrinogênio, que mediante ativação 

química ou física decompõe-se em fibrina que polimeriza formando uma rede de fibras 

finas, que constitui o scaffold natural da regeneração tecidual. A rede de fibrina é 

importante por permitir a liberação gradual dos fatores de crescimento, proliferação de 
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células residentes ou recrutadas para o local da injúria, propriedades reológicas dos seus 

hidrogéis (LANA; SANTANA; BELANGERO; LUZO, 2014). 

A associação do PRP com HA com tem trazido benefícios in vitro e in vivo (DE 

MELO; FRANCA; DAVILA; BATISTA et al., 2020; LANA; WEGLEIN; SAMPSON; 

VICENTE et al., 2016). 

1.6. Evolução dos estudos no LDPB 

O grupo de estudos do laboratório LDPB trabalha, desde 2009, na produção e 

caracterização de HA por fermentação, com estudos focados nas variáveis de processo, 

fonte de nitrogênio, meio de cultura e purificação (CAVALCANTI; MELO; 

OLIVEIRA; SANTANA, 2019; CAVALCANTI; SANTANA, 2019). 

Como sequencia, iniciaram-se estudos do processo de produção do HA como 

biomaterial para aplicações na engenharia tecidual e medicina regenerativa. Nesses 

estudos, o HA foi estudado utilizando diferentes reticulações químicas e estruturas. No 

segmento o grupo começou a associar o HA com o plasma rico em plaquetas (PRP), 

avaliando as vantagens desta composição (BICUDO; SANTANA, 2012a; b; BICUDO; 

SANTANA, 2014; DE MELO; FRANCA; DAVILA; BATISTA et al., 2020; DE 

MELO; SHIMOJO; PEREZ; LANA et al., 2018; SHIMOJO; BRISSAC; PINA; 

LAMBERT et al., 2015; SHIMOJO; DUARTE; LANA; LUZO et al., 2019; SHIMOJO; 

GALDAMES; DUARTE; PINA et al., 2014; SHIMOJO; GALDAMES; PEREZ; ITO 

et al., 2016; SHIMOJO; PEREZ; GALDAMES; BRISSAC et al., 2016; SHIMOJO; 

PIRES; DE LA TORRE; SANTANA, 2013; SHIMOJO; PIRES; LICHY; 

RODRIGUES et al., 2015; SHIMOJO; PIRES; LICHY; SANTANA, 2015).  

A Figura 1 mostra a evolução dos trabalhos do LDPB envolvendo HAs.  
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Figura 1. Linha do tempo da pesquisa de ácido hialurônico do grupo LDPB. 

No LDPB os estudos com oxi-HA/ADH foram iniciados em 2017. A reação de 

reticulação do oxi-HA com o ADH é vantajosa para aplicações in vivo por ser uma 

reação tipo click que ocorre espontaneamente sem a necessidade de catalisadores ou 

iniciadores químicos, além do ADH ser facilmente metabolizada pelo corpo humano 

(FRANÇA; SACOMANI; VILLALVA; NASCIMENTO et al., 2019; JIA; 

COLOMBO; PADERA; LANGER et al., 2004; SU; CHEN; CHEN; LEE et al., 2011; 

YEO; HIGHLEY; BELLAS; ITO et al., 2006). Adicionalmente o sistema oxi-HA/ADH 

forma hidrogéis termossensíveis que são importantes para aplicações injetáveis. 

Enquanto injeções articulares de HA têm sido amplamente usadas nos tratamentos de 

osteoartrite de joelho, quadril, tornozelo e ombro, elas não são recomendadas para 

tratamentos de coluna cervical e lombar. Nesse último segmento, estudos com o oxi-

HA/ADH têm apresentado resultados promissores na regeneração do núcleo pulposo 

(SU; CHEN; LIN, 2010).  

A importância desses fatores, e adicionalmente a carência de estudos físico-

químicos, estruturais e de engenharia, do sistema oxi-HA/ADH, motivaram o 

desenvolvimento do presente trabalho. 

1.7. Objetivo e metas 

O objetivo desse trabalho foi estudar as propriedades físico-químicas do ácido 

hialurônico oxidado e reticulado com dihidrazida adípica (oxi-HA/ADH), o 

desenvolvimento microestruturas carreadoras de células e os efeitos da sua associação 

com plasma rico em plaquetas (PRP) no crescimento e diferenciação condrogênica das 

2009 

2010 

2013 

2019 

2020 

Produção e caracterização de HA por fermentação  

Processo de produção do HA livre como biomaterial. Preparação e 

padronização do P-PRP 

 

Padronização do L-PRP e reticulação química do HA 

HA associado aos PRPs e preparo, 

caracterização e estudos com oxi-

HA/ADH 

Microcarregadores 

oxi-HA/ADH 
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células mesenquimais do tecido adiposo humano (h-AdMSCs), visando aplicações em 

engenharia tecidual e medicina regenerativa. 

O projeto seguiu as seguintes metas: 

 Preparação e caracterização do acido hialurônico oxidado (oxi-HA) e 

reticulado com dihidrazida adípica (ADH), para a formação do hidrogel oxi-

HA/ADH; 

 Estudo da modulação das propriedades físico-químicas do oxi-HA/ADH; 

 Desenvolvimento e caracterização de nano e microestruturas de oxi-

HA/ADH; 

 Caracterização dos efeitos da associação das microestruturas de oxi-

HA/ADH com HA livre nas propriedades reológicas e injetabilidade; 

 Caracterização do comportamento de adesão e crescimento das h-AdMSCs 

cultivadas nas microestruturas. 
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2. REVISÃO DA LITERATURA 

Esta seção esta apresentada em forma de artigo de revisão. 

O artigo Oxi-HA/ADH hydrogels: a novel approach in tissue engineering and 

regenerative medicine, submetido ao periódico científico Acs Biomaterials Science & 

Engineering, trata-se de uma revisão abrangente sobre o hidrogel de ácido hialurônico, 

enfatizando os mecanismos de oxidação e reticulação, bem como sua aplicação. 
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Oxi-HA/ADH hydrogels: a novel approach in tissue engineering and regenerative 

medicine 
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Abstract 

Hyaluronic acid (HA) is a natural polyelectrolyte abundant in mammalian connective 

tissues, such as cartilage and skin. The similar physicochemical, rheological, and 

biological properties of exogenous HA produced by fermentation have generated 

medical and dermo-cosmetic products. Chemical modifications such as crosslinking or 

conjugation in target groups of the HA molecule improve its properties and in vivo 

stability, expanding its applications. Currently, HA-based scaffolds and matrices are of 

great interest in tissue engineering and regenerative medicine. The partial oxidation of 

the proximal hydroxyl groups in HA to electrophilic aldehydes mediated by periodate 

has been rarely investigated. The introduced aldehyde groups in the HA backbone allow 

spontaneous crosslinking with adipic dihydrazide (ADH) without initiators or 

catalyzers. Furthermore, the oxi-HA/ADH system allows the customization of 

noncytotoxic and thermosensitive hydrogels that are useful for medical applications. 

This review provides an overview of the physicochemical properties of HA and its usual 

chemical modifications to better understand oxi-HA/ADH hydrogels, the modulation of 

oxi-HA/ADH properties by the oxidation degree and ADH concentration, their 

functional properties and the current clinical research. Finally, the review discusses the 
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development of biomaterials based on oxi-HA/ADH as a novel approach in tissue 

engineering and regenerative medicine. 

Keywords: hydrogel, hyaluronic acid, crosslinking, tissue engineering, and medicine 

regenerative. 

Graphical abstract. Oxi-HA/ADH hydrogels for tissue engineering and regenerative 

medicine. 

 

1. INTRODUCTION 

Hyaluronic acid (HA) is a glycosaminoglycan comprising repeating disaccharide 

units of glucuronic acid and N-acetylglucosamine. HA is widely distributed in the 

extracellular matrix (ECM) and plays an important role in vertebrate tissue 

morphogenesis
1
. 

Isolated first in 1934 by Meyer and Palmer(MEYER; PALMER, 1934), HA has 

its evolutionary history supported by deep structural, physicochemical, and biological 

studies, resulted in an extensive network of clinical applications in the late 20th century. 

Laurent
3
 summarized the history of HA research in the form of a tree, in which the great 

stages of development mark the trunk. The basic structural knowledge and evolution of 
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analysis techniques continued with research on the macromolecular and physiological 

properties, followed by molecular recognition, cell biology, and HA metabolism. These 

stages have extensive ramifications and were crowned with the development of HA as a 

product for clinical applications from Balazs' study
4
.  

In the last 40 years, with the support of studies on cell receptors, and 

technological development, tissue engineering has emerged as a science. Regenerative 

medicine is more recent, appearing during the 1990s. Until 2006, the focus of 

regenerative medicine was the research and production of knowledge about stem cells. 

Since 2006, the focus has shifted to the development of new products and therapies. 

Regenerative medicine is now much more than stem cell technology, covering basic 

biology to clinical applications
5
. 

Although exogenous avian HA was first explored, HA from fermentation, bio-

HA, is currently the most used in clinical applications.  

HA was first approved by regulatory authorities for use in human patients 

mainly as a viscoelastic fluid for pain in osteoarthritis and as sheet formulations for 

preventing surgical adhesions. Presently, HA hydrogels have been extensively studied 

for applications in tissue engineering and regenerative medicine
6, 7

, diagnostics
8
, cell 

immobilization
9
, the separation of biomolecules or cells

10
 and the regulation of 

biological adhesions as a barrier material
11

 because of their desirable properties, such as 

adaptive chemistry, biodegradability, biocompatibility, viscoelasticity, biological 

activities, and chondrogenic potential
12

.  

Although versatile as a biomaterial, HA requires chemical functionalization 

and/or crosslinking reactions to improve stability and ensure the fidelity of the shape of 

the hydrogel constructs
13

. Generally, these chemical or physical modifications of HA 

can be controlled to maintain the biological functions of the polymer and are important 



24 

 

    

 

to overcome degradation. In vivo, the resilience of HA hydrogels depends on their rate 

of degradation by hyaluronidases and reactive oxygen and nitrogen species that can 

limit their effective use
14-18

. However, most of the usual crosslinkers are medium or 

large molecules that are not metabolized by the human body after HA degradation. 

Moreover, the crosslinking reactions require initiators or catalyzers, in addition to 

further purification to remove excess reagents.  

The partial oxidation of HA catalyzed by a periodate (NaIO4) is used to 

introduce aldehyde groups in HA glucuronic acid, providing opportunities for 

crosslinking with small metabolizable molecules such as adipic dihydrazide (ADH) by 

click reactions
19-23

. The HA/ADH hydrogel was initially studied for nucleus pulposus 

regeneration
24-26

. The improved injectability and in situ gelation motivated 

physicochemical studies aimed at novel applications
21, 27

. Our recent studies 

characterized the structural changes modulated by the oxidation degree and ADH 

concentration and the thermosensitivity of the HA/ADH hydrogels with different 

packings
28

. 

This review focuses on the preparation and characterization of the oxi-HA and 

oxi-HA/ADH and compares their properties and benefits regarding HA and HA/ADH 

prepared by typical chemical crosslink chemistry. Additionally, it presents the clinical 

studies and discusses the potential of oxi-HA/ADH-based biomaterials for applications 

in tissue engineering and regenerative medicine.  

2. HYALURONIC ACID HYDROGELS 

2.1. Molecular and structural domains 

Hyaluronic acid (HA) is a nonsulfated glycosaminoglycan (GAG) comprising 

alternating units of D-glucuronic acid and N-acetyl-D-glucosamine, connected by β-1,3- 

and β-1,4-glycosidic bonds (Figure 1A). HA is negatively charged in neutral aqueous 
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solution because of its pKa value, approximately 3-4, referring to the carboxyl groups. 

Additionally, it forms a second structure because of hydrophobic interactions and 

intermolecular hydrogen bonds, enabling the aggregation of polymeric chains and 

formation of an extended meshwork (Figure B)
29

. The porous structure formed among 

the chains allows the diffusion of small and large molecules such as proteins (Figure C).  

 

Figure 1. (A) Chemical structure of hyaluronic acid. (B) HA tetrasaccharide unit with the 

hydrophilic functional groups (in blue), hydrophobic moieties (in red) and hydrogen bonds 

(dashed lines in green). (C) Random coil structure of HA (blue: hydrophilic; red: hydrophobic) 

with the effects diffusion (free molecules with arrows). 

2.2. HA hydrogels 
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The HA networks form three-dimensional (3D) hydrogels due to electrostatic or 

hydrophobic interactions between chain groups, maintaining a large amount of water in 

their swollen state
30

. 

However, the physically crosslinked hydrogels exhibit faster degradation 

behavior in vivo
12, 27, 31

. To overcome degradation and maintain the integrity of native 

HA, chemical or physical modification in functional groups of the native HA (carboxyl, 

hydroxyl, and amide) is exploited. Various chemical conjugations and covalent bonds 

improve mechanical strength and control stiffness, viscosity, solubility, degradation, 

and biological properties
14-18, 27, 32-34

, maintaining their biocompatibility and 

biodegradability
15, 27

. 

HA, in the salt form of hyaluronate, is preferably functionalized at the carboxyl and 

hydroxyl groups of D-glucuronic and in the amino group of N-acetyl-glucosamine. 

Using carbodiimides or carbonyl diimidazole, the carboxyl group is covalently modified 

to form amide bonds, while the hydroxyl group can be modified to ether formation, 

ester formation, hemiacetal formation, and oxidation, and –NHCOCH3 is modified by 

deacetylation, amidation, hemiacetylation, and hemiacetal formation
16

. 

2.3. HA hydrogels in tissue engineering and regenerative medicine 

HA hydrogels are 3D carriers for growth factors and cells, resulting in the 

successful regeneration of different tissues, including bone and cartilage, as well as in 

the stimulation of angiogenesis
31, 35, 36

. Additional biological functionality may be 

incorporated by coupling proteins, amino acids, or therapeutic drugs
24, 37

.  

Presently, HA is an appealing starting material for hydrogel design due to its 

biocompatibility, native biofunctionality, biodegradability, high viscoelasticity, 

chondroprotective, nonimmunogenicity and versatility
12, 38, 39

. HA is widely studied in 

biomedical applications, including tissue engineering and regenerative medicine
6, 7

, 
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diagnostics
8
, cell immobilization

9
, the separation of biomolecules or cells

10
, and the 

regulation of biological adhesions as a barrier material
11

. Table 1 illustrates some HA-

crosslinked biomaterials and their current applications. 

Table 1. HA-crosslinked biomaterials and their applications in the biomedical field. 

Biomaterial Application Reference 

HA-Collagen matrix 
Cartilage tissue repair and neural 

regeneration 

40, 41 

HA-Gelatin hydrogels 
Bone regeneration and 

chondrogenic differentiation 

42-45 

HA-CHI composite Cartilage tissue engineering 
36, 46, 47 

Oxidized HA-resveratrol 

hydrogel 
Cell carrier for chondrocytes 

48, 49 

PGS-PCL-Me-HA Heart valve tissue engineering 
50 

Thiolated-HA hydrogels 
Tissue-engineered adipose 

substitutes 

51-53 

Collagen-PEG-grafted-HA Intradermal drug delivery 
54 

Oxidized HA-gelatin 

microspheres 
Drug delivery 

55 

HA-g-poly-(HEMA) Lung tissue engineering 
56 

HA-ADH-EDCI Drug delivery 
57, 58 

HA-DVS Viscosupplements 
59, 60 

HA-BDDE Viscosupplements 
61-63 

HA-PRP Regenerative medicine 
64-66 

ADH – adipic dihydrazide  

BDDE – 1,4-butanediol diglycidyl ether 

CHI – chitosan 

DVS – divinyl sulfone 

HA – hyaluronic acid 

PRP- platelet-rich plasma 

Me – methacrylate 

PCL – poly(ε-caprolactone) 

PEG – polyethylene glycol 

PGS – poly(glycerol sebacate) 

poly(HEMA) – poly(2-hydroxyethyl methacrylate) 
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2.4. HA/ADH hydrogels 

The most common methods described in the literature to crosslink high-molar-

mass HA with ADH use N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) as 

catalyzers. The reactions mediated by EDC/EDCI occur in aqueous acid solution (pH 

4.0-4.75) only in the presence of the catalyzers.  

ADH acts as a crosslinking agent in the phase where only one of the two 

hydrazide groups is intended to be coupled to the HA carboxylate. To avoid 

concomitant crosslinking during hydrazide functionalization, a large excess of ADH is 

applied
67, 68

. The reaction is stopped by an increase in the pH to 7.0. Both catalyzers are 

cytotoxic, with their elimination necessary by dialysis against alternating solutions of 

alcohol/water mixture and pure water.  

Pouyani et al. (1994) described the methodology for the chemical modification 

of high-molar-mass HA (1.5×10
6 

Da) using ADH in excess and EDC (1-ethyl-3-(3-

dimethylaminopropyl carbodiimide as a catalyzer. The hydrogel obtained showed the 

potential of using three-dimensional matrices in the incorporation and controlled release 

of active compounds
69

. 

Lou et al. (2000) used the methodology of Pouyani et al. (1994) with 

modifications. They initially derivatized HA with ADH, followed by crosslinking with a 

macromolecular homobifunctional reagent; the poly(ethylene glycol)–propionaldehyde 

(PEG-diald) that resulted formed a polymer network under neutral aqueous conditions, 

suitable for in situ administration. The authors obtained a useful film for hydrophobic 

steroidal anti-inflammatory or drug delivery at wound sites. The film does not require 

purification and can be used directly after gelling39. 
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Wang et al. (2006) crosslinked the carboxyl groups of HA with the amine groups 

of glycol chitosan to form amide bonds. The carboxyl group of HA was initially 

activated in an aqueous solution by EDC at neutral pH and added to a glycol chitosan 

solution. The hydrogels had a soft and viscoelastic structure with adjustable 

biostability
70

. 

Zhang et al. (2010) studied the crosslinking of collagen (Col) with HA and Col 

with HA-ADH using genipin as a crosslinker. Genipin spontaneously reacts with the 

amine groups of Col, and Col/HA or Col/HA-ADH can be obtained directly by 

immersing the HA and HA/ADH hydrogels in a genipin solution. Regarding HA-ADH, 

the amine groups of Co and pendant hydrazide amino group from HA-ADH promoted a 

nucleophilic attack at the C-3 of the genipin opening dihydropyran ring, forming a 

nitrogen-iridoid. The results suggested that HA-ADH improved the crosslinking 

efficiency of genipin, producing hydrogels with enhanced mechanical resistance, and 

the water absorption and degradation rate were reduced
71

. Despite the satisfactory 

results, the use of EDC in HA-ADH derivatization required steps for purification that 

increase the production time and cost. 

