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RESUMO 

 

O objetivo principal desta Tese está focado na condição preparativa para a investigação das propriedades 

de quitosanas modificadas quimicamente e o potencial de aplicação desses materiais em diferentes áreas 

do conhecimento. Para tanto, diferentes técnicas de RMN em alto e baixo campo magnético foram 

aplicadas a fim de elucidar características intrínsecas de quitinas, quitosanas e derivados certas vezes já 

verificados por outros métodos. Para atender ao requisito de cada objetivo específico, foram realizadas 

diversas caracterizações, incluindo não espectroscópicas e ensaios biológicas. Estudos independentes 

foram desenvolvidos e apresentados sequencialmente da maneira mais clara e concisa possível, sendo 

divididos em cinco Capítulos distintos, cada um diretamente relacionado a alguma proposta inovadora. 

Embora relacionados entre si, o estado da arte e as aplicabilidades específicas foram exploradas. Assim, 

foi proposta no CAPÍTULO I uma nova abordagem baseada em espectroscopia de 13C NMR de estado 

sólido de alta resolução para quantificar o índice de cristalinidade de quitosanas (Ch) preparadas com 

diferentes graus médios de acetilação (𝐷𝐴̅̅ ̅̅ ) e massa molar (�̅�𝑤). Os resultados mostram que a 

ordenamento das cadeias a curto alcance pode ser atribuída através dos sinais C4/C6 no 13C CPMAS, 

sendo que o procedimento de desconvolução entre as fases revelou cristalinidade crescente com (𝐷𝐴̅̅ ̅̅ ), 

confirmado pela análise multivariada SVD. No CAPÍTULO II, o mesmo conjunto de quitosanas foi 

analisado por relaxometria no domínio do tempo (RMN-DT) usando a sequência de pulso RK-ROSE 

para adquirir o sinal de 1H NMR de materiais no estado sólido. Os dados de RK-ROSE foram modelados 

usando regressão multivariada PLS, que mostrou um elevada correlação entre o perfil de decaimento do 

sinal e os graus médios de acetilação e índice de cristalinidade. No CAPÍTULO III, foram 

sistematicamente investigados os efeitos do tamanho de partícula / granulometria na acidólise da β-

quitina (BCH) visando a preparação de nanowhiskers de β-quitina (CWH). Os resultados mostraram 

que as características dos nanowhiskers podem ser acessadas escolhendo-se adequadamente o tamanho 

médio de partícula da quitina de partida. No CAPÍTULO IV, duas amostras de N- (2-hidroxi)-propil-3-

trimetilamônio, O-palmitoil quitosana (DPCat) com diferentes graus médios de quaternização 

denominados como DPCat35 (𝐷𝑄̅̅ ̅̅  = 35 %) e DPCat80 (𝐷𝑄̅̅ ̅̅  = 80 %), foram sintetizados com sucesso 

pela reação de GTMAC com o derivado de O-palmitoil quitosana (DPCh) (𝐷𝑆̅̅ ̅̅  = 12%). Esses derivados 

anfifílicos de quitosana eram totalmente solúveis em água e mostraram aumento significativo da 

estabilidade eletrostática de uma nanoestrutura micelar automontada devido à sua camada externa 

carregada positivamente. Ensaios mucoadesivos e de citotoxicidade in vitro para células de fibroblastos 

saudáveis de camundongo (Balb/C 3T3) e linhagens celulares de câncer de próstata humano (DU145) e 

de câncer de fígado (HepG2/C3A) revelaram que as propriedades biológicas dos derivados de DPCat 

eram fortemente dependentes de 𝐷𝑄̅̅ ̅̅ . DPCat35 apresentou melhores interações com o tecido biológico 

e com as glicoproteínas mucinas em pH 7,4. Esses derivados DPCat foram usados posteriormente no 

CAPÍTULO V como nanocarreadores de clotrimazol (CLT-NPs) para o tratamento tópico da candidíase 

vulvovaginal (VVC). O nanossistema apresentou liberação sustentada de fármaco independente do pH 

por até 24 horas, o que afetou tanto a atividade anti-Candida in vitro quanto a citotoxicidade. CLT-NPs 

apresentou valores de índice de seletividade favoráveis para um conjunto de cepas padrão e isolados 

clínicos de Candida spp. e linhas celulares do trato genital feminino (HEC-1-A, Ca Ski e HeLa), em 

comparação com o fármaco livre. CLT-NPs também melhorou a permeabilidade da droga in vitro em 

monocamadas de células HEC-1-A e Ca Ski, sugerindo assim que o nanotransportador pode fornecer 

níveis mais elevados de tecido da mucosa do composto ativo. O formato autêntico deste documento 

torna-o especialmente útil como ponto de partida para o desenvolvimento de diferentes segmentos de 

pesquisa. Dessa forma, estudos alternativos podem ampliar o foco e a aplicabilidade dos materiais e 

caracterizações aqui utilizados, estendendo o conhecimento para inovações distintas. 

Palavras-chave: RMN de estado sólido, RMN no domínio do tempo, morfologia, quitosana, 

nanowhiskers de quitina, derivado anfifílico de quitosana com carga postiva permante, nanopartículas, 

liberação sustentada de antifúngico, candidíase vulvovaginal 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

ABSTRACT 

 

The main objective of this Thesis is to control the preparative condition for investigating the properties 

of chemically modified chitosans and the potential application of these materials in different fields of 

knowledge. For such a goal, different high- and low-NMR techniques were applied in order to elucidate 

intrinsic characteristics of chitins, chitosans and derivatives sometimes already verified through other 

methods. To fulfill the requirement of each specific objective, it were performed a series of 

characterizations, including non-spectroscopic and biological assays. In this sense, different studies 

were developed and sequentially presented in a clear and concise manner as possible, being divided into 

five distinguished Chapters, each one straightly related to some innovative proposal for a given research 

field. Although related to each other, specific state-of-the-art and applicabilities were explored. It was 

proposed in CHAPTER I a novel approach relied on high-resolution solid-state 13C NMR spectroscopy