Homobifunctional ADH is a small, nontoxic, and nucleophilic dihydrazide that 

is easily metabolized by humans
72

. ADH forms spontaneous covalent bonds with HA, 

resulting in a 3D matrix in a few minutes. The hydrogels are stable, biocompatible, and 

thermoresistant biomaterials. In vivo, the HA/ADH hydrogels are gradually degraded by 

hyaluronidases, maintaining the gel state for up to 5 weeks after injection
24, 31

. Despite 

these advantages, in vivo applications still face challenges because foreign or 

inflammatory reactions can be induced
73

. 
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3. PARTIAL OXIDATION OF HYALURONIC ACID (Oxi-HA) 

Compounds with hydroxyl groups on adjacent atoms, such as HA, undergo 

oxidative cleavage when treated with periodically aqueous periodate (-IO4). This is a 

simple and effective method to introduce reactive groups into polysaccharide 

structures
22, 23, 74

. Periodate treatment oxidizes the proximal hydroxyl groups (at the C2 

and C3- carbons of glucuronic acid) to electrophilic aldehydes, thereby opening the 

sugar ring during oxidation and leaving them available for crosslinking (Figure 2) 
24, 27

.
 

The partial oxidation leads to the introduction of highly flexible links in 

otherwise rather stiff and extended structures. The aldehyde groups along the backbone 

serve as reactive chemical anchors for further reactions with nucleophilic molecules, 

allowing the immobilization and stabilization of compounds (drugs, biomolecules, 

cells)
75, 76

 and hydrogel formation
77, 78

. 

HA partially oxidized with NaIO4 requires a prolonged reaction time due to 

extensive intermolecular and intramolecular hydrogen bonding between the hydroxyl 

and carboxylate HA groups. This long time causes HA degradation and molecular 

weight reduction by at least an order of magnitude
21, 79

. Furthermore, after the reaction, 

dialysis must be performed to remove byproducts from the reaction. The presence of 

byproducts can lead to a decrease in cell viability and increased cytotoxicity
48

. 

Although NaIO4 oxidation reduces the HA molar mass
79

, the intrinsic viscosity 

of the solution, at a constant HA molar-mass , facilitates sterilization, which can be 

performed by passing through a 0.22-μm filter, the simplest method of sterilization
24

. 

Additionally, oxi-HA, as a liquid solution, can easily incorporate therapeutic agents and 

cells
24, 37

.  

Figure 2 describes the partial reaction between HA and NaIO4. 
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Figure 2. Partial oxidation of hyaluronic acid (HA) with sodium periodate (NaIO4) to form 

oxidized hyaluronic acid (oxi-HA). In red, aldehyde groups are formed; in green, the bond 

breaks during oxidative cleavage. 

The extent of oxidization in most chains is governed by electrostatic repulsion 

between carboxyl groups, implying a high sensitivity of chain extension or compaction 

in relation to ionic strength (Figure 3A). This approximation of the chains allows long-

range intermolecular associations to occur, benefiting crosslinking with small 

molecules, such as ADH
21

.  

Partial oxidation allows HA stabilization. The N-acetyl-D-glucosamine units, in 

approximation to each other, provides a protective configuration to the entire HA 

molecule, decreasing the amount of crosslinker required and favoring molecular 

stabilization (Figure 3B)
80, 81

. 
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Figure 3. (A) Approximation of the aldehyde groups of oxi-HA with increasing degree of 

oxidation and (B) natural crosslinks (entanglements). 

4. OXI-HA CROSSLINKING AND CONJUGATION 

Different strategies for the crosslinking of oxi-HA hydrogels are found in the 

literature, providing the possibility to generate multifunctional materials. 

Sheu et al. (2013) developed an injection therapy by applying an oxi-HA 

hydrogel crosslinked with resveratrol (Res), a suitable chondrocyte carrier. In that study, 

the hydrogel of oxi-HA/Res demonstrated suitable performance for treating cartilage 

defects, cartilage restoration, and tissue cartilage replacement because of its potential to 

lead to synthesis
48

. Despite the advantages of this finding, the matrix involves several 

principal steps of chemical reactions that use a toxic and carcinogenic solvent, such as 

tetrahydrofuran. Additionally, the cost of resveratrol could make the final cost of this 

material unfavorable compared with other methods using oxi-HA. 
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Deng et al. (2017) had a similar strategy to that of Tan’s group (2009) 

concerning a crosslinking chitosan-HA-based hydrogel. Gelation was obtained via a 

Schiff base reaction between the amine group of chitosan and aldehyde of oxi-HA. They 

proposed an injectable hydrogel matrix for abdominal tissue regeneration. In a rat model 

with simulated open abdomen and a large abdominal wall defect, the application of the 

hydrogel matrix produced a rapid cellular response, suitable ECM deposition, and 

expressive neovascularization compared to the control and the fibrin hydrogel group
31

. 

Kim et al. (2017) mixed partially oxi-HA and glycol chitosan (GS) solutions to 

form hydrogels via a Schiff base reaction. The viscoelastic properties of hydrogels 

depended on the degree of oxidation of HA, oxi-HA/GC ratio, and polymer 

concentration. ATDC5 cells (chondrocytes) showed good viability within these 

hydrogels in vitro, and adequate stability under physiological conditions. The 

mechanical stiffness increased as the GC content increased because of higher crosslinks 

in the gels
82

. The results were consistent with Sun’s group (2013) 
83

. 

Tan et al. (2009) synthesized a new composite hydrogel reacting N-succinyl-

chitosan (more water-soluble than chitosan) and the aldehyde groups of oxi-HA. The 

results showed that the time of gelling, structure, equilibrium swelling, compression 

modulus, and degradation in vitro was dependent on the two-component ratio. The 

composite hydrogels with increasing amounts of N-succinyl-chitosan in their 

composition showed a slower degradation rate and an improvement in the compression 

modulus compared with other hydrogel formulations
36

.  

Differently from the described examples, Martínez-Sanz et al. (2011) initially 

modified the carboxylic groups of HA, adding 3-amino-1,2-propanediol in a reaction 

involving hydroxyl benzotriazole. They used sodium periodate to quickly (5 minutes) 

transform the diol-modified HA into aldehyde-modified HA. The excess sodium 
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periodate was quenched by adding ethylene glycol, and EDC was used for controlling 

the degree of aldehyde functionality on HA. Aldehyde-modified HA undergoes 

modifications by the inclusion of a hydrazide in the aldehyde groups. To obtain the 

specificity necessary for the aimed application, they added an appropriate amount of 

rhBMP-2 solution to the hydrazide derivative-modified HA solution before the mixture 

of both solutions in two syringes were joined through a connector. This hydrogel was 

developed for in vivo bone augmentation healing and filling bone defects as a substitute 

to autologous bone grafting commonly present in clinical intervention
84

. The material is 

suitable for injection and gelation in situ because both components involved in this 

process are biocompatible and of the proper viscosity. Additionally, it is an adequate 

alternative for protein delivery. However, to obtain the final gel, four steps of reaction 

and at least two purification steps were involved.  

In another example, Nimmo et al. (2011) developed a cytocompatible material 

with great potential for soft tissue engineering and regenerative medicine that also 

presented an elastic modulus similar to that of central nervous system tissue. They used 

a clean and one-step click reaction (Diels-Alder type) to crosslink the HA. They 

synthesized furan-modified HA derivatives and crosslinked them with dimaleimide-

PEG. The furan/dimaleimide-PEG molar ratio could be controlled to offer different 

mechanical and degradation properties to the crosslinked hydrogels
85

. Furan is 

responsible for the binding between HA and PEG. It is flammable, toxic, and 

carcinogenic for some species, indicating that, during the methodology, there is a need 

for care and extreme attention. 

Sun et al. (2012) used the same mechanism developed by Tan et al. (2009) to 

include dexamethasone (Dex) grafted onto the N-succinyl-chitosan before being 

crosslinked to the aldehyde groups of oxi-HA. Dex is used to treat inflammation and 
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autoimmune diseases and is an important factor in adipogenesis. The number of 

adipose-derived stem cells (ADSCs) on the surface of the hydrogel containing Dex was 

greater than that without it. Additionally, the inclusion of Dex in hydrogel slightly 

lowered the gelation time with a significantly higher swelling ratio
83

. Another research 

group crosslinked HA to Dex, producing good results in the attenuation of 

osteoarthritis
86

. 

Fu et al. (2017) studied the crosslinking of oxi-HA with azide-modified 

polyethylene glycol (PEG). First, they produced cyclooctyne-modified HA and 

quadruply azide-terminated PEG. The components gelated in few minutes when 

combined and formed a strong HA-PEG hydrogel. The hydrogel had a fast gelation 

time, good strength, slow degradation rate, high crosslinking density, good stability, 

excellent cell-compatibility, good mechanical properties, and biocompatibility. Based 

on these properties, the hydrogel would be useful in a wide range of applications, such 

as injection filling materials for plastic surgery
87

. Despite the low toxicity of PEG, the 

synthesis of this material is complex and involves four steps, making the final product 

more expensive and the cost/benefit ratio unfavorable. 

5. Oxi-HA/ADH HYDROGELS 

5.1. Partial oxidation and crosslinking reactions  

The partial oxidation of HA is an alternative to avoid the use of EDC in HA-

ADH hydrogels. Additionally, the crosslinking of oxi-HA with ADH presents benefits 

in terms of the process because it is a spontaneous reaction. The oxidation degree is 

controlled by the sodium periodate concentration and time of reaction, while the 

crosslinking degree can be modulated by the ADH concentration and temperature, 

purity, and initial molar mass of HA. The versatility of the oxi-HA/ADH hydrogels 

opens possibilities for applications in tissue engineering
88

 and regenerative medicine.  
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The crosslinking reaction of oxi-HA with ADH to form oxi-HA/ADH hydrogels 

is described in Figure 4. 

 

Figure 4. Chemical crosslinking mechanism of oxidized hyaluronic acid (oxi-HA in black with 

aldehyde groups in blue) crosslinking with adipic dihydrazide (ADH in red) to form the oxi-

HA/ADH hydrogel. 

Figure 5 summarizes the main properties of oxi-HA/ADH hydrogels, which are 

detailed below.  

 

Figure 5. Properties of oxi-HA/ADH hydrogel 



37 

 

    

 

5.2. Structural and physicochemical characterizations of oxi-HA/ADH 

The structural and physicochemical changes provided by the partial oxidation of 

HA and the ADH concentration were well characterized in recent studies by our 

group
28

. The partial oxidation of HA with NaIO4 introduces dialdehyde groups into HA 

that form highly flexible domains, leading to the compaction of chains and an increase 

in the oxidation degree (Figure 3B). In contrast, at physiologic pH, the polymeric chains 

of nonoxidized HA overlap, forming a random coil structure with rigid domains and 

physical crosslinking. The approximation of the chains by compaction allows the 

formation of long-range intermolecular interactions and crosslinking with small 

molecules such as ADH.  

The molar mass of oxi-HAs does not change substantially because the molecular 

modifications occur only in the D-glucuronate residues. The N-acetyl glucosamine 

groups remain intact and protect against total oxidation and the scission of the chains. 

Additionally, the flexibility of the aldehyde groups reflects the increasing zeta potential, 

and the compaction of the structures causes decreasing hydrodynamic volumes and a 

reduction in the viscosity. 

For a high degree of oxidation, steric hindrances induce diffusion limitations and 

incomplete crosslinking despite the high number of aldehyde groups available in oxi-

HA. Therefore, an optimum oxidation degree and an optimum ADH concentration are 

needed to achieve optimal crosslinking.  

The structural changes and ADH crosslinking modulate functional properties, 

such as the gelation time, swelling, and stability of the oxi-HA/ADH hydrogels: the 

gelation time increases with increasing oxidation degree and ADH concentration, the 

highest stability and least amount of swelling were achieved at a moderate 65% 

oxidation degree and 4% ADH concentration. 
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Oxi-HA/ADH hydrogels are thermosensitive, an advantageous property due to 

the time available to handle the hydrogel before injection, fluidity of the hydrogel 

during injection and in situ gelation. Additionally, the hydrogel morphology with 

interconnected pores is essential for cell nutrition, proliferation, and migration related to 

cell growth. The degradation of oxi-HA 65%/ADH4 in PBS was slow, lasting 25 days. 

Oxi-HA/ADH hydrogels have a high-water swelling capacity, which is essential for cell 

growth.  

This set of properties makes oxi-HA/ADH hydrogels promising for applications 

in tissue engineering and regenerative medicine.  

5.2.1. Click reactions 

The introduced aldehyde groups in the HA backbone from partial oxidation 

allow spontaneous crosslinking by the click reaction with ADH.  

In chemical synthesis, the click reactions comprise compatible small molecules 

used in conjugation. They are driven quickly and irreversibly to produce a high yield of 

a single reaction product, with high reaction specificity. They generate minimal 

byproducts, allows bioorthogonality and are not disturbed by water. These qualities 

make click reactions particularly suitable for complex biological environments
12, 89

. 

The concept of click synthesis has been used in pharmacology and has emerged 

as an innovative and versatile strategy to construct novel functional hydrogels. HA and 

other biopolymers have the potential for a wide range of click reactions due to their 

reactive functional groups and are advantageous over traditional crosslinking because of 

their high yield, rapid reactivity under mild conditions, superior chemo-selectivity, and 

specificity with nontoxic byproducts
12

. 

The click reactions have also been referred to as Schiff-base reactions.This type 

of reaction is one of the most widely accepted strategies to preparation of hydrogels, 

https://en.wikipedia.org/wiki/Chemical_synthesis
https://en.wikipedia.org/wiki/Small_molecule
https://en.wikipedia.org/wiki/Bioconjugation
https://en.wikipedia.org/wiki/Water
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particularly because of the mild reaction conditions and high reaction rates. Schiff bases 

in hyaluronic acid are typically obtained by the condensation of an aldehyde with 

primary amines, forming imine linkages. This reaction occurs in the absence of 

crosslinking agents that could be cytotoxic
27, 31, 36, 90

. 

Figure 6 shows the main classes of biomedical applications of click hydrogels
91

. 

 

Figure 6. Classes of biomedical applications of click hydrogels: in situ forming hydrogel, 

patterned hydrogel (scaffolds), microgels, and nanogels. 

The most innovative application of click reactions is in situ gelation with the 

perspectives of being minimally invasive in vivo applications. The mixture of the two 

components, in a liquid state, could be injected to become a gel inside the body at the 

desired site in a few minutes. The hydrogels can entrap growth factors or cells in the 

physiological environment or in vitro cell culture as a functional provisional ECM in 

tissue engineering. In general, these hydrogels reduce cell death or loss of bioactivity of 

the encapsulated drugs or growth factors
89

 because of the absence of toxicity and side 

effects. The in situ click hydrogels also have demonstrated great potential for injectable 

systems for long-term sustained drug and protein release
91

. Importantly, the imine 
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linkages undergo hydrolysis under acid conditions, limit their use as an injectable 

hydrogel in pH slightly acidic
27, 31, 36, 90

. 

The click reactions are also used to crosslink micro and nanogels, as well as to 

form patterned hydrogels to guide cell growth and tissue regeneration
92-94

. 

5.2.2. Thermosensitivity 

Thermosensitive hydrogels have been extensively studied for various 

applications, such as drug delivery
95, 96

, cell culture
97, 98

, bioreactors
99, 100

, and 

diagnostics
101

. 

Thermosensitive hydrogels comprise exclusively of an interpenetrating network 

of polymeric chains that can undergo phase transitions to the gel-sol state because of 

temperature manipulation. The biopolymer contains hydrophobic and hydrophilic 

components in the structures, and the phenomenon of the thermal response is derived 

from the delicate balance, interaction, and arrangements between the hydrophobic and 

hydrophilic portions of the polymer monomer
102, 103

. The variation in the temperature 

affects the interactions between the segments of the polymer (hydrophilic and 

hydrophobic) and water molecules. This new packing of the segments changes the 

solubility of the reticulated network, causing the transition to the sol-gel phase, the 

phenomenon of the transition from a solution to a gel
104

. 

These hydrogels can be divided into two categories: thermosensitive negative or 

positive hydrogels
105

. For thermosensitive negative hydrogels, decreasing the 

temperature—i.e., a lower critical solution temperature (LCST)—causes an increase in 

the water solubility of the hydrogel. In this case, the hydrogen bond between the 

hydrophilic segments of the polymer and molecules is dominant. However, as the 

temperature increases—that is, above the LCST, the hydrophobic interactions between 

hydrophobic groups become stronger and the hydrogen bond becomes weaker, making 
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them increasingly hydrophobic and insoluble and causing gelation. However, 

thermosensitive positive hydrogels are formed after cooling a polymer solution with an 

upper critical solution temperature (UCST). Thus, the water solubility of the hydrogel 

increases as the temperature increases and gelation occurs with the decrease in 

temperature
106

. 

The most significant factor in polymeric systems is the level of solubility that is 

reached above the LCST due to the entanglement and collapse of the polymeric chains 

in the network. Factors such as the polymer concentration, chemical structure, and 

molecular weight also affect the gelation process. Examples of polymers implemented 

as thermosensitive hydrogels include poloxamers or pluronics
107, 108

, chitosan
109, 110

, 

gelatin
111

, as well as cellulose derivatives
112

, and the synthetic poly(N-

isopropylacrylamide) (PNIPAAm) and its derivatives
107

 that have been identified 

largely in the field of drug administration and the engineering of bone tissues
113

. 

Injectable hydrogels using hyaluronic acid have been explored as cell and 

biomolecule delivery systems because they can be readily integrated into the gelling 

matrix
114-117

. This hydrogel allows formation in situ and an easy and homogeneous cell 

distribution within any size or shape of the defect before gelation, in addition to 

allowing good physical integration to the defect, avoiding an open surgery procedure, 

and facilitating the use of minimally invasive approaches for material delivery
118, 119

. 

Hydrogel formation for many systems occurs almost instantly when the gelation 

temperature is reached
120

. Each system has its advantages and disadvantages, and the 

choice of hydrogel depends on its intrinsic properties and application
121

. 

5.2.2.1. Thermogelling mechanisms 

Several mechanisms underlying thermogelling in aqueous solutions are much 

debated in the literature. This phenomenon of sol-gel phase separation is governed by 
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the balance of hydrophilic and hydrophobic portions in the polymer chain and by the 

free energy of the mixture. The free energy of association varies with enthalpy, entropy, 

and temperature (eq.1)
120, 122

. 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆    (eq. 1) 

A polymer, when dissolved in water, undergoes three types of interactions: 

interactions between polymer molecules, between polymer and water, and between 

water molecules. For polymers that exhibit an LCST, the increase in temperature results 

in negative free energy of the system, making the water-polymer association 

unfavorable and facilitating the other two types of interactions. This negative free 

energy (ΔG) is attributed to the higher entropy term (ΔS) in relation to the increase in 

the enthalpy term (ΔH) in the thermodynamic relationship (eq. 1). Entropy increases 

because of water-water associations, which are the interactions that govern the system. 

This phenomenon is called the hydrophobic effect. Alternatively, some amphiphilic 

polymers, which self-assemble in solution, show gel formation due to polymer-polymer 

interactions when the temperature is increased
123-125

. 

For oxi-HA/ADH hydrogels at temperatures above 37°C, the polymer shrinks 

and becomes hydrophobic; at temperatures below 37°C, the hydrogels swell and 

become hydrophilic (Figure 7). This responsive behavior by segregating water 

molecules from chains at temperatures above the phase temperature occurs due to the 

entropic gain of the system, wherein an aqueous environment, it is superior to the 

enthalpic gain of the connections between the water molecules and chains in this phase 

transition
28, 126, 127.
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Figure 7. Schematic of the thermoresponsive behavior of the oxi-HA/ADH hydrogel. 

5.2.3. Injectable thermosensitive hydrogels  

The implantation of premolded hydrogels in the body requires an invasive 

surgical procedure that can cause pain and discomfort to the patient, in addition to cost 

and time, causing a limitation in clinical use. In contrast, injectable hydrogels not only 

have the typical advantages of conventional hydrogels but can be injected with minimal 

invasiveness at the destination sites and used for irregularly shaped locations, providing 

more comfort (less pain) and a faster recovery period for patients, as well as lower costs 

and fewer complications and side effects
128, 129

. 

Three main mechanisms are proposed for the injectability of a material
129

: 1) In 

situ gelling liquids: these materials are normally a flowable solution or liquid before and 

during injection and form a gel after injection into the body. The hydrogel of chitosan 

with glycerol phosphate disodium salt is an example of growth factor delivery and 

chondrocyte encapsulation for cartilage tissue engineering
109

; 2) injectable gels: these 

materials are found in the gel form before injection, can flow during injection because 

of shear forces and revert to a gel after injection. The hydrogel of hyaluronic acid with 

methylcellulose is an example of the delivery of therapeutic agents for the repair of 

spinal cord injuries
130

; 3) injectable particles: these particles, which can be nano, micro, 

or macroscale, depending on the desired outcomes, are immersed in a liquid phase 

before and during the injection. They can be self-assembled or aggregate to form a gel 
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after injection. The hydrogel is composed of FITC-conjugated mesoporous silica 

nanoparticles and a shell formed by a layer of hyaluronic acid for drug delivery to target 

tumors (anticancer)
131

. 

Injectable hydrogels have been developed as promising and successful 

biomaterials for several applications, including the administration of therapeutic agents, 

cells, and bioactive molecules, the treatment of inflammatory and infectious diseases 

and cancers and tissue repair and regeneration
113, 132, 133

. HA is the most commonly used 

biomaterial in tissue engineering and regenerative medicine
134, 135

. 

6. OXI-HA/ADH HYDROGELS IN TISSUE ENGINEERING AND 

REGENERATIVE MEDICINE 

The aldehyde-hydrazide reaction has currently attracted interest in hydrogel 

design because of its high efficiency, cytocompatibility, simplicity, reversibility, and 

mild reaction conditions. In particular, these hydrogels seem to be a promising approach 

for tissue engineering
39

. 

Jia et al. (2004) obtained the material HA-ADH and crosslinked it with a 

previously prepared oxi-HA (by sodium periodate). They aimed to obtain an ideal 

material for bupivacaine release to be injected or gelled in situ during surgeries. These 

hydrogels are considered a safe and effective means of prolonging the duration of the 

block of local anesthetics, making them useful in clinical applications
79

. 

Su et al. (2010) studied the oxi-HA with ADH as an injectable hydrogel for cell 

culture. The hydrogel was biocompatible with nucleus pulposus cells and allowed the 

development of aggrecan and type II collagen, which are the main components in the 

ECM of this cell type, indicating that the hydrogel could be maintained in phosphate-

buffered saline for at least 35 days. These results suggest an injectable hydrogel can 

play a role in nucleus pulposus replacement and can synthesize new tissue through a 
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minimally invasive therapy, overcoming the problems of traditional implants 

(preformed scaffolds in vitro), such as the migration of the scaffolds, requirement of 

surgery for the implant, and irregular surgical defects that are difficult to fill
24

. 

Hu et al. (2017) evaluated the in vitro and in vivo cytocompatibility and the anti-

adherent effect of oxi-HA/ADH hydrogels with different cell types present in the 

vertebral column to prevent postoperative epidural fibrosis. The injectable hydrogel 

filled an irregular surgical defect, became a gel only in situ and was delivered using a 

minimally invasive method. These properties indicated that the material could prevent 

epidural fibrosis, inhibit the adherence of fibroblasts and reduce scar tissue formation of 

scar tissue. Thus, the hydrogel presented reasonable biocompatibility for neural cells, 

Schwann cells, fibroblasts, and myoblasts. In vivo studies showed that the gelification 

was suitable to cover the exposed neural structure at the laminectomy site
37

. 

Liang et al. (2018) investigated the viability and effect of radiotherapy treatment 

using the combination of the oxi-HA/ADH hydrogel with carboplatin (platinum-based 

antineoplastic agent) commonly applied in the clinical treatment of cancer. The 

technique aimed to improve the control of tumor growth and treatment of malignant 

glioma. The gelation time of the material was 17 s. For the subcutaneous tumor model 

of mice, this gelation time was suitable for intratumoral injection and hydrogel 

stabilization. For human brain tumor applications, the gelation time had to be increased 

to approximately 3 minutes. Their results demonstrated an effective, convenient, and 

safe treatment in a mouse model that simplifies drug administration and avoids an 

excess of radiation for the treatment of glioma
136

. 

The versatility of the oxi-HA/ADH hydrogels enables improvements or 

combinations with other substances to obtain novel properties. Ma et al. (2017) 

crosslinked oxi-HA in the presence of ADH and poly-ethylene glycol (PEG) to improve 
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the toughness of oxi-HA/ADH hydrogels. The preparation was the same as that for oxi-

HA/ADH with only the addition of PEG in the oxi-HA solution. The in situ formation 

of the hydrogel containing PEG occurred in approximately 20 s. They observed that 

increasing the PEG content prolonged the gelation time, likely because the PEG 

molecules disturb the movement of ADH molecules and, consequently, the reaction 

time. Oxi-HA/ADH hydrogels are pseudoplastic fluids, but part of the network structure 

was lost following the addition of PEG. PEG fills the internal pore of the porous 3D 

structure, shrinking the hydrogel and decreasing its crosslinking density to improve the 

compression resistance
137

. The new PEGylated hydrogel material promoted better 

adhesion to the CD44 receptor when gelled in situ
138

. This higher stability is useful for 

bottom-up methods of cell culture, inhibiting biopolymer chain breaks. According to the 

cell type, the incorporation of movement and pressure (hydrostatic pressure and shear 

stress) inside the bioreactor is essential; thus, a material with higher toughness is 

advised
139

.  

More recently, Weis et al. (2018) evaluated hydrogels based on oxidized 

hyaluronic acid crosslinked with ADH for their suitability as bioinks for 3D 

bioprinting
140

. Liao et al. (2020) studied the oxi-HA/ADH hydrogel loaded with 

vancomycin and evaluated its biocompatibility, drug release, in vitro antimicrobial 

activity, and effectiveness in a biofilm model
141

. 

Despite their innumerable advantages, oxi-HA/ADH hydrogels remain to be 

explored in micro or nanoparticles. Oxi-HA/ADH hydrogels in the form of particles is a 

potential technology that offers promising and wide applications in the fields of 

biomaterials, regenerative medicine incorporating cells, and modular tissue 

engineering
142

. 
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7. CONCLUSIONS 

Oxi-HA/ADH hydrogels have unique properties and potentialize various 

approaches for developing novel biomaterials for tissue engineering and regenerative 

medicine that can improve existing therapies or motivate the development of novel 

therapies. Further research must be conducted to explore these hydrogel properties in 

nano and microparticles and the growth of cells in scaffolds, as well as the growth and 

differentiation of stem cells for clinical applications. 
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3. RESULTADOS E DISCUSSÃO 

Este capítulo é apresentado na forma de artigos, contendo a metodologia 

empregada, resultados obtidos e discussão. 

No primeiro artigo, Structural changes and crosslinking modulated functional 

properties of oxi-HA/ADH hydrogels useful for regenerative purposes, publicado no 

periódico científico European Polymer Journal em outubro 2019 (doi: 

10.1016/j.eurpolymj.2019.109288), trata da caracterização dos efeitos do grau de 

oxidação e de reticulação com ADH na modulação das propriedades estruturais e físico-

químicas do hidrogel, além de validar protocolos de preparo dos hidrogéis de oxi-

HA/ADH. 

No segundo artigo, Particulate oxi-HA/ADH hydrogels for tissue engineering 

and regenerative medicine applications, artigo a ser submetido ao periódico científico 

Materials Science & Engineering C, trata da influência dos parâmetros de processo na 

produção de nano e microestruturas, caracterização físico-química, e desempenho na 

proliferação de h-MSCs, para aplicação como blocos de construção de módulos para a 

formação de microtecidos em abordagem bottom-up. 

No terceiro artigo, The association of L-PRP and oxi-HA/ADH microparticles 

forms suitable structures for regenerative purposes, artigo a ser submetido ao periódico 

científico Journal of Materials Science: Materials in Medicine, trata do 

desenvolvimento de uma nova estrutura matricial composta por microtransportadores 

oxi-HA/ADH e L-PRP e avaliando a influência dessa associação, bem como a 

distribuição dos fatores de crescimento e proliferação celular in vitro de células 

mesenquimais do tecido adiposo (h-AdMSCs). 
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3.1. Structural changes and crosslinking modulated functional properties of oxi-

HA/ADH hydrogels useful for regenerative purposes 

Artigo publicado no periódico científico European Polymer Journal (doi: 

10.1016/j.eurpolymj.2019.109288). 
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Abstract 

Partially oxidized hyaluronic acid (oxi-HA) crosslinked with adipic acid dihydrazide 

(ADH) has been explored as a promising injectable biomaterial for cell-based therapy 

and regenerative purposes. However, there is a lack of basic scientific studies and 

medical applications to support the technological approaches and optimizations of these 

biomaterials. Thus, we provided a relationship connecting the structural changes to the 

functional properties, which are modulated by the oxi-HA oxidation degree and ADH 

crosslinking. Oxi-HA was obtained from the reaction with sodium periodate (NaIO4), 

which oxidizes the proximal hydroxyl in aldehydes groups by opening the sugar ring 

and promoting macromolecular compaction. The results showed that the oxi-HA 

oxidation degree caused the structural changes that increased the zeta potential and 

decreased the hydrodynamic volume and viscosity. Therefore, the extrusion force, 

injectability, and ADH crosslinking were benefited by the click chemistry. Additionally, 

the ADH concentration modulated the functional properties such as the swelling, 

stability, gelation time, and thermosensitivity of the oxi-HA/ADH hydrogels. These 

results are relevant for supporting the design and optimization of novel hyaluronic acid-

based formulations for applications in the broad field of tissue regeneration. 

Keywords: oxidized hyaluronic acid, adipic acid dihydrazide, structure changes, 

functional properties, injectable applications. 
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1. Introduction 

In the last 10 years, research interest in tissue repair has shifted from hydrogel 

implants to injectable formulations capable of in situ gelling. Several advantages of 

using injectable hydrogels over conventional implants include improved patient 

comfort, cost reduction, the ability to repair irregular tissue defects, and a decrease in 

the risk of implant migration. Further benefits are the homogeneous incorporation of 

cells, molecules or bioactive drugs and the secure delivery to the target site [1-4]. 

Polysaccharides such as chitosan, alginate, and others are often used to prepare 

hydrogels for a broad range of medical and pharmaceutical applications [5, 6]. 

Thermosensitive hydrogels are especially attractive due to their spontaneous 

gelling at body temperature, which eliminates the need for a chemical reaction or 

external heating to achieve polymerization [7]. 

Hyaluronic acid (HA) is a natural polysaccharide that is biodegradable, 

biocompatible, and nonimmunogenic and is composed of N-acetyl-D-glucosamine and 

D-glucuronic acid linked by β-1,4-glycosidic bonds [8]. HA occurs in a wide range of 

sizes and has been classified in high (> 10
6
 Da), intermediate (10

4
 to 10

5
 Da), and low 

HA (< 10
4
 Da) molar masses [9]. Due to its various functions and physicochemical 

properties, HA has been widely used for osteoarthritis treatments [10], drug delivery 

[11, 12], and tissue engineering [4, 13-15]. To overcome the rapid degradation behavior 

in vivo, chemical or physical modifications of the functional groups of HA, such as its 

carboxyl, hydroxyl, and –NHCOCH3 groups, have been explored for chemical 

crosslinking [16-20]. 

HA is preferably functionalized at its carboxyl group sites [14]. Partial oxidation 

of the hydroxyl groups of HA, which is catalyzed by periodate (NaIO4), is used for the 

introduction of highly flexible links in the otherwise rather stiff and extended structures 

[2, 21]. The electrostatic repulsion of the oxidized chains governs the chain extension or 

compaction that allows long-range intermolecular associations to occur, allowing for 

crosslink with small molecules, such as adipic acid dihydrazide (ADH) [22]. The 

oxidized HA (oxi-HA) can also be connected to other molecules, such as resveratrol, 

forming an injectable and biocompatible hydrogel (oxi-HA/Res) suitable for 

chondrocyte cells, which can be used to treat cartilage defects [23]. 

As studies on these materials have progressed, reacting oxi-HA with ADH by 

click chemistry has attracted attention due to the advantages of applying the resulting 
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oxi-HA/ADH hydrogels to in vivo applications. Bifunctional ADH is a small, nontoxic, 

nucleophilic molecule that is quickly metabolized by the human body. The bonding 

between oxi-HA and ADH is covalent and occurs rapidly without the need for any 

chemical catalysts or initiators [2, 4, 23-27]. 

Technological developments have supported applications of injectable oxi-

HA/ADH hydrogels as drug delivery systems: Jia et al. (2004) studied the use of an oxi-

HA/ADH hydrogel as a vehicle for the anesthetic bupivacaine to prolong the duration of 

the pain block [26]. Yeo et al. (2007) studied the barrier effects of oxi-HA-ADH 

hydrogels combined with poly(lactic-co-glycolic acid) (PLGA) nanoparticles for drug 

delivery to prevent postoperative peritoneal adhesions from forming [28]. Ma et al. 

(2017) added poly(ethylene glycol) (PEG) to oxi-HA/ADH hydrogels to improve the 

gelation time, hydrogel toughness, and compression resistance [4]. 

Oxi-HA/ADH has also been used for regenerative treatments; Su et al. (2010) 

fabricated an injectable hydrogel with suitable biocompatibility using oxi-HA (with a 

high oxidation degree) and ADH. The hydrogel could assist nucleus pulposus cells to 

synthesize type II collagen and facilitate aggrecan mRNA gene expression, which is 

essential for tissue regeneration [2]. Collin et al. (2011) investigated the potential of a 

stabilized type II collagen hydrogel using a PEG-ether tetra-succinimidyl glutarate (4S-

StarPEG) crosslinker enriched with HA. The stabilized and functionalized type II 

collagen/HA hydrogel system showed promise for use as an injectable reservoir system 

for intervertebral disc regeneration [29]. 

Although there are basic scientific studies on and medical or pharmaceutical 

applications of oxi-HA, both are still scarce and isolated. In general, there is a lack of 

necessary connections between the structure and functional properties for supporting 

technological approaches of these materials for desired purposes. 

In this study, we prepared and characterized oxi-HA/ADH hydrogels by varying 

the oxidation degree and ADH concentrations, thus providing a relationship between the 

structural changes and functional properties. Additionally, we discuss these findings for 

regenerative purposes. 

2. Materials and methods 

2.1. Materials and reagents 

Hyaluronic acid (HA) with an average molecular weight of 8.54x10
5
 Da was 

purchased from Tops Shandong Topscience Biotech Co. (Rizhao, CH). Sodium 
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periodate (NaIO4), ethylene glycol, adipic acid dihydrazide (ADH), trichloroacetic acid, 

picrysulfonic acid solution (TNBS) and tert-butyl carbazate (t-BC) were purchased from 

Sigma-Aldrich Inc. (Saint Louis, Missouri, USA). Phosphate buffered saline (PBS) was 

supplied from Laborclin Ltda (Pinhais, Paraná, BR). Dialysis membranes with a 

nominal MWCO of 12,000 – 16,000 Da were sourced from Inlab (Diadema, São Paulo, 

BR). 

2.2. Methods 

2.2.1. Preparation of oxi-HA 

Oxi-HA was synthesized according to the reported procedure [4, 30] with 

modifications. HA with a concentration of 1% (w/v) was dissolved in double-distilled 

water at room temperature, and then an aqueous periodate (NaIO4) solution (10.67%) 

was added. The reaction occurred at room temperature for 24 hours in a dark 

environment. The NaIO4:HA ratio was calculated as NaIO4 mol per HA dimer mol. The 

reaction was stopped by the addition of ethylene glycol for a half hour. The molar ratio 

of ethylene glycol to NaIO4 was 1:6. The resulting solution was dialyzed with double-

distilled water for 3 days by using a semipermeable membrane (with a MWCO of 

12,000 – 16,000 Da). Finally, the dialyzed solution was lyophilized, yielding a white 

fluffy product. 

2.2.2. Preparation of the oxi-HA/ADH hydrogel 

Oxi-HAs with three degrees of oxidation were separately dissolved overnight in 

a PBS (pH of 7.4, at 4°C) to obtain a final concentration of 6% (w/v). Then, 2, 4 and 8% 

(w/v) ADH solutions were also prepared in PBS at 4°C. The oxi-HA and ADH solutions 

were mixed in an Eppendorf tube at a volume ratio of 4:1 oxi-HA/ADH. The Eppendorf 

tubes were submerged in a bath containing water and ice (close to 0°C) to obtain the 

oxi-HA/ADH2, oxi-HA/ADH4, and oxi-HA/ADH8 hydrogels. The hydrogels were 

obtained by increasing the temperature from 4 to 37ºC. 

2.2.3. Determination of the oxidation degree 

The oxidation degree (OD) was quantified by measuring the number of aldehyde 

functional groups in oxi-HA using t-BC and TNBS according to the method described 

by Lin et al. (2011) [30]. t-BC can react with aldehydes, forming stable carbazone 

compounds similar to hydrazone. This method is indirect due to the difficulty of directly 

quantifying the aldehyde groups. Briefly, 25 μL of oxi-HA (0.6%) and 25 μL of t-BC 

(30 mM) in 1% aqueous trichloroacetic acid were well mixed and allowed to react in an 
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Eppendorf tube at room temperature for 24 hours. Afterward, 0.5 mL of aqueous TNBS 

(6 mM, 0.1 M borate buffer, and a pH of 8) was transferred into the Eppendorf tube and 

allowed to react with the excess t-BC for 60 minutes at room temperature. Then, the 

solution was diluted with hydrochloric acid (0.5 N) in a ratio of 1:40 (v/v). The 

absorbance of the solutions was measured with a Genesys 6 spectrophotometerTM 

(Thermo Fisher Scientific, Massachusetts, USA) at 330 nm. A standard calibration 

curve was obtained with t-BC solutions ranging from 5 mM up to 30 mM (Eq. 1) to 

determine the amount of unreacted t-BC, to convert the result into the dialdehyde 

content, and to calculate the OD (Eq. 2). All the experiments were done in triplicate. 

𝑦 = 0.0145𝑥 − 0.0264   𝑅2 = 0.9902     Eq. 1 

where y is the absorbance, and x is the t-BC concentration (g/L). 

𝑂𝐷(%) = (
𝑛𝑡−𝐵𝐶,𝑖−𝑛𝑡−𝐵𝐶,𝑓

𝑛𝑜𝑥𝑖−𝐻𝐴 𝑑𝑖𝑚𝑒𝑟
) × 100    Eq. 2 

where nt-BC,i and nt-BC,f are the initial and final number of moles of t-BC, 

respectively, and and noxi-HA dimer is a number of moles of the HA dimer. 

2.2.4. Yield of the oxidation process 

The yield of the oxidation process was determined by the mass ratio according to 

Eq. 3. 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 (%) = (
𝑚𝑓

𝑚𝑖
) × 100      Eq. 3 

where mi and mf are the initial mass of HA and final mass of oxi-HA, 

respectively. 

2.2.5. Viscosity, molar mass distribution, and hydrodynamic diameter 

The viscosity of the nonoxidized HA solution (6% w/v) was determined by 

using a rheometer (MCR-102, Anton Paar). The operating parameters of the equipment 

were as follows: the geometry was plate-plate (PP50-SN29897, d = 1 mm), the shear 

rate was 0.01 to 1000 1/s, and the temperature was set to 25ºC. The viscosity of the oxi-

HA solutions (6% w/v) was determined by an SV-10 viscometer (A&D Company, Ltd, 

Tokyo, Japan) at room temperature (25ºC) because this viscosity was out of the 

precision range of the rheometer. 
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The distribution of the HA molar mass and the equivalent hydrodynamic volume 

of oxi-HA were determined by size-exclusion chromatography using a Shimadzu 

chromatography system (Shimadzu Corporation, Kyoto, Japan) equipped with a 7.8 mm 

x 35 mm Polysep-GFC-P column guard (Phenomenex, Torrance, CA, USA) and a gel 

filtration column (Polysep-GFC-P6000, 7.8 mm x 300 mm; Phenomenex, Torrance, 

CA, USA). The peak profile was monitored with a Shimadzu RID-6A refractive index 

detector (Shimadzu Corporation, Kyoto, Japan). 

Initially, the samples were filtered through a 0.22-μm syringe. Afterward, 20 μL 

of each sample was injected, and NaNO3 (0.1 mol/L) was used as the mobile phase at 

1.0 mL/min and 25°C. HA analytical standards (Hyalose, Oklahoma City, OK, USA) 

with molar masses ranging from 50 to 1000 kDa were used for the calibration curve. 

Due to the absence of standards, the molar mass of the oxi-HA samples was not 

determined. However, for oxi-HA, a hydrodynamic volume equivalent to the volume of 

the nonoxidized HA in a defined range of molar mass and eluted at the same time was 

considered.  

The zeta potential was measured with a Zetasizer (Malvern, Nano - ZS) The 

solution concentrations were 0.1% (w/v), and the measurements were performed at 

25ºC in a 1 cm optical path cuvette. The refractive and absorbance indices for oxi-HA 

were 1.33 and 0.001 u.a., respectively. The measurements were acquired in triplicate. 

2.2.6. Functional groups 

The functional groups of oxi-HA and oxi-HA/ADH with different degrees of 

oxidation were identified by Fourier transform infrared (FTIR) spectroscopy using a 

Nicolet 6700 (Thermo Scientific, Madison, USA) instrument equipped with an 

attenuated total reflectance (ATR) accessory and ZnSe crystal. The spectra were 

obtained in the range of 800 – 1800 cm
-1

 with a 4 cm
-1

 resolution, and 128 scans were 

collected. The samples were previously lyophilized for 24 hours and immediately 

analyzed. 

2.2.7. Crystallinity 

The X-ray diffractograms (XRD) were obtained using a X’PERT PW3050 

(Philips) diffractometer, and CuKα radiation with a wavelength of 1.54 Å was used. The 

scanning speed was 0.6°/min, and the measurement range was 2θ = 5–50°. The XRD 

analysis was conducted to study the changes in the crystallinity of the hydrogels. 

2.2.8. Gelation point 
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A rheometer (MCR-102, Anton Paar, Graz, Austria) with a cone and plate 

geometry (CP-50-1) was used to evaluate the gelation time of oxi-HA/ADH. The 

measurements were performed at two working temperatures: the preservation 

temperature at 4ºC and the body temperature at 37°C. The temperature of 4°C was 

chosen considering the operation time available for the mixture of the components, i.e., 

the oxi-HA and ADH solutions must be adequate for handling before gelation. In 

addition, 37°C was selected to evaluate the gelation time of the oxi-HA/ADH hydrogel 

while simulating normal body conditions. The oscillation time sweep mode was 

operated at 1 Hz and 10 Pa for the determination of the elastic modulus or storage 

modulus G’ and the viscosity or loss modulus G”. The crossover point of G’ and G” 

was defined as the gel point and the corresponding time as the gelation time [31, 32]. 

2.2.9. Swelling 

The swelling ratio (SR) or water absorption capacity was determined by swelling 

the dried and previously weighed oxi-HA/ADH in PBS (at a pH of 7.4) for 24 hours at 

37°C. The swollen hydrogels were weighed after the removal of excess water by 

keeping the surfaces on a filter paper. The SR was calculated using Eq. 4. 

𝑆𝑅 =
𝑤𝑑−𝑤𝑠

𝑤𝑑
         Eq. 4 

where ws and wd are the weights of the hydrogels in the swollen state and dry 

state, respectively. 

2.2.10. Degradation 

 The degradation profile of the oxi-HA/ADH hydrogels in PBS at 37ºC was 

determined according to the gravimetric method described by Tang and Spector (2007) 

[33]. The weight loss ratio (WL) of the hydrogels in PBS was calculated during the 

degradation using Eq. 5. 

𝑊𝐿(%) = (
𝑤0−𝑤𝑡

𝑤0
) × 100       Eq. 5 

where w0 and wt are the weights of the hydrogels in the final dry state and initial 

dry state, respectively. The surface area/hydrogel mass ratio was 16 cm
2
/g. The inverse 

of the degradation represents the stability of the hydrogels. 

2.2.11. Images and morphology 

The images of the oxi-HA hydrogels were obtained after 24 hours of gelation. 

After that, the samples were lyophilized and kept in a desiccator. 
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The morphology of the oxi-HA/ADH hydrogels was obtained by scanning 

electron microscopy (SEM) (LEO 440i, Cambridge, England) using a current and 

voltage of 50 pA and 10 kV, respectively. The average sizes of the pores were 

determined by measuring 100 individual pores from three different images using ImageJ 

software. 

2.2.12. Extrusion force 

Initially, oxi-HA/ADH was loaded in 1-mL plastic syringes (27 G¾ in). 

Subsequently, the force required to extrude was measured using a TA.XT.plus texture 

analyzer (Stable Micro Systems, Vienna Court, United Kingdom) (load Cell 50 kg) at 

25°C and with a 5.0 mm/min extrusion rate. 

2.3. Statistical analysis 

Each experiment was carried out in triplicate unless otherwise specified. All the 

results are presented as the mean ± standard deviation (SD). The experimental data from 

all the studies were analyzed using analysis of variance (ANOVA). The statistical 

significance was set to p-value ≤ 0.05. 

3. Results 

3.1. Structural changes of oxi-HA 

The HA oxidation performed by NaIO4 occurs by cleaving the carbon-carbon 

connections, forming aldehyde groups [34, 35]. The molecular modification introduces 

flexible residues, causing decreases in the persistence length and compaction of the 

chains with an increasing degree of oxidation. Therefore, structural changes occur, 

which are controlled by the electrostatic repulsion of the carboxyl groups [22]. The 

partial oxidation of HA provides highly flexible dialdehydes only for the glucuronic 

acid residues, preventing the influence of the adjacent oxidized residues. Therefore, 

although the reaction is a first-order reaction with respect to NaIO4, the reaction is time-

consuming due to diffusive limitations [22, 36, 37]. Figure 1 shows the chemical 

reaction of HA oxidation by sodium periodate. 

 



79 

 

    

 

Figure 1. The chemical reaction of hyaluronic acid oxidation by sodium periodate. The cleavage 

of the carbon-carbon bond leads to the ring opening of the 4-linked D-glucuronate residues, 

forming aldehyde groups. HA: hyaluronic acid, oxi-HA: oxidized hyaluronic acid, NaIO4: 

sodium periodate, and RT: room temperature. 

Here, the oxidation was carried out with 1:1, 2:1 and 3:1 NaIO4/HA molar ratios 

for 24 h. The reaction was characterized by determining the yield and OD of oxi-HA, as 

described in 2.2.3 and 2.2.4. 

Table 1 shows that the NaIO4/HA molar ratio controlled the OD. The OD 

changed from approximately 44 to 82%, characterizing the low, moderate and high 

ODs. The decrease in the yield for the sample prepared with the highest degree of 

oxidation was due to the diffusional limitations of the NaIO4 interactions and as a result 

of the compaction of the modified HA chains during oxidation. The structural changes 

promoted the alignment of the flexible chains in the shear direction, thus allowing a 

rapid flow of fluid, unlike the response expected for the overlapping and rigid domains 

of the physical crosslinks in nonoxidized HA. Therefore, a reduction in the viscosity 

observed in oxi-Has in comparison to that observed in nonoxidized HA. To a lesser 

extent, the viscosity decreased as the oxidation degree increased. 

  The entangled structure of HA showed a zeta potential of -29 ±4 mV due to the 

internal and external distribution of the dissociated carboxyl groups. The zeta potential 

slightly decreased at low ODs, due to the low compaction of the partially oxidized 

polymer structure, even with 44% oxidation of the carboxyl groups. However, at 

moderate and high ODs, a substantial increase (absolute values) was observed (Table 1). 

Previous studies [22] have shown that, besides decreasing the intrinsic and persistence 

length provided by the partial oxidation, a similar behavior was also observed for the 

molar mass dependence of the radius of gyration. However, for increasing the ODs, a 

progressive shift to a lower gyration radius was observed, which the authors ascribed to 

the compaction. 

It is known that the Debye length represents the length of the double electric 

layer provided by the ions around a particle, which affects the electrostatic potential. 

The zeta potential determines the electrostatic potential at the slipping plane, which 

includes the Debye length. Therefore, it could be inferred that the compaction of the 

structures due to the partial oxidation should affect the zeta potential. Considering the 

influence of the OD on the structure compaction, although 44% of the HA groups (low 
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OD) were oxidized and the viscosity decreased, the compaction was not enough to 

modify the Debye cloud substantially, and a slight change in the zeta potential was 

observed. In contrast, at moderate and high ODs, the increase in the zeta potential 

(absolute values) was significant. 

Table 1. Oxidation degree (OD), yield of the process, viscosity and zeta potential of 

hyaluronic acid oxidized by NaIO4 for 24 h. 

 HA 
Low OD oxi-

HA 

Moderate OD 

oxi-HA 

High OD oxi-

HA 

NaIO4 /HA molar ratio - 1:1 2:1 3:1 

OD (%) - 44 ±4
b 

65 ±4
c 

82 ±5
d 

Yield (%) - 73 ±2
e,f 

77 ±2
f 

72 ±1
e 

Viscosity (mPa·s) 3x10
6
 ±1x10

5a
 5 ±0

g
 3 ±0

h
 3 ±0

i
 

Zeta potential (mV) -29 ±4
j 

-26 ±3
j 

-36 ±3
k 

-42 ±3
l 

*Mean±SD (n = 3). Mean values with the same letter indicate that there is no significant difference (p < 

0.05) according to the Tukey test. 

Figure 2 shows the molar mass distribution of nonoxidized HA and the 

equivalent hydrodynamic volume of oxi-HAs for the same elution time. 

 

Figure 2. Molar mass distribution of (A) nonoxidized HA and the equivalent hydrodynamic 

volumes of (B) oxi-HA 43.53% (C), oxi-HA 64.71% and (D) oxi-HA 81.86%. 
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The gel exclusion profile of nonoxidized HA (Figure 2A) with respect to the 

retention time in the column shows the molar mass distribution of nonoxidized HA, 

which was obtained using a previous calibration curve prepared with HA standards. The 

higher fraction of 10
5
 Da followed by the fractions of 10

6
 and 10

4
 corresponded to 

59.12, 34.47 and 6.41%, respectively. Therefore, the nonoxidized HA average molar 

mass was 8.54x10
5
 Da. 

The profiles of Figure 2 (B and D) show the patterns obtained for oxi-HA. It 

could be observed that when the oxidation degree increases, the fractions of the total 

area move to the right towards smaller hydrodynamic volumes. Due to the lack of oxi-

HA standards, it was not possible to determine their molar masses accurately. However, 

the hydrodynamic values of oxi-HAs can be compared to the equivalent sizes of the 

nonoxidized HA structures with 10
5
 to < 10

4
 Da molar masses for the same elution time.  

The reduction of the hydrodynamic volumes should also be attributed to the 

compaction of the partially oxidized structures since the molar mass did not 

substantially change by varying the OD, as previously reported. HA undergoes less 

degradation during oxidation than alginate because only the D-glucuronate residues are 

oxidized, and the periodate-resistant N-acetyl-D-glucosamine exerts a protective effect 

[22]. 

The behavior of the hydrodynamic volume also agrees with the observed zeta 

potentials. In addition, compaction could also be confirmed by the effective crosslinking 

with small molecules such ADH, as described in the subsequent sections. 

3.2. Molecular changes 

The FTIR spectrum (Figure 3a) was determined to confirm the presence of 

aldehyde groups in oxi-HAs. New peaks corresponding to aldehyde functional groups 

could be observed in the FTIR spectra in C and D at 1717 and 1723 cm
-1

, respectively, 

and in B, C and D at approximately 840 cm
-1

, which is associated with the C=O 

stretching of the oxi-HA structure. The intensity of these signals increased with 

increasing the oxidation degrees, as shown from B to D. The peaks at 1152 and 893 cm
-

1
 in spectrum A of non-oxidized HA were related to C-O-C (ether bond) and C-H. 

These two peaks shifted to approximately 1116 and 874 cm
-1

 in spectra B, C and D, 

revealing the formation of aldehyde functional groups. 

Figure 3b shows the formation of a new peak at 1584 cm
-1

, which was associated 

with the N-H functional group of ADH. At the same time, the peak at 1717 cm
-1

 was 
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observed to become weaker due to the aldehyde consumption, which formed amine 

bonds between oxi-HA and ADH. 

 

Figure 3. (a) ATR-FTIR spectra of (A) HA, (B) oxi-HA 44%, (C) oxi-HA 65%, and (D) oxi-HA 

82%. (b) ATR-FTIR spectra of (A) oxi-HA 65%, (B) oxi-HA 65%/ADH2, (C) oxi-HA 

65%/ADH4, (D) oxi-HA 65%/ADH8, and (E) ADH. 

3.3. Crystallinity 

Figure 4 shows the XRD pattern of the oxi-HA hydrogels. 

  

Figure 4. X-ray diffractograms of (A) HA, (B) oxi-HA 44%, (C) oxi-HA 44%/ADH2, (D) oxi-

HA 44%/ADH4 and (E) oxi-HA 44%/ADH8. 

(a)  (b) 
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The XRD patterns of HA and oxi-HA (Figure 4 A and B) showed a wide 

diffraction peak at 2θ = 24°, which was due to the amorphous nature of the sample. In 

the diffractograms (Figure 4 C to E), the amorphous domain was also observed. 

However, in the oxi-HA/ADH hydrogels, the characteristic peak intensity at 2θ = 45° is 

gradually strengthened after adding 2%, 4% and 8% contents of ADH into oxi-HA. This 

phenomenon suggests that the interaction between oxi-HA and ADH favors structural 

organization [38-40]. 

3.4. Gelation time 

In general, gels have viscous and elastic properties, represented by the elastic or 

storage (G’) and viscous or loss (G”) moduli. To achieve a hydrogel with desirable 

behaviors, G’ must be greater than G”, the material is closer a solid. 

Here, the evolution of the rheological parameters G’ and G” were used for 

determination of the crossover point (G’ > G”), which defined the gelation time of the 

hydrogels. Figure 5 shows the gelation time of the hydrogels as a function of ADH 

concentration for oxi-HA 65%. Furthermore, the effects of temperature on the gelation 

time are also shown. The table shown in Figure 5 summarizes the gelation time of the 

hydrogels based on their mechanical behaviors. 
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Figure 5. Gelation behavior of crosslinked oxi-HA/ADH hydrogels formed at (A) 4ºC and (B) 

37ºC in a 6% (w/v) oxi-HA 65% solution with various concentrations of ADH (2, 4 and 8% 

w/v). The gelation time was determined based on the crossover point when G’ (elastic modulus) 

> G” (loss modulus). The table summarizes the gelation time of the hydrogels based on their 

mechanical behaviors. 

Figure 5A shows the results of the oxi-HA/ADH hydrogels at 4°C. Although an 

incipient tendency, no gelation, or a long gelation time > 2000 s could be observed for 

the oxi-HA/ADH 2% hydrogel. Shorter gelation times were verified for oxi-HA/ADH 

4% (440 s) and oxi-HA/ADH 8% (821 s). Note that the gelation time of hydrogels 

prepared with a higher ADH concentration at 4°C did not proportionally decreased as 

expected. The excess ADH and the reduction of the mobility of the oxi-HA chains do 

not favor the gelation time. 
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Figure 5B shows the rheological results of the oxi-HA/ADH hydrogels at 37°C. 

The gelation times of the hydrogels decreased substantially with the increased 

temperature, indicating faster gelation. These results are beneficial for injectable 

medical applications because of the thermosensitivity of hydrogels. This property 

allows for the adjusting of the time to handle the material before gelation. Additionally, 

it also allows for the injection of low viscosity materials and in situ gelation. Therefore, 

thermosensitivity is an essential feature for in situ applications of the hydrogels [7]. 

Although the gelation time is proportional to the ADH concentration, the values of G’ 

were similar for ADH 4% and ADH 8%, indicating steric or diffusion limitations of 

ADH crosslinking. In accordance, the lower G” value of ADH 8% indicates the partial 

presence of the nonmodified aldehyde groups of oxi-HA due to incomplete ADH 

crosslinking. 

3.5. Swelling 

Although hydration is beneficial to the cells grown in tissue engineering 

applications, it can make the hydrogel matrix fragile, deformed or broken under the 

application of external forces [41]. 

Table 2 summarizes the swelling ratios of the oxi-HA/ADH hydrogels. The oxi-

HA/ADH hydrogels had a high water swelling capacity, allowing for their rapid 

hydration after one-day of immersion in PBS. It is known that the higher the 

crosslinking degree, the less the water absorption is. Therefore, ADH 8% reduced the 

swelling ratio more than ADH 4%. However, the lowest swelling ratio was observed for 

oxi-HA 65%. These results agree with the rheological behavior shown in section 3.4, 

which indicates the structural limitations of ADH 8% crosslinking. 
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Table 2. Swelling ratio of the oxi-HA/ADH hydrogels after 24 h. 

Oxidation degree 

(%) 

ADH concentration 

(%) 
Swelling ratio (-) 

44 
4 19.80 ±2.10

a 

8 13.05 ±0.07
b 

65 
4 13.58 ±0.31

b 

8 9.78 ±0.40
c 

82 
4 15.53 ±0.23

d 

8 11.53 ±0.29
c 

*Mean±SD (n = 3). Mean values with the same letter indicate that there is no significant difference (p < 

0.05) according to the Tukey test. 

3.6. Degradation 

Figure 6 shows the degradation kinetics of the oxi-HA hydrogels in a PBS 

solution. The degradation profiles, in terms of the remaining mass fraction, show the 

synergistic effects of the structural changes of the oxi-HA oxidation degree and the 

diffusion limitations on ADH crosslinking.  

 

Figure 6. Degradation profile of the (A) oxi-HA 44%, (B) oxi-HA 65% and (C) oxi-HA 82% 

hydrogels in (light gray) 4% and (dark gray) 8% ADH solutions. 

Based on the oxidation degree, the most stable hydrogel was oxi-HA 65% in 

both the ADH solutions. The presence of the non-crosslinked oxidized groups reduced 

the stability of the hydrogels in 4% ADH, thus decreasing its degradation time, as 

observed in Figure 6 A and C. The longest time of 20 days for the intermediate 

oxidation degree (oxi-HA 65%) indicated the highest performance of crosslinking in 4% 

ADH (Figure 6B). For 8% ADH, the crosslinking was benefited mainly in the presence 

of a higher number of oxidized groups (Figure 6 B and C). Although slight differences 
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were observed, the degradation time in Figure 6B was slower than that in Figure 6A, 

indicating that better crosslinking performance was achieved at the conditions shown in 

Figure 6B, according to the swelling results. The compaction of the HA chains in the 

more oxidized HA sample hindered the transport of 8% ADH, thus decreasing the 

degree of crosslinking and promoting progressive degradation. 

3.7. Macroscopic and SEM images 

Figure 7 (1) shows the macroscopic images obtained from the oxi-HA/ADH 

hydrogels, and Figure 7 (2 and 3) shows the micrographs obtained by SEM. 

  

 

*Mean±SD (n = 100). Mean values with the same letter indicate that there is no significant difference (p 

< 0.05) according to the Tukey test. 

Figure 7. Oxi-HA hydrogel images: (A and B) oxi-HA 44% with 4% ADH and 8% ADH, 

respectively, (C and D) oxi-HA 65% with 4% ADH and 8% ADH, respectively, and (E and F) 

oxi-HA 82% with 4% ADH and 8% ADH, respectively. (A-F1) are the macroscopic images, 

(A-F2) are the surface scanning electron microscopic images, and (A-F3) is the fracture 

scanning electron microscopic images. 

Although the N-H band (Figure 3b) appeared in the FTIR analysis, no extensive 

gelation was experimentally nor macroscopically observed with 2% ADH for the 

various oxi-HA oxidation degrees. 
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Regarding the oxidation degree (Figure 7 A1 to F1), the macroscopic view of the 

hydrogels shows a whitish gradient and varying sizes, which depend on the velocity and 

OD. 

The micrographs of oxi-HA 44%/ADH4 and oxi-HA 82%/ADH8 (Figure 7 A3 

and F3) show three-dimensional structures with interconnected and rounded pores. The 

other hydrogels (Figure 7 B3 to D3 and F3) had leaf shape morphologies, were more 

rigid, and had fewer and larger pores than the oxi-HA 44%/ADH4 and oxi-HA 

82%/ADH8 hydrogels. The quantitative analysis shows the substantial differences in the 

average pore sizes of the structures as determined by measuring 100 individual pores 

from three different images using ImageJ software. The effects were more pronounced 

for the low and higher ODs, especially for 4% ADH, compared with the moderate OD. 

For the 82% OD, the oxi-HA chains are extremely compacted, and ADH diffusion 

limits the crosslinking. In contrast, for the 44% OD, some oxi-HA chains are not close 

enough for the crosslinking reaction to occur. For the last situation, the material was 

observed to be more fragile. For the 65% OD, the ADH crosslinking was benefited by 

producing large pores for in both 4% and 8% ADH (Figure 7 C3 and D3). These results 

are consistent with the oxidation yield shown in Table 1, evidencing that optimum 

oxidation occurred for the moderate oxi-HA. 

Although the average pore size analysis was consistent, the unreliable 

determinations of the porosity were obtained by both gravimetric and nitrogen 

isotherms. 

3.8. Extrusion force 

The extrusion force characterizes the injectability of the hydrogels and is 

proportional to the resistance of the hydrogel to flow due to the crosslinking intensity 

and gelation time.  

Herein, the extrusion forces of the hydrogels with different degrees of oxidation 

(low, moderate, and high) and ADH concentrations (4 and 8% w/v) were determined 

five minutes after preparing the oxi-HA and ADH mixture. The controls were the 

nonoxidized HA and oxi-HA samples that were both prepared without crosslinking. 

Figure 8 shows the substantial differences between the extrusion forces of these 

samples, in which the extrusion force for non-oxi HA was much higher than that for 

oxi-HAs at the same ADH concentration of 6% (w/v). Slight differences were observed 
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between the oxi-HAs. The differences reflect the substantial drop in the oxi-HA 

viscosity due to the oxidation with NaIO4. 

A suitable extrusion force for injections in clinical applications is up to 20 N to 

avoid side effects such as pain, discomfort, bruising, bleeding, and edema in the patient 

[42, 43]. Therefore, the oxi-HA/ADH hydrogels were suitable for injectable 

applications, due to their low extrusion forces (3 N). Furthermore, the oxi-HA/ADH 

hydrogels can be handled before injection without substantial gelation five minutes after 

mixing their components. 

 

*Mean±SD (n = 3). Mean values with the same letter indicate that there is no significant difference (p < 

0.05) according to the Tukey test. 

Figure 8. Maximum extrusion force of the oxi-HA/ADH hydrogels (gray labels). All 

measurements were obtained 5 min after the mixture of the components. The controls 

nonoxidized HA (black label) and oxi-HA (cracked black label) prepared without crosslinking. 

4. Structural changes and functional properties of oxi-HA/ADH 

Figure 9 summarizes the relationship between the structural changes and the 

functional properties of oxi-HA/ADH mediated by the oxi-HA and ADH 

concentrations.



90 

 

    

 

  

Figure 9. Structural changes and functional properties of the oxi-HA/ADH hydrogel. The colored arrows (bottom and middle of the figure) indicate the 

increase (+) or decrease (-) in the functional properties. The highlighted yellow region represents the optimum oxi-HA/ADH hydrogel.
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The nonoxidized HA sample is composed of a monomeric unit of D-glucuronic 

acid and N-acetyl glucosamine. At a physiologic pH, the polymeric chains of 

nonoxidized HA are overlapping, forming a random coil structure with rigid domains 

and physical crosslinking. The partial oxidation of HA with NaIO4 introduces aldehyde 

groups into HA via opening the glucuronic acid ring and oxidizing the nearby OH 

groups. The dialdehydes form highly flexible domains, leading to the compaction of 

chains with an increase in the oxidation degree. The molecular modifications occur only 

in the D-glucuronate residues, while the N-acetyl glucosamine groups remain intact and 

protect against total oxidation and the scission of the chains. Therefore, the molar mass 

of oxi-Has does not change substantially. 

The flexibility of the aldehyde groups reflects the increasing zeta potential, and 

the compaction of the structures causes decreasing hydrodynamic volumes and 

reduction in viscosity. 

The approximation of the chains by compaction allows for the formation of 

long-range intermolecular interactions and crosslinking with small molecules such as 

ADH, which is a bifunctional crosslinker agent that has the advantage of being 

metabolized by the human body. For a high degree of oxidation, steric hindrances 

induce diffusion limitations and incomplete crosslinking in spite of the high number of 

aldehyde groups available on oxi-HA. Therefore, there is an optimum degree of 

oxidation and ADH concentration to achieve optimal crosslinking. 

Finally, the structural changes and ADH crosslinking modulate the functional 

properties such as the gelation time, swelling, and stability of the oxi-HA/ADH 

hydrogels. Except for the gelation time, which increased with increasing oxidation 

degree and ADH concentration, the highest stability and the least amount of swelling 

was achieved at a moderate 65% OD and 4% ADH concentration. 

The oxi-HA/ADH hydrogels are suitable for injectable formulations for 

regenerative applications, and the thermosensitivity of these oxi-HA/ADH hydrogels is 

advantageous due to the time available to handle the hydrogel before injection, the 

fluidity of the hydrogel during injection and in situ gelation. 

The hydrogel morphology with interconnected pores is essential for cell 

nutrition, proliferation, and migration to promote the vascularization and formation of 

new tissues. Furthermore, the stability of hydrogels is promising for cell cultivation in 

vivo. The degradation of oxi-HA 65%/ADH4 in PBS was slow, 25 days. The oxi-

HA/ADH hydrogels have a high-water swelling capacity, which is essential for cell 
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growth. The oxi-HA/ADH hydrogels also have the potential for tissue engineering 

applications, according to cell viability experiments, which are not in the scope of this 

article. 

An optimal consistency of hydrogels required for specific applications can be 

reached by adjusting the oxidation degree and ADH concentration. 

Conclusions 

Structural changes modulate the functional properties mediated by the oxi-HA 

oxidation degree and ADH concentrations. The properties of the oxi-HA hydrogels are 

amenable for regenerative purposes, allowing for the injectability, thermosensitivity and 

in situ gelation of the hydrogels. The relationship between the structural changes and 

the functional properties enabled the design and optimization of injectable formulations 

for the regeneration of specific tissues. Further research must be conducted to study the 

ability of the oxi-HA/ADH hydrogels to grow mesenchymal cells and differentiate in 

desired tissues. 
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3.2. Particulate oxi-HA/ADH hydrogels for tissue engineering and regenerative 

medicine applications 

Artigo a ser submetido no periódico científico Materials Science & Engineering 

C. 
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Abstract 

Due to introducing control on the cell scale, including adhesion, topography, and 

surface properties, particulate biomaterials have expanded the applications of 

monolithic bulk hydrogels as scaffolds. Hyaluronic acid (HA) is a natural biopolymer 

present in the extracellular matrix of various tissues. HA hydrogels mimic the stem-cell 

niche and have a broad range of applications in regenerative medicine. The hydrogels of 

partially oxidized HA (oxi-HA) provide various advantages in facilitated crosslinking 

with adipic dihydrazide (ADH) by click reaction, thermosensitivity, and in situ gelation. 

However, while the results of clinical studies support these bulk hydrogels’ activity, the 

development of oxi-HA/ADH particles remains unexplored. In the present study, we 

aimed to determine technological parameters for the preparation of oxi-HA/ADH nano- 

and microparticles, characterize their physicochemical and mechanical properties, and 

evaluate their cell-laden capability for in vitro proliferation of human adipose-derived 

mesenchymal cells (h-AdMSCs). We also investigated cryoprotection and injectability 

of the particulate structures. The results showed that the crosslinked nano- and 

microparticles can be obtained without further purification. The operational variables 

controlled the yield, mean diameter, and zeta potential. Individually, the microparticles 

were found to be efficient for AdMSCs proliferation; however, at the same 
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concentration, the nanoparticles allowed for the cell survival only, and further 

adjustments would be necessary. The microparticles demonstrated gel-like behavior and 

allowed for a smooth injection alone or in association with bulk HA. Therefore, oxi-

HA/ADH nano- and microparticles can be meaningfully used in tissue engineering and 

regenerative medicine. 

Keywords: oxidized hyaluronic acid, nanoparticles, microparticles, tissue engineering, 

regenerative medicine 

Graphical abstract. Oxi-HA/ADH bulk and particulate hydrogels for tissue 

engineering and regenerative medicine. 

 

1. INTRODUCTION  

Hyaluronic acid (HA) is a biopolymer abundantly present in various human tissues. 

Exogenous HA, obtained from microbial fermentation, exhibits the same properties as 

endogenous HA, including the highly hydrated structure, viscous and viscoelastic 

properties, signalization via cell receptors, anti-inflammatory effects, and cell protection 

[1-3]. The flexibility of molecular groups for chemical modifications, including 

crosslinking, increases HA stability in vivo and expands the range of biomedical 

applications of their hydrogels [4, 5]. 

Scaffolds are temporary structures that support desirable interactions with seeded 

cells, allowing for their proliferation and migration, as well as for the formation of a 

three-dimensional tissue. Hydrogels mimic the extracellular matrix and have been 

widely used as scaffolds in tissue engineering and regenerative medicine [6]. By 
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introducing control on the cell scale, including adhesion, topography, and surface 

properties, nano- and microparticles improve the scaffolding properties of monolithic 

bulk hydrogels [7]. 

The synthesis of HA nano- and microparticles involves various processes. For 

instance, Yun et al. [8] emulsified an aqueous phase containing HA in mineral oil with a 

surfactant and then crosslinked the formed particles with ADH in a reaction mediated 

by chloride carbodiimide (EDCl) as a catalyzer. The experimental results showed that 

the emulsifying technique produced polydisperse particles, with most sizes ranging 

from 2 to 23 µm. To overcome these limitations, the precipitation technique was 

considered. The nanoprecipitation of HA in organic solvents was initially investigated 

by Fessi et al. [9]. This process requires two miscible solvents: generally, water and 

alcohol or water and acetone. The diffusion of solvent in water causes a reduction in the 

capacity of ion solvation, leading to polyelectrolytes as HA to instantaneously 

precipitate. Nanoprecipitation eliminates the use of oil-aqueous interfaces that may 

damage proteins or drugs and usually produces small particles (100 – 300 nm) with a 

narrow unimodal distribution. Furthermore, Hu et al. [10] patented a discontinuous 

nanoprecipitation process, free of surfactant and oil, for the production of HA 

nanoparticles with a uniform size of 200nm. The aqueous phase containing sodium 

hyaluronate was initially precipitated in acetone and then crosslinked with ADH in the 

presence of EDCl for over 44 h. In another relevant study, Bicudo et al. [11] compared 

the performance of ethanol, isopropyl alcohol, and acetone for HA nanoprecipitation 

and crosslinking with ADH and EDCI in a discontinuous process and in a continuous 

process in microchannels.  

In addition, Sideris et al. [12] developed microgels by oil emulsification from an 

aqueous solution containing HA functionalized with acrylamide groups in a 

microfluidic system. The microgels were annealed to one another to form a bulk porous 

scaffold. Orthogonal chemistries based on an enzymatic reaction, light-based radical 

polymerization, and amine/carboxylic acid were used for crosslinking and annealing the 

microgels.  

Shimojo et al. [13] prepared HA microparticles by shearing an HA dispersion 

previously crosslinked with 1,4-butanediol diglycidyl ether (BDDE) using the Ultra-

Turrax equipment. The microparticles were associated with a fibrin gel from platelet-

rich plasma. The association provided injectable formulations with better 

physicochemical and mechanical properties than those of bulk HA. Moreover, by 
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enabling in vitro proliferation of human adipose-derived mesenchymal cells (h-

AdMSCs), the association can be promising for cartilage regeneration. 

Overall, the fabrication of nano- and microparticles for tissue engineering and 

regenerative medicine includes top-down and bottom-up strategies that influence 

bioactivity and quality of the formed tissues [14-18]. While the conventional top-down 

scaffolds contain cells seeded in a preformed matrix, bottom-up approaches involve 

cell-laden modules assembled in repeating units that form a macrotissue [14]. In 

general, nano- and microparticles were reported to have many promising applications in 

cell-laden scaffolds for the production of modular tissues [17]. 

The partial oxidation of HA hydroxyl groups by sodium periodate introduces highly 

flexible links and causes structural and rheological changes. Furthermore, the partial 

oxidation enables crosslinking with small molecules, such as adipic acid dihydrazide 

(ADH), by the click reaction type [19, 20]. These properties are advantageous in terms 

of the process, eliminating the toxic effects of EDCI and allowing for facilitated 

synthesis without further purification requirements.  

Owing to lower viscosity, improved injectability, biocompatibility, 

thermosensitivity, and in situ gelation, the oxi-HA/ADH hydrogels have been studied 

for medical applications in the last ten years Another important advantage of the oxi- 

HA and ADH is that they do not present cytotoxicity, and ADH is a small hydrazide 

metabolized in the human body [21]. 

Previous studies investigated the colloidal structural changes on oxi-HAs and the 

modulation of their physicochemical properties with the oxidation degree and ADH 

concentration [20]. While relevant clinical studies are still few, the oxi-HA/ADH bulk 

hydrogels carrying cells were found to be promising for nucleus pulposus regeneration 

[22], post epidural fibrosis surgery [23], and as drug carriers [24], as well as to have 

dual effects (drug delivery and regeneration) in tendinopathies [25]. The oxi-HA/ADH 

hydrogels were also found to be suitable for 3D bioprinting, offering a promising 

platform for developing new bioinks [26]. 

In this study, we focus on the synthesis and characterization of oxi-HA/ADH nano- 

and microparticles. To the best of our knowledge, our study is the first to evaluate the in 

vitro performance of oxi-HA/ADH nano- and microparticles as active carriers for the 

proliferation of human adipose-derived mesenchymal cells (h-AdMSC). 

2. EXPERIMENTAL 
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2.1 Material and reagents 

Hyaluronic acid (HA) with high molar mass (average 9.48x10
5
 Da) and low molar 

mass (average 15 kDa) was purchased from Shandong Topscience Biotech Co. (Rizhao, 

China) and Lifecore Biomedical (Chaska, Minnesota, USA), respectively. Sodium 

periodate (NaIO4), ethylene glycol, adipic acid dihydrazide (ADH), dextrose, trehalose 

from Saccharomyces cerevisiae (D-(+)-Trehalose dihydrate), and phosphate-buffered 

saline (PBS) were obtained from Sigma-Aldrich Inc. (Saint Louis, Missouri, USA). 

Cetyltrimethylammonium bromide (CTAB), hydrochloric acid (HCl), and sodium 

hydroxide (NaOH) were purchased from LabSynth (Diadema, Brazil). Dialysis 

membranes with a nominal MWCO of 12,000 – 16,000 DA were sourced from Inlab 

(Diadema, Brazil). 

2.2 Methods 

2.2.1 Synthesis of partially oxidized hyaluronic acid 

Partially oxidized hyaluronic acid (oxi-HA) was synthesized according to the 

previously reported protocol [1, 22], with modifications previously introduced by 

França et al. [20]. Briefly, HA (~ 9.48x10
5
 Da) at the concentration of 1% (w/v) was 

dispersed in double-distilled water at room temperature. Then, the aqueous sodium 

periodate (NaIO4, 10.67%) solution was added and left to react at room temperature for 

24 h in the dark. The NaIO4: HA ratio was calculated as NaIO4 mol per HA dimer mol, 

and the oxidation degree (OD) was 65% based on its properties. The reaction was 

stopped by adding ethylene glycol (1:6 ethylene glycol to NaIO4) for 0.5 h. Oxi-HA was 

purified by dialysis using double-distilled water with changes twice per day for 3 days. 

Finally, the dialyzed solution was lyophilized in a freeze dryer (L101, Liobras, São 

Carlos, Brazil) to yield a white fluffy product. 

2.2.2. Preparation and characterization of oxi-HA/ADH nanoparticles 

The oxi-HA/ADH nanoparticles were produced by precipitation in ethanol. The 

process was conducted in a jacket glass reactor of 50 mL equipped with a mechanical 

stirrer (model TE-039/1, Technal, Piracicaba, Brazil). The temperature was controlled at 

21 °C by a thermostat bath (model TE-184, Technal, Piracicaba, Brazil), and the system 

was maintained under stirring at 300 rpm for 24 h. Initially, the organic solvent with the 

flow rate of 0.8 mL/min was fed through a peristaltic pump (NE-300 Just Infusion™, 

New Era Pump System, Farmingdale, USA) and dripped into an aqueous solution 

composed of 10 mL of oxi-HA (0.097% (w/v)) and 250 µL of ADH (0.049% (w/v)). 
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Considering that concentration and viscosity influence water-solvent diffusion and 

precipitation [27, 28], diluted solutions of oxi-HA and ADH were used. For effective 

crosslinking, the system was maintained under stirring for 24 h. The particles were 

recovered by ultrafiltration through a 10 kDa Millipore membrane. All experiments 

were performed in triplicate. 

 

Fig. 1. The process of the synthesis of oxi-HA/ADH nanoparticles by precipitation 

in organic solvent. 

The process was studied with ethanol using the volumes of 10.84 or 26.75 mL of the 

solvent to 10.25 mL of the oxi-HA/ADH aqueous solution. The pH values of 4.0 or 7.0 

were maintained throughout the process. In order to examine the combined effects of 

dehydration by ethanol in the vicinity of oxi-HA on precipitation and ADH 

crosslinking, we considered ethanol volume and pH as independent variables. These 

effects were evaluated in terms of yield, mean diameter, and zeta potential of the 

nanoparticles. The system HA-water-ethanol has a surface tension of 28.64 mN/m and a 

dielectric constant of 30, both of which were previously reported to be favorable for HA 

nanoprecipitation [11]. 

The process yield was calculated based on HA quantification by the CTAB 

turbidimetric method [29]. Briefly, after ultrafiltration, 1 mL of the samples (filtered 

and retentate) was added to Eppendorf vials. The water was used as a blank, and 2 ml of 

the CTAB reagent was added to each Eppendorf. The solutions were gently shaken to 

ensure a full mixture. After 10 min of reaction, the absorbance of the nanostructures was 

measured using a Genesys 6 spectrophotometerTM (Thermo Fisher Scientific, 

Massachusetts, USA) at 400 nm. 
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The concentration of nanoparticles present in the filtrate and retentate was 

determined using a standard calibration curve constructed from the HA solutions in the 

range of 1 – 0.0078 g/L. The yield of the process was calculated using Eq. (1). 

𝑌𝑖𝑒𝑙𝑑(%) = (
𝑚𝑡−𝑚𝑓

𝑚𝑡
) × 100     (1) 

 where mt is the total mass (filtrate and retentate), and mf is the filtrate mass. 

2.2.3. Preparation and characterization of o oxi-HA/ADH microparticles 

The microparticles were prepared from the bulk oxi-HA/ADH hydrogel 

previously synthesized following França et al. [20]. Briefly, an oxi-HA 65% oxidation 

degree was dissolved in a PBS (pH of 7.4, at 4 °C) to obtain the final concentration of 

6% (w/v). The 4% (w/v) ADH solution was also prepared in PBS at 4 °C. The oxi-HA 

and ADH solutions were mixed in the ratio of 4:1 in Eppendorf tubes, which were then 

submerged in a bath containing water and ice for crosslinking and bulk hydrogel 

formation. The crosslink reaction was performed at pHs 4.0 or 7.0. The microparticles 

were obtained by shearing according to Shimojo et al. [13, 30, 31]. Briefly, 1 g of the 

bulk oxi-HA/ADH hydrogels was swelled in 150 mL Milli-Q water and sheared in an 

Ultra-Turrax T25 homogenizer (IKA Labortechnik, Staufen, Germany) at 18000, 

21000, and 24000 rpm in different times (10, 20, and 30 min) at 21 °C. 

 

Fig. 1. The process of preparation of microparticles from bulk oxi-HA/ADH by shearing. 

2.2.4. Mean diameter, polydispersity, potential zeta and surface area 

The oxi-HA/ADH nano and microparticles were characterized by measuring the 

hydrodynamic mean diameter and polydispersity using dynamic light scattering and 
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zeta potential based on electrophoretic mobility. The measurements were performed in 

triplicate with a Zetasizer Nano Series ZS (Malvern Instruments, Malvern, United 

Kingdom) at the fixed angle of 173°. 

2.2.5. Cryoprotection 

The cryoprotectants dextrose, low molar mass HA (~ 15 kDa), and trehalose, in the 

concentrations 10 and 5 mg/mL, were used to investigate the stabilization and structure 

reconstitution after lyophilization. The microparticles used in the present study were 

produced by shearing under the following conditions: 1800 rpm, pH 7.0, and 10 min. 

Then, in order to eliminate the excess of water, the particles were centrifuged for 5 min 

at 2500 rpm.  

The particles were frozen at -80°C and lyophilized for 24 h. The hydrodynamic 

mean diameter of the microparticles was analyzed before and after lyophilization. The 

measurements were performed in triplicate with the Mastersize S equipment (Malvern 

Instruments, Malvern, UK). 

2.2.6. Rheology and injectability 

The rheological behavior was investigated with the microparticles alone and mixed 

with the fluid phase of HA (~ 15 kDa). The assays were performed with microparticles 

produced at pH 7.0, 18000 rpm, and 10 min. The effects of the HA fluid phase were 

investigated by mixing the microparticles in the dispersion of 1% (w/v) HA in PBS, in 

proportions ranging from 0 to 100% (w/w). 

The rheological measurements were performed using a rheometer (MCR-102, 

Anton Paar, Graz, Austria) with cone and plate geometry (CP-50-1) in the steady and 

oscillatory regimes at 25 °C. Oscillatory measurements were performed in the linear 

region, at the stress of 1.188 Pa and in the frequency range of 0.1–10 Hz. Steady shear 

measurements were obtained at shear rates in the range of 0.1 – 20 s
-1

. 

The injectability of the mixtures was determined by loading the hydrogels and their 

gel/fluid dispersions in 1-mL plastic syringes with 30-gauge needles. The measurements 

were performed with a Texture analyzer (TA.XT.plus, Stable Micro Systems, Vienna 

Court, United Kingdom) with a 50 kg load cell at 25 °C and the extrusion rate of 5.0 

mm/min. 

2.2.7. Morphology 
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The morphology of the structures was obtained by scanning electron microscopy 

(SEM) (LEO 440i, Cambridge, UK) at the current and voltage of 50 pA and 10 kV, 

respectively. The average size of the bulk hydrogel pores was determined by measuring 

100 individual pores from three different images using the ImageJ software. 

2.2.8. Cultivation of the human-adipose mesenchymal cells 

Table 1 summarizes the operational parameters used for the synthesis, as well as the 

properties of the bulk hydrogel, nano- and microparticles used to cultivate the h-

AdMSCs. 

Table 1. Operational parameters and properties of the bulk oxi-HA/ADH hydrogel and its nano- 

and microparticles used for cultivation of h-AdMSCs. 

Bulk hydrogel 

pH Oxidation degree (%) 
ADH  

crosslinking 

Zeta potential 

(mV) 

7.0 65 4% -36 ±3 

Nanoparticles 

pH 
Ethanol rate (mL/min) 

Volume of 

ethanol (mL) 

Zeta potential 

(mV) 

7.0 0.8 10.84
 

-17.8 ±1.9
 

Microparticles
 

pH Shear speed (rpm) Time (min) 
Zeta potential 

(mV) 

7.0 18,000 10 -17.8 ±1.9 

*Mean diameter and zeta potential measurements and surface area calculation were performed 

as described in Section 2.2.4. 

The h-AdMSCs were isolated from the human subcutaneous adipose tissue of 

the patients who underwent lipo-aspiration at the university hospital and cultured 

according to a previously published protocol [14]. In brief, the cells were cultured in 

Dulbecco’s modified eagle medium (DMEM), containing 15 mM HEPES buffer, L-

glutamine, pyridoxine hydrochloride, 3.7 g NaHCO3, and supplemented with 10% FBS 

(fetal bovine serum) and 1% P/S (penicillin/streptomycin). A volume of 100 µL of a cell 

suspension (5×10
4
 cells/mL in passage 4th to 6th) was added to bulk hydrogel or 10 mg 

of nano/microparticles; along 2h for cell adhesion. Next, 700 μL of low-glucose DMEM 
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(Thermo Fisher Scientific, Waltham, MA, USA) were added, and the cells were 

cultured for 2 weeks in a humidified incubator at 37 °C and 5% CO2; the medium was 

changed every three days. The experiments were performed in triplicate (n = 3) for each 

group. 

Cell proliferation was evaluated through its mitochondrial activity dosed by 

dimethyl-thia-zol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St 

Louis, MO, USA) assays. The samples were incubated with MTT for 4 h at 37 °C with 

predetermined for 14 days. Then, MTT was replaced with dimethyl sulfoxide (DMSO), 

the samples were left in an orbital shaker for 30 min, and the absorbance was measured 

at 570 nm [32]. The experiments were conducted in triplicate (n = 3) for each group. 

2.2.8. Statistical analysis 

The experiments were carried out in triplicate unless otherwise specified. All 

results are presented as the mean ± standard deviation (SD). The experimental data were 

analyzed using the analysis of variance (ANOVA). Statistical significance was set to p-

value ≤ 0.05. 

3. RESULTS AND DISCUSSION 

3.1 Effects of operational variables on HA nanoparticles synthesis 

The synthesis of HA nanoparticles by precipitation in organic solvents and ADH 

crosslink depends on pH, properties, and the proportion of the polymer, solvent, and 

non-solvent [11].  

Table 2 summarizes the results of diameter, polydispersity, zeta potential and 

yield of the nanostructures obtained by discontinuous process as a function of ethanol 

volume and pH.  

Table 2. Mean diameter, polydispersity and zeta potential of the nanostructures, and yield of the 

discontinuous process as a function of ethanol added volume and pH of a oxi-HA. 

pH 
Volume of organic 

solvent (mL) 

Mean diameter 

(nm) 
Polydispersity 

Zeta potential 

(mV) 
Yield (%) 

4.0 
10.84 310.0 ±7.4

a 
0.324 ±0.038

c 
-27.4 ±0.9

f 
98.00 ±0.87

i 

26.75 220.4 ±7.0
b 

0.304 ±0.058
c 

-22.8 ±0.8
g 

97.61 ±0.77
i 

7.0 
10.84 327.2 ±11.2

a 
0.149±0.024

d 
-17.8 ±1.9

h 
51.60 ±2.98

j 

26.75 235.6 ±24.5
b 

0.151 ±0.035
d 

-15.8 ±2.3
h 

53.70 ±3.06
j 
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*Mean±SD (n = 3). Mean values with the same letter indicate that there is no significant difference (p < 

0.05). 

The results show the yield was higher at pH 4 (≈ 98%), as this is the optimum pH 

for the crosslinking reaction. The mean diameters were higher and similar for the 

nanoparticles prepared with 26.75 mL, irrespective of pH, while significant differences 

with pH were obtained for the preparations with 10.84 mL. The highest diameters with 

the lowest ethanol volume were due to the lesser dehydration rate in the vicinity of oxi-

HA, producing larger nanoparticles. The interplay between precipitation rate and ADH 

crosslinking justified the pH influence in diameter for the lowest ethanol volume. 

Reduction of size rearrangements by the highest reaction rate led to the highest 

polydispersity at pH 4.0.  

The pH also influenced the zeta potential of the nanoparticles. At pH 7.0, the 

carboxylic groups of D-glucuronic acid in oxi-HA were ionized (pK 3-4) and, due to 

repulsion, they were distributed inside and on the external surface of the structure, 

generating a lower zeta potential. These repulsive forces also promote the polymer 

chains’ expansion and difficult the diffusion of the organic solvent through the polymer 

[11, 33]. At pH 4.0, the higher zeta potential was due to the lower dissociation of the 

carboxyl groups on the external surface of the nanostructures, making them more stable. 

We also observed that the curvature of the nanoparticles decreased the zeta potential as 

compared to the bulk structure (zeta potential -36 ±3) (Table 1).  

Fig. 3 shows the dynamic light spectra for the nanoparticles as a function of pH and 

ethanol volume used in nanoprecipitation. 

 

Fig 3. Dynamic light scattering spectra in terms of intensity distribution (I α (diameter)) and 

mean diameter of the nanoparticles prepared with 10.84 mL ethanol: (a) pH 4.0, (b) pH 7.0 
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The spectra showed unimodal distributions characteristic of nanoparticles prepared 

by precipitation in an organic solvent. 

3.2. Effects of operational variables on HA microparticles synthesis 

Fig. 4 shows the effects of shear speed, time, and pH on the mean diameter of 

the microparticles.  

 

Fig. 4. Mean diameter of the microparticles obtained at different shear speed and pH: (a) pH = 

4.0, and (b) pH = 7.0. The zeta potential was -17.8 ±1.9 mV and -27.4 ±0.9 mV for pH 4.0 and 

7.0, respectively. 

The results showed that pH affected the degree of crosslinking of oxi-HA/ADH 

and the structural conformation of the oxi-HA chains. Due to the partial deprotonation 

of the carboxylic acid and the presence of more hydrogen bonds [34], which promote 

break under shear forming the microparticles, the reaction between the aldehyde groups 

of oxi-HA and ADH resulted in a higher entanglement of oxi-HA chains in acid 

environments. At pH 4.0, the reduction of size was proportional to shear speed. The 

effects were more pronounced with time at 18,000 rpm. At a lower crosslinking (pH 

7.0), aggregation occurred at the highest shear speed (24,000 rpm) due to the 

accumulation of energy in the system. The effects were similar at other speeds. In all 

cases, the preparation led to a low polydispersity. Zeta potential varied mainly with pH, 

with the lowest absolute values obtained at pH 7.0, which was due to the lower density 

of carboxyl groups on the surface resulting from the lowest crosslink. 

 The results reported above are consistent with those reported in several previous 

studies. Seong et al. [34] developed HA/BDDE microparticles by shearing and 

evaluated the influence of the shear speed on their size. The results showed that the 
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microparticles had a wide size distribution, and the mean diameters were 265, 222, and 

74 μm for the rotational speeds of 2000, 5000, and 8000, respectively. 

Furthermore, Shimojo et al. [35] investigated the influence of the degree of 

crosslinking on the mean diameter of microparticles of HA crosslinked with divinyl 

sulfone (DVS). The authors obtained HA/DVS microparticles with a diameter of 75 - 

100 µm at the shear speed of 24000 rpm. In another relevant study, Shimojo et al. [30] 

obtained HA microparticles formed by auto-crosslinked at the same shear speed with an 

average diameter of 190 µm. Due to the opening of the D-glucuronic ring, the partial 

oxidation of HA introduces molecular modifications as flexible residues, causing 

decreases in the persistence length and the packing of the chains. Therefore, structural 

changes occur, which are controlled by the electrostatic repulsion of the carboxyl 

groups [36]. The sizes of particles depend on the structure and the crosslinking degree. 

3.3. Cryoprotection 

Fig. 5 shows the hydrodynamic mean diameter and distribution of the 

microparticles with and without cryoprotectant, before and after lyophilization. 
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Fig. 5. Mean diameter and distribution of the microparticles without cryoprotectant (a) before 

and (b) after lyophilization, as well as the effects of the cryoprotectants (in left) before and (in 

right) after lyophilization. Cryoprotectant: (c, d) dextrose, (e,f) HA with molar mass 15 kDa, 

and (g, h) trehalose. Concentration: (1) 10 mg/mL and (2) 5 mg/mL. 

As can be seen in Fig. 5b, the microparticles lyophilized without cryoprotectants 

aggregated according to the mean diameter and distribution. Lyophilization is essential 

for the preservation of the structures for long-term storage and commercialization. 
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Fig. 5c-h shows the effects of the cryoprotectants dextrose, HA of low molar mass 

(~ 15 kDa), and trehalose. As revealed by the results, cryoprotection was achieved by 

the cryoprotectants used. The best results were obtained with HA 15kDa at 5mg/mL 

(Fig. 5e2 and f2) and dextrose and trehalose at 10 mg/ml (Fig. 5g1 and h1). Therefore, 

low molar mass HA is advantageous by cryoprotect at a lower concentration. 

3.4. Rheology and injectability 

The rheological behavior, parameters, and injectability of the microparticles 

alone and in associated with different fractions of the non-oxidized fluid HA are shown 

in Fig. 6 and Table 3. 

 

Fig. 6. (a) Storage G’ (closed symbol) and loss G” (open symbol) moduli as a function of 

angular frequency. The red arrows indicate crossover points; (b) complex shear modulus (G*; 

𝑮∗ = √𝑮′𝟐 + 𝑮"𝟐
) versus angular frequency; (c) flow curves of the microparticles with 

different percentages of the fluid phase; (d) complex viscosity (ɳ*) versus angular frequency 

(open symbol) and apparent viscosity (ɳ) versus shear rate (closed symbol). 
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Table 3. Calculated rheologic parameters for the microparticles and its associations with 

fractions of non-oxidized fluid HA. 

Fluid phase (%) B Tan δ
1
 K n Injectability (N)* 

0 0.0957 0.131 58.18 0.436 6.48
a
 

25 0.0932 0.223 34.60 0.397 4.14
b
 

50 0.8641 1.346 15.74 0.476 3.74
b
 

75 0.6395 0.956 13.16 0.477 2.95 

100 0.9419 1.026 8.01 0.613 2.65
c
 

1
Values were determined at 30 rad/s. 𝑇𝑎𝑛 𝛿 = 𝐺′

𝐺"⁄ .  

2
K values and the flow index (n) were determined by the following equation: 𝜂 = 𝐾 ∙ 𝛾̇𝑛−1 [37]. 

*Mean ± SD (n = 10) values with the same letter indicate that there is no significant difference 

(p < 0.05). 

The results showed the microparticles and their association with 25% of the fluid 

phase exhibited a gel-like behavior, with curves parallel to the frequency axis and the 

predominance of elastic properties with G’ higher than G” in all studied frequencies. At 

50, and 75% of the fluid phase, the formulation lost its gel characteristics (G” > G’), 

demonstrating a typical fluid behavior with the crossover point ( Fig. 6a).  

As can be seen in Fig. 6b, the highest values of the complex modules G* were 

obtained for the microparticles (1.291 kPa) and their association with a 25% fluid phase 

(0.981 kPa), indicating higher resistance to deformation.  

The flow curves (see Fig. 6c) demonstrated a shear-thinning behavior characteristic 

of pseudoplastic fluids for the microparticles and their associations with the fluid phase. 

In Fig. 6d, we also observed that, for the microparticles and their association with a 

25% fluid phase, the curves tended to depart from the Cox-Merz rule [38], i.e. the 

steady shear viscosity significantly differed from the complex viscosity when the values 

of the shear rate were equal to angular frequency, confirming gelation. In contrast, at the 

higher fluid fractions, a transition to the gel state was observed [37]. 

The flow index (n) was not significantly affected for 0 to 75% of the fluid phase 

(Table 3). However, in line with our expectation, it was reduced for 100% fluid phase 

(n= 0.61), indicating a decrease in pseudoplastic behavior.  

The B values define the mechanical strength of the hydrogels, where B = 0 is 

associated with covalent gels, while B > 0 with a physical gel [39, 40]. The higher are 

HA fluid fractions (50 to 100%), the greater is the B value (> 0.6), indicating the loss of 

gel-like behavior.  
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While hydrogels are predominantly elastic for tan δ < 0.1, for tan δ > 0.1, they are 

predominantly weak [41]. All compositions exhibited behavior typical of the so-called 

weak gels with a tan δ = (G”/G’) > 0.1 ( Table 3).  

In order to avoid side effects such as pain, discomfort, bruising, bleeding, and 

edema in the patients after injection, it is essential to determine the extrusion force. A 

suitable extrusion force was reported to be up to 20N [42, 43]. Although the 

microparticles and their association with 25% of the fluid phase showed G’ values close 

to 700 Pa in 1 Hz, which is the upper limit for the adequate range for injectable 

applications (100 – 700 Pa) [30], the results of injectability yielded low injection forces 

(max 6.48 N) for the microparticles alone (Table 3). The addition of the fluid phase 

reduced the extrusion force to 25% HA fluid phase. The same tendency with the 

addition of fluid phase but with higher extrusion forces ( ~60 N) was observed by 

Shimojo et al. for the microparticles crosslinked with divinylsulphove (DVS) (extrusion 

forces ~20N) [44], with 1,4-butanediol diglycidyl ether (BDDE) or auto-crosslinked 

[30,31]. Both microparticles were prepared by shearing. The discrepancy of extrusion 

forces reflects the structural changes from the oxidation with periodate and the 

substantial drop in oxi-HA viscosity even crosslinked with ADH [20]. In both cases, the 

extrusion forces were higher for the microparticles alone due to the packing into the 

syringe. The differences between the values of extrusion forces for fluid non-oxidized 

HA reported in the present study and our previous article [20] are due to the molar mass 

of the fluid phase mainly. 

3.5 Morphology and cell proliferation 

Fig. 7 shows the morphology and proliferation of h-AdMSCs cells during 14 

days on microplate control (2D), bulk oxi-HA/ADH hydrogel, the nano-, and 

microparticles. 
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Fig. 7. Macroscopic images of the oxidized hyaluronic acid/adipic dihydrazide (oxi-HA/ADH) 

(a) bulk hydrogel and (b) the reddish shows the total absorption of the culturing medium into 

the bulk hydrogel. Scanning electron microscopy images of: (c) transversal section of the bulk 

hydrogel, (d) microparticles and (e) nanoparticles. (f) h-AdMSCs proliferation in the bulk 

hydrogel, nano- and microparticles during cultivation for 14 days in the supplemented DMEM 

medium evaluated by the MTT assay. The data are reported as means ±SD for experiments in 

triplicate. Live/dead images on day 7: (g) bulk hydrogel, (h) microparticles, and (i) 

nanostructures. The cells were seeded in the particles at 5x10
4
 cells per 10 mg sample. 

The macroscopic images show a general view of the bulk oxi-HA/ADH hydrogel 

(Fig. 7a) and its capacity for absorption of the culture medium (Fig. 7b). The 

micrograph of the transversion section of the bulk hydrogel (Fig. 7c) shows three-

dimensional structures with interconnected leaf-shape pores. The average pore size was 

approximately 105 ±24µm, and porosity was ca. 67%. 

In the Ultra-Turrax shear process, the HA hydrogel was physically crushed to 

produce the microparticles. However, the process did not yield a uniform break, 

resulting in non-spherical particles with a high polydispersity [34, 43] (Fig. 7d). Despite 
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the non-regular sizes, the obtained microparticles maintained their size, with the mean 

diameter ranging from 3 to 280 μm, within limits for injectable application (< 700 μm) 

[43]. As expected, the nanoparticles (Figure 7e) presented spherical morphology.  

As can be seen in Figure 7f-i, the bulk hydrogel and the microparticles were 

efficient for proliferation on h-AdMSCs over the 14 days of cultivation. However, at the 

same concentration, the nanoparticles-maintained cell survival only, which suggests that 

further optimization is needed. As compared to the bulk hydrogel, the microparticles 

demonstrated a better performance, which could be explained by their higher surface 

area and less negative zeta potential, which benefited the adhesion and proliferation of 

the cells (Table 1). The deficient proliferation with the nanoparticles can be due to 

various factors, including the large lag phase or higher curvature of the surface, which 

was not favorable for cell adhesion or aggregation. 

While the experiments reported in the present study were performed on the 

microplate, the cultivations were 3D (except for the control 2D). Similar results of cell 

proliferation on microparticles of other polymers were reported by Declercq et al. [17] 

and Colle et al. [45]. 

Furthermore, Shimojo et al. [13] compared h-AdMSCs proliferation in vitro on HA 

microparticles crosslinked with BDDE (mHA -BDDE) with the same mass of fluid HA. 

Both structures were embedded in the fibrin gel from platelet-rich plasma. The results 

showed that, although cell proliferation was not intense on the microparticles, it was 

greater than that in fluid HA. In the present study, the oxi-HA/ADH microparticles 

showed better cell proliferation when compared to mHA-BDDE even without the 

stimulus of the growth factors of PRP. Among the factors that could have contributed to 

our results are the topology of the surface, zeta potential, and the weaker crosslinking 

provided by ADH. Along with acting individually as active cell carriers, the 

microparticles may be useful as building blocks of modular systems, with tunable 

properties depending on the size and crosslinking degree. Furthermore, cell proliferation 

can be improved by the association with empty nanoparticles or with those carrying 

bioactive compounds, such as antioxidants, amino acids, or proteins. 

4. CONCLUSIONS 

In this study, we produced nano- and microparticles from bulk partially oxidized 

hyaluronic acid cross-linked with adipic dihydrazide. The results showed that, as 

compared to the non-oxidized fluid HA crosslinked with other chemicals, the 
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microparticles offer promising advantages as cell-laden for the proliferation of h-

AdMSCs, and in terms of injectability and cryoprotection. Individually, the 

nanoparticles yielded an amenable surface; however, cell adhesion and concentration 

should be adjusted. In conclusion, both types of particles can be meaningfully used in a 

wide range of applications in tissue engineering and regenerative medicine individually 

or as building blocks for modular systems. 
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3.3. The association of L-PRP and oxi-HA/ADH microparticles forms suitable 

structures for regenerative purposes 

Artigo a ser publicado no periódico científico Journal of Materials Science: 

Materials in Medicine.  



124 

 

    

 

The association of fibrin from L-PRP and h-AdMSCs -oxi-HA/ADH microparticles 

forms effective matrices for regenerative medicine approaches 

Carla Giometti França
1
; Juliana Magro Ribeiro

2
; Krissia Caroline Leme

3
, Ângela 

Cristina Malheiros Luzo
3
, Carolina Caliari Oliveira

2
, José Fabio Lana

4 
& Maria 

Helena Andrade Santana
*,1

 

1
Department of Materials and Bioprocess Engineering, School of Chemical 

Engineering, University of Campinas, 13083-852, Campinas, São Paulo, Brazil. 

2
In situ Cell Therapy, Supera Parque, 14056-680, Ribeirão Preto, São Paulo, Brazil. 

3
Haematology & Hemotherapy Center, Umbilical Cord Blood Bank, University of 

Campinas, 13083-878, Campinas, São Paulo, Brazil. 

4.
Bone and Cartilage Institute, Indaiatuba, SP 13334-170, Brazil

 

*
Correspondence should be addressed to mariahelena.santana@gmail.com 

Abstract 

Hyaluronic acid (HA) is a glycosaminoglycan widely exploited as mimics of the 

extracellular matrix (ECM) due to its high hydration capacity and possibilities of 

chemical modifications. However, the recreation of the complex ECM environment 

from biomaterials still is a challenge. Oxi-HA/ADH is a hydrogel composed of HA 

chemically modified by partial oxidation (oxi-HA) with sodium periodate, crosslinked 

with adipic dihydrazide (ADH). L-PRP is an autologous product rich in leukocytes and 

platelets, dispersed in a small volume of plasma. L-PRP provides a fibrin network for 

cell proliferation, migration, and differentiation, growth factors from platelets, and 

cytokines from leukocytes, that together act in tissue regeneration. H-AdMSCs are 

mesenchymal cells, the most important stem cell class for regeneration, derived from 

the human adipose tissue. In the present study, we aimed to characterize the kinetic 

behavior for in vitro proliferation of h-AdMSCs previously adhered to the 

microparticles (h-AdMSC-oxi-HA/ADH) in a medium supplemented with L-PRP and 

also to optimize the microparticles concentration for cell proliferation. The results 

showed the data were adjusted to a Monod type kinetic, and the best maximum specific 

growth rates and doubling times were obtained with 2 and 5mg of microparticles. In 

these conditions, the microparticles did not suppress the fibrin network’s expansion and 

improved cell proliferation, according to SEM and live and dead images. These results 

mailto:mariahelena.santana@gmail.com
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contribute to the development of effective fibrin-based matrices for regenerative 

approaches.  

Keywords: Platelet-rich plasma, oxidized hyaluronic acid, microparticles, mesenchymal 

cells, regenerative medicine 

Graphical abstract. Fibrin network with oxi-HA/ADH microparticles and their 

properties for tissue engineering and regenerative medicine. 

 

1. Introduction 

Leukocyte and platelet-rich plasma (L-PRP) consist of a concentrate of platelets 

, leukocytes, cytokines, proteins, and other components dispersed in a small volume of 

plasma obtained by centrifugation of whole blood. Activation of L-PRP produces 

platelet degranulation and release of growth factors, with concomitant degradation of 

fibrinogen and formation of a fibrin network with gel consistency. L-PRP components 

stimulate stem cell proliferation and differentiation, acting in the inflammatory and 

remodeling phases of tissue regeneration. Due to its efficiency, L-PRP has been widely 

used in the treatments of musculoskeletal diseases [1]. 

Hyaluronic acid (HA) is a natural unbranched and non-sulfated 

glycosaminoglycan composed of repeated units of N-acetyl-D-glucosamine and D-

glucuronic acid linked by β-1,4-glycosidic bonds [2]. HA is present in the extracellular 

matrix (ECM) of various tissues, including bone and cartilage. HA performs roles in 

joint lubrication and protection against shock, in addition to anti-inflammatory effects 

and pain relief [3]. In vivo, HA mediates interactions with receptors, thus regulating the 

signaling pathways associated with adhesion, proliferation, migration, and 

differentiation of cells, besides tuning the mechanical properties of ECM. Due to its 
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high capacity for hydration and possibilities of chemical modifications, HA is widely 

exploited as a scaffold for mimicking the ECM, thus offering a suitable niche for stem 

cells [4]. 

 In general, the association of microparticles to bulk hydrogels adds features such 

as surface topography and a large surface for adhesion, enabling cell-scale control. 

Therefore, novel approaches are emerging to manufacture 3D constructs mimicking the 

cell microenvironment in vivo [5-7]. Cell-loaded microcarriers are promising for various 

applications, such as they can be injected directly in a lesion site [8], incorporated into a 

larger scaffold biomaterial [9], or assembled in bottom-up approaches for construction 

building blocks for the preparation of modular tissues [10]. 

A survey of the literature shows few studies on the association of hydrogels or 

microcarriers to the fibrin network from PRP or its derived components. A relevant 

study show an injectable HA associated with platelet lysate -derived in granular 

hydrogels [11]. 

In previous articles, we associated P-PRP (platelet-rich and leukocyte-poor 

plasma) to HA microparticles crosslinked with divinyl sulphone [12], 1,4-butanediol 

diglycidyl ether (BDDE) [13] or auto-crosslinked [14]. The results showed that the 

association provided injectable formulations with better physicochemical and 

mechanical properties than bulk HA. Moreover, both associations allowed for in vitro 

proliferation of h-AdMSCs. However, cell proliferation in P-PRP -BDDE 

microparticles was lower than in P-PRP, while it was similar for P-PRP when auto-

croslinked microparticles were used.  

Partial oxidation of HA hydroxyl groups (oxi-HA) is used to introduce highly 

flexible links into extended structures. Oxidized HA (oxi-HA) can be attached to small 

molecules such as adipic dihydrazide (ADH) to form injectable and biocompatible 

hydrogels (oxi-HA / ADH) [15]. Previously, we studied the structural changes in HA 

due to the partial oxidation and ADH concentration. The oxidation degree increased the 

zeta potential and decreased the hydrodynamic volume and viscosity, extrusion force, 

and injectability. The ADH concentration modulated the functional properties such as 

swelling, stability, gelation time, and thermosensitivity of the oxi-HA/ADH hydrogels. 

The structural changes also allowed ADH crosslink for click reaction, without a catalyst 

or further purification steps. Therefore, the oxi-HA/ADH hydrogels appear promising 

biomaterial for uses in regenerative approaches [15]. 
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After previous studies on preparation and characterization of oxi-HA/ADH 

microparticles, in the present study, we aimed to characterize the kinetic behavior for in 

vitro proliferation of h-AdMSCs previously adhered to the microparticles (h-AdMSC-

oxi-HA/ADH) in a medium supplemented with L-PRP, and to optimize the 

microparticle concentration for cell proliferation. 

The rationale for using oxi-HA/ADH hydrogel is ADH metabolization in the 

human body, different from other crosslink agents, besides the beneficial properties and 

facilitated preparation, compared to non-oxidated HA hydrogels both in bulk or 

microparticles. Furthermore, the previous adhesion of h-AdMSCs to the oxi-HA/ADH 

microparticles aims for better control at the cell-level. 

2. Materials and methods 

2.1. Materials and reagents 

Hyaluronic acid (HA) with an average molecular weight of 8.54x10
5
 Da was 

purchased from Tops Shandong Topscience Biotech Co. (Rizhao, CH). Sodium 

periodate (NaIO4), ethylene glycol, adipic acid dihydrazide (ADH), and sodium 

bicarbonate (NaHCO3) were purchased from Sigma-Aldrich Inc. (Saint Louis, Missouri, 

USA). Phosphate buffered saline (PBS) was supplied from Laborclin Ltda (Pinhais, 

Paraná, BR). Dialysis membranes with a nominal MWCO of 12,000 – 16,000 Da were 

sourced from Inlab (Diadema, São Paulo, BR). Dulbecco’s modified eagle medium 

(DMEM), Fetal bovine serum (FBS), and Penicillin-Streptomycin (P/S) was purchased 

by Thermo Fisher Scientific (Waltham, Massachusetts, USA). Leukocyte and platelet-

rich plasma (L-PRP), an autologous product, was obtained from whole blood of healthy 

donors, according to the approval of the Ethics Committee of the School of Medical 

Sciences of the University of Campinas-Brazil (Campinas; CAAE: 0972.0.146.000-11). 

Blood collection tubes (8.5 mL) containing 1 mL anticoagulant acid dextrose solution A 

(ACD-A) were sourced from Vacutainer, BD Bioscience, Allschwil, Switzerland). 

Calcium chloride used for activation of L-PRP was purchased from Sigma-Aldrich, St 

Louis, USA. 

2.2. Methods 

2.2.1. Preparation of oxi-HA 

Oxi-HA was synthesized according to the reported procedure [16, 17] with 

modifications introduced by França et al. (2019) [15]. HA with a concentration of 1% 

(w/v) was dissolved in double-distilled water at room temperature, and then an aqueous 
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periodate (NaIO4) solution (10.67%) was added at a molar ratio NaIO4:HA 2:1, 

calculated as NaIO4 mol per HA dimer mol. The reaction occurred in a dark 

environment for 24h, and it was stopped by the addition of ethylene glycol for a half 

hour (molar ratio 1:6 C2H6O2:NaIO4). The resulting solution was dialyzed with double-

distilled water for three days using a semipermeable membrane (with an MWCO of 

12,000–16,000 Da). Finally, the product was lyophilized, yielding a white fluffy 

product. The oxidation degree of the oxi-HA was 65%, measured by the number of 

aldehyde functional groups in oxi-HA using the reagents tert-butyl carbazate (t-BC) and 

trichloroacetic acid, picrysulfonic acid solution TNBS). 

2.2.2. Preparation of oxi-HA/ADH bulk hydrogel 

The oxi-HA/ADH bulk hydrogel was obtained, according to França et al. [15]. 

Briefly, oxi-HA with oxidation degree 65% was dissolved in PBS (pH of 7.4, at 4°C) to 

obtain a final concentration of 6% (w/v). Then, 8% (w/v) ADH solution was also 

prepared in PBS at 4°C. The oxi-HA and ADH solutions were mixed in an Eppendorf 

tube at a 4:1 oxi-HA/ADH volume ratio. The Eppendorf tubes were submerged in a bath 

containing water and ice (close to 0°C) to obtain the oxi-HA/ADH hydrogel. In the 

kinetic assays, the bulk hydrogels were cut in small cylinders (radius: 0,4 cm and 

height: 0,3 cm) for 3D cultivation of h-AdMSCs.  

The oxi-HA and ADH solutions were sterilized separately through a 0.22 µm 

syringe filter. After sterilization, the entire gelation process was conducted within a 

laminar flow cabinet.  

2.2.3. Preparation of oxi-HA/ADH microparticles  

The oxi-HA/ADH microparticles (µP) were obtained from the oxi-HA/ADH 

bulk hydrogel swelled in ultrapure water and sheared in an Ultra-Turrax T25 

homogenizer (IKA Labortechnik, Germany) at 18,000 rpm for 10 min. The 

particles’size was measured as a mean diameter by the dynamic light scattering 

technique in a Mastersizer-S (Malvern Instruments, UK). The standard deviation was 

calculated from ten measurements of the mean diameter. 

The sterilization of the microparticles was performed by UV irradiation using a 

ultraviolet lamp (Germetec, Rio de Janeiro, RJ, Brazil) at a wavelength of 254 nm. The 

samples were irradiated during 1 h.  

2.2.4. Blood collection and L-PRP preparation 

L-PRP was prepared by centrifugation of whole blood of healthy donors as 

described by Melo et al. (2018) [18]. The use of whole blood in this study was approved 
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by the Ethics Committee of the Medical Sciences School of the University of Campinas, 

Campinas, SP, Brazil (UNICAMP) (CAAE: 0972.0.146.000-11). 

Briefly, whole blood from a healthy donor was collected in a tube containing 

anticoagulant acid citrate dextrose solution A (ACD-A) before centrifugation. After 

collection, the 3.5 mL of the anticoagulated blood was transferred to empty 5-mL tubes 

and centrifuged at 100×g for 10 min at 25°C out in a ROTINA 380R centrifuge (Hettich 

Zentrifugen, Tuttlingen, Germany) with the tubes positioned at 45° relative to the rotor. 

L-PRP, composed of the top and middles layers of centrifuged blood, was collect using 

an automatic pipette and transfer to an empty tube for homogenization and 

quantification of components using an ABX Micros ES 60 hematologic analyzer 

(Horiba ABX Diagnostics, Montpellier, France). The experiment was performed in 

triplicate (n = 3), and three measurements were taken for each sample. 

2.2.5. h-AdMSCs isolation and cultivation 

The h-AdMSCs were isolated from the human subcutaneous adipose tissue of 

patients undergoing lipo-aspiration at the University Hospital and isolated and cultured 

according to a previous protocol [19]. The h-AdMSC cells were cultured in Dulbecco’s 

modified eagle medium (DMEM), containing15 mM HEPES buffer, L-glutamine, 

pyridoxine hydrochloride, 3.7 g NaHCO3, and supplemented with 10% FBS and 1% 

P/S. Cells from passage 4 to 6 were trypsinized and adhered to the surface of the 

microparticles or bulk hydrogel at a concentration of 2×10
4
 cells/well. 

2.2.6. Cell viability 

The viability of h-AdMSCs in the presence of oxi-HA, ADH or oxi-HA/ADH 

hydrogel was evaluated by exposing the materials oxi-HA or ADH to the cell culture. 

Initially, the cells were distributed in 24-well plates, using a density of 5×104 cell/mL, 

and incubated at 37°C at 5% CO2 for 24 hours. Later, the cells were treated with 

different concentrations (0 to 5 mg/mL) of oxi-HA dispersion or ADH solution, or oxi-

HA/ADH hydrogel for 72 hours. After incubation, the medium was removed, the wells 

were washed with PBS, and 200 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) solution (1 mg/mL) was added to each well. The 

plate was incubated for 3 h at 37°C, MTT solution was removed and the formazan 

crystal was solubilized in 1 mL of dimethyl sulfoxide (DMSO). Thus, the plate was 

shaken for 5 min, and the absorbance of each well was read using an Infinity M200Pro 

spectrophotometer (Tecan, Männedorf, Switzerland). The measured absorbance at λ = 
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570 nm was normalized to the value obtained for the control (Cell 2D - the cells are 

adhered to the plate) [20].  

2.2.7. Kinetics of cell adhesion 

The kinetic behavior for h-AdMSCs adhesion to the surface of the microparticles 

was evaluated by incubation of a previously prepared cell suspension with 2.5 - 10 mg 

de microparticles in the liquid culture medium described in item 2.2.7. Each well was 

added 100 µL contain 5x10
4
 cells. The incubation was carried out in 48-well plate for 2 

hours. At time intervals, samples were taken from the culture medium, and cell counts 

were made using a Newbauer camera. The adhered cells were calculated by subtracting 

its initial concentration from the remaining concentration in the culture medium. The 

counts were done in triplicate (n=3) for each plate.  

2.2.8. Association of L-PRP and h-AdMSCs-oxi-HA/ADH microparticles 

After adhesion (2 hours), the microparticles containing h-AdMSCs were mixed 

with 160 μL of L-PRP and transferred to a 48-well plate. After, L-PRP was activated 

with serum-containing thrombin and CaCl2 solution (10% m/v) as agonists in volumetric 

proportion 9:1. The volumetric proportion of agonist/L-PRP was 40:160 (v/v). 

Activation of L-PRP leads to the decomposition of fibrinogen and formation of a fibrin 

network gel. These used proportion provided a fibrin network architecture with fibers of 

160 nm average radius, which favors the proliferation of h-AdMSCs due to its paracrine 

nature [21, 22]. 

Once the fibrin gels were formed, 700 μL of low-glucose DMEM (Thermo 

Fisher Scientific, Waltham, MA, USA) was added to the wells, and cells were cultured 

for two weeks in a humidified incubator at 37 °C, and 5% CO2 with the medium 

changed every three days. The experiment was performed in triplicate (n = 3) for each 

group. 

2.2.9. Behavior of h-AdMSCs proliferation  

The proliferation of h-AdMSCs in 3D culture, previously adhered on the bulk 

cylinder or on the microparticles was conducted in 48-well plates, as described in item 

2.2.7.  

2.2.10. Maximum specific growth rate  

The cell proliferation data were treated to calculate the maximum specific rate of 

cell growth (μmáx) and cell doubling time (td). Initially a polynomial curve was adjusted 

to the kinetic data express in terms of absorbance. A second-degree polynomial curve 
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adjusted the experimental data with a correlation coefficient of 1. From the polynomial 

equations, we estimated values at small intervals within the studied range and delineated 

the cell exponential phase. The μmáx was calculated using Eq. 1, considering the Monod-

type kinetic for h-AdMSCs [23], and td was calculated by Eq. 2. 

𝑙𝑛 (𝐴𝑏𝑠
𝐴𝑏𝑠0

⁄ ) = 𝜇𝑚á𝑥 ∙ 𝑡     (Eq. 1) 

𝑡𝑑 = ln 2
𝜇𝑚á𝑥

⁄       (Eq. 2) 

 

2.2.11. Assessment of h-AdMSC viability images 

Images of the cultured cells were determined by Live & Dead assay over seven 

days using the LIVE/DEAD cell imaging kit (Thermo Fisher Scientific, Waltham, MA, 

USA). At predetermined days, the medium was removed from the wells and the 

hydrogels were washed with PBS. Then, 200 µL of LIVE/DEAD reagent was added and 

incubated for 30 min. After this period, images of the samples were taken with a 

confocal microscope (Leica Microscope TCS SP5 II, Wetzlar, Germany). The number 

of living and dead cells was calculated by counting cells from three different images 

using ImageJ software. 

2.2.12. Morphology of the hydrogels 

After polymerization and the formation of the fibrin nanofibers, the networks 

were fixed in a 4% paraformaldehyde and 2.5% glutaraldehyde solution prepared in 

phosphate buffer (PBS), pH 7.4, for 2 h at 4 °C. Dehydration of fixed hydrogels was 

carried out by dipping them in ethanol of different concentrations (50%, 70%, 95%, and 

100%) at 15 min intervals. Then, the samples were dried at the critical point in a 

BALTEC critical point dryer (CPD) 030 dryer (Schalksmühle, Germany). 

The morphology of the oxi-HA/ADH hydrogels were obtained by scanning 

electron microscopy (SEM) (LEO 440i, Cambridge, England) using a current and 

voltage of 50 pA and 10 kV, respectively. The average fiber sizes were determined by 

measuring 100 individual pores from three different images using ImageJ software. 

2.3. Statistical analysis 

Each experiment was carried out in triplicate unless otherwise specified. All the 

results are presented as the mean ± standard deviation (SD). The experimental data from 

all the studies were analyzed using analysis of variance (ANOVA). The statistical 

significance was set to p-value ≤ 0.05. 
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3. Results 

3.1. Cell viability 

The cell viability assays, were performed in the presence of a range of 

concentrations of oxi-HA dispersions, ADH solutions and in the presence of oxi-

HA/ADH bulk hydrogel. The results are shown in Figure 1. 

 

Figure 1. Evaluation of cell viability at different concentrations of (a) oxi-HA 

dispersion, (b) ADH solution, and (c) oxi-HA/ADH bulk hydrogel Hydrogel properties: pore 

size 105 ±24 μm. 

The viability of the cells was preserved after exposition to the various materials 

and concentrations Therefore, the results revealed no potential cytotoxicity over 3 days 

according to the standard values (IC 50). However, there was a decrease in cell viability 

for oxi-HA dispersion at concentrations above 0.5 mg/mL (Figure 2a). Aldehyde-

modified polymers, such as oxi-HA, also showed a dose-dependent effect on cell 

viability in macrophages and mesothelial cells [24-26]. The lower bar for oxi-HA/ADH 

(Figure 1c) is due to nutrient diffusion or cell migration limitations in the internal 

porous structure.   

3.2. Physicochemical characterization of the oxi-HA/ADH bulk hydrogel and 

microparticles 

Table 1 shows the physicochemical properties of the bulk hydrogel and the 

microparticles both used in h-AdMSCs cultivations. The pore size and porosity of the 

microparticles were not determined.  
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Table 1. Physicochemical properties of the bulk hydrogel and the microparticles. 

Property Bulk Hydrogel Microparticles 

Pore size (μm) 105 ±24  - 

Porosity (%) 67 - 

Cell seeding (cell/mL) 2x10
4
 2x10

4
 

Zeta potential (mV) -36 ±3 -17.8 ±1.9 

Mean diameter (µm) 8000 215 

It could be observed in Table 1 the ADH crosslink produced a porous bulk 

hydrogel with 67% porosity and large pores (105 ±24 μm). Although the porosity of the 

microparticles could not be determined, they are also porous structures, as indirectly 

observed from the results of Figure 1c. Microparticles with 215 μm mean diameter were 

produced shearing the bulk hydrogel in controlled conditions. The absolute value of zeta 

potential was reduced from the bulk hydrogel to the microparticles. This reduction is 

due to surface modifications in consequence of the shearing process for size reduction.  

3.3.  Blood and L-PRP compositions 

 Table 2 shows the concentration of the components in whole blood and L-PRP 

after one step centrifugation. 

Table 2. Concentrations of blood components in the whole blood and L-PRP. 

 Whole blood L-PRP 

Platelets x10
3
/mm 268 ±4 485 ±8 

Leukocytes x10
3
/mm 5.43 ±0.00 1.85 ±0.07 

Lymphocytes x10
3
/mm 2.25 ±0.07 1.55 ±0.07 

Monocytes x10
3
/mm 0.30 ±0.00 0.10 ±0.00 

Granulocytes x10
3
/mm 2.40 ±0.14 0.25 ±0.07 

Erythrocytes x10
3
/mm 3.52 ±0.03 0.03 ±0.01 

One step centrifugation concentered platelets twice approximately, in respect to 

whole blood. Platelet and leukocyte concentration levels in the L-PRP were 485 

±8x10
3
/mm

3
 and 1.85 ±0.007x10

3
/mm

3
, respectively, with a platelet/leukocyte ratio of 

262 ±0.1. The centrifugation conditions enabled the recovery of a relatively high 

concentration of lymphocytes compared to that of granulocytes with a ratio of 6.2 ±0.6. 
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This spectrum of concentrations in L-PRP is favorable to cell stimulation for 

proliferation because of the release of much more growth factors, proportional to 

platelet and lymphocyte concentrations, than inflammatory cytokines from 

granulocytes. 

3.4. Images of the fibrin network from L-PRP, oxi-HA/ADH microparticles and 

their associations 

For microstructural perspective, the effects of L-PRP with microparticles were 

observed by scanning electron microscopy (Figure 2). After activation of L-PRP, fibrin 

networks were formed. 

 

Figure 2. Scanning electron microscopy (SEM) images: (a) Fibrin network from L-PRP (b) oxi-

HA/ADH microparticles (µP) (c) µP (2.5 mg) with L-PRP, (d) µP (5 mg) with L-PRP, (e) µP 

(7.5 mg) with L-PRP, and (f) µP (10 mg) with L-PRP. 

The SEM image for L-PRP (Figure 2a) shows the interconnected fibers 

organization in a highly porous network. However, the presence of microparticles 

(Figure 2c-f) disturbs the fibrin network, which seems to entangle as the particle 

concentration increased, suppressing the elongation of the fibers. It is possible to 

observe a denser and less porous network with high concentration of microparticles 

(Figure 2e-f). 

3.5. h-AdMSCs adhesion and proliferation 
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We investigate the adhesion time and proliferation of h-AdMSCs on the bulk 

hydrogel and on oxi-HA/ADH microparticles in 3D culture.  

The h-AdMSCs were previously characterized, being adherent to the culture 

flask, and positive for cell markers CD90 (99.7%), CD73 (52.0%), CD105 (70.8%), and 

negative CD34 (5.62%), CD45 (6.49%). The adhesion of h-AdMSCs to the materials 

investigated was determined in terms of the gradual reduction in the number of cells in 

suspension with time, as shown in Figure 3a. The adhesion profiles show that more than 

50% of the total initial population had already adhered to the materials 2 h after h-

AdMSCs inoculation. The adhesion was faster to the surface of the control culture plate 

as expected. Four hours after the inoculation, the number of cells in the supernatant was 

minimum and more than 98% of the cells inoculated adhered to the materials. It could 

be observed, after 6 hours of innoculation, there is a tendency for cell detachment from 

the bulk hydrogel and the microparticles.  

Figure 3b shows the kinetic proliferation of the adhered h-AdMSCs on the 

surface of the bulk hydrogel and oxi-HA/ADH microparticles at different concentrations 

in terms of absorbance (570 nm) versus time. Figure 3c shows the same results in semi-

logarithmic scale of the relative absorbance, for the estimation of the times for cell 

adaptation and exponential phases. Thus, the maximum specific growth rate (μmáx) and 

double time (td) were determined for each situation (Table 3). 
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Figure 3. (a) Adhesion kinetic of h-AdMSCs on the bulk hydrogel and 10 mg of 

microparticles (b) Proliferation kinetic of h-AdMSCs cultured in L-PRP and in different 

concentration of the microparticles for two weeks (c) Proliferation kinetics for h-

AdMSCs in L-PRP and in semi-logarithmic scale.  
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Table 3. Maximum specific growth rate and doubling time, for the various cultivation 

conditions. 

Condition 
Max specific growth rate  

μmax  (h
-1

) 

Doubling time  

td (h) 

Cell 2D 0.012 57.8 

Hydrogel 0.016 43.3 

μP (10 mg) 0.019 36.5 

μP (10 mg) + L-PRP 0.007 99.0 

μP (7.5 mg) + L-PRP 0.011 63.0 

μP (5 mg) + L-PRP 0.015 46.2 

μP (2.5 mg) + L-PRP 0.017 40.8 

Fibrin (L-PRP) 0.016 43.3 

            μmax was calculated by Eq. 1; and td was calculated by Eq. 2. 

The profiles of Figure 3c show that in the absence of L-PRP, cell proliferation 

on oxi-HA/ADH bulk hydrogel and microparticles (10 mg) continued to rise although at 

a slower rate, until 14 days in culture. This is due to the distribution of the cells between 

the plate and the microparticles or bulk hydrogel. Although this interference, these 

results are important to show the favorable surface of the microparticles and the bulk 

hydrogel for the proliferation of h-AdMSCs. In contrast, the presence of the fibrin gel 

limited cell proliferation, with decreasing curves after 7 days, in consequence of the 

collapse of the fibrin gel.  

In the presence of L-PRP, the profiles show that the concentration of 

microparticles influenced cell proliferation. The best situation was at 2.5 and 5 mg 

microparticle concentrations, in which the microparticles improved cell proliferation 

compared to those in L-PRP. At higher microparticle concentrations cell proliferation 

decreased due to the disturbances of the fibrin network we observed in the images of 

Figure 2. Further experiments may characterize better these effects.  

The observed effects are in agreement with the determined parameter maximum 

specific growth rate and double time (Table 3). The doubling times are noticeably 

longer than those calculated for the same AdMSCs in T-flask culture which is typically 

45 – 60 h depending on the medium exchange strategy used [27, 28]. 

L-PRP is widely used in clinical practice and recent researchers show the 

benefits of association with fluid HA [29, 30]. According to Chen et al. the HA and L-
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PRP mixture induced chondrogenesis via regenerative signaling associated with an 

inhibition of the inflammatory pathways. These effects were synergistic compared to 

either HA or L-PRP alone [31]. 

Live/Dead images (Figure 4) were captured in a fluorescence confocal 

microscope using live/dead reagents after seven days of culture. 

 

Figure4. Live/Dead images taken on day 7 of the h-AdMSCs cells with (a) L-PRP, (b) µP, (c) 

µP (2.5 mg) with L-PRP, and (d) µP (10 mg) with L-PRP. 

 The images show that h-AdMSCs proliferation in the presence of L-PRP with 

2.5 mg of microparticles was significantly greater compared to fibrin cells. The cells 

were more abundant at the microparticles interface, with elongated morphology, 

characteristic of a beneficial microenvironment for proliferation. The morphology of h-

AdMSCs was elongated and seemed to spread across the network in fibrin, while in L-

PRP with 10 mg of microparticles, round-shaped cells predominant. These images 

confirm the kinetic profiles from cell cultivation (Figure 3) and the calculated kinetic 

parameters (Table 3). 

  Overall, the results show the studied association is promising for regenerative 

approaches. Further studies may investigate the capability of the cells for differentiation 

and formation of the microtissues. 

4. Conclusion 
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The association of fibrin from L-PRP and h-AdMSCs-oxi-HA/ADH 

microparticles provided an effective matrix for cell proliferation and therefore it 

represent a promising strategy for clinical uses in regenerative medicine. 
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4. CONCLUSÃO GERAL 

Os resultados obtidos nesse trabalho mostraram que o grau de oxidação e de 

reticulação do hidrogel oxi-HA/ADH afetam as características físico-químicas, 

modulando as propriedades estruturais e funcionais do hidrogel. A estruturação do oxi-

HA/ADH em micropartículas demostrou ser promissora como carreadores celulares 

para a proliferação de h-AdMSCs e representam vantagens em termos de injetabilidade 

em comparação com o HA reticulado com outros compostos. Além disso, as 

micropartículas associadas com o L-PRP proporcionou uma matriz eficaz para a 

proliferação celular e, portanto, representa uma estratégia promissora para usos clínicos 

em medicina regenerativa. 

As conclusões específicas desse trabalho foram: 

 As modificações moleculares ocorrem apenas nos resíduos de D-

glucuronato, enquanto os grupos N-acetil glucosamina permanecem intactos 

e protegem contra a oxidação total e a cisão das cadeias; 

 O alto grau de oxidação, devido aos obstáculos estéricos, induzem limitações 

de difusão e reticulação incompleta, apesar do alto número de grupos aldeído 

disponível no oxi-HA; 

 O grau de oxidação aumentou o potencial zeta e diminuiu o volume 

hidrodinâmico e a viscosidade, a força de extrusão e a injetabilidade; 

  A concentração de ADH modulou as propriedades funcionais, como 

intumescimento, estabilidade, tempo de gelificação e termossensibilidade; 

 Nano e micropartículas de oxi-HA/ADH foram obtidas por processos de 

nanoprecipitação e cisalhamento, respectivamente, e nenhum dos processos 

necessitou de uma purificação adicional; 

 É possível controlar o rendimento, diâmetro médio e potencial zeta, através 

de parâmetros operacionais como pH, vazão e taxa de cisalhamento; 

 As micropartículas, particularmente, demostraram mais eficientes para a 

proliferação de AdMSCs; enquanto que, na mesma concentração, as 

nanopartículas permitiam apenas a sobrevivência celular; 

 As taxas de crescimento específico das AdMSCs e os tempos de duplicação 

justadas pela cinética Monod foram melhores nas micropartículas com 2 e 5 

mg, o que nessas condições, as micropartículas não suprimiram a expansão 

da rede de fibrina do L-PRP e melhoraram a proliferação celular. 
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5. SUGESTÕES PARA TRABALHOS FUTURO 

Os resultados obtidos nessa tese de doutorado abrem espaço para uma série de 

trabalhos futuros de oxi-HA/ADH. Dentre eles, algumas sugestões são citadas abaixo: 

 Avaliação da capacidade de diferenciação condrogênica das h-AdMSCs nas 

microcarregadores de oxi-HA/ADH pelas análises de imunofluorescência e RT-

PCR; 

 Estudos da produção de microcarregadores por microcanais; 

 Associação dos microcarregadores de oxi-HA/ADH com tempol, avaliando a 

liberação e os benefícios; 

 Estudos pré-clínicos e clínicos dos microcarregadores de oxi-HA/ADH para 

validação in vivo dos resultados obtidos in vitro; 

 Estudos de bioimpressão tridimensional de oxi-HA/ADH com h-AdMSCs para o 

desenvolvimento de tecidos e órgãos; 

 Estudos de biorreatores para crescimento de células mesenquimais. 
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7. ANEXOS 

7.1. Hyaluronic acid and fibrin from L-PRP form semi-IPNs with tunable properties 

suitable for use in regenerative medicine 

Artigo publicado no periódico científico Materials Science and Engineering C 

(doi:10.1016/j.msec.2019.110547). 

7.2. Nanoporous silicon microparticles embedded into oxidized hyaluronic 

acid/adipic acid dihydrazide hydrogel for enhanced controlled drug delivery 

Artigo publicado no periódico científico Microporous and Mesoporous 

Materials em setembro de 2020 (doi: 10.1016/j.micromeso.2020.110634). 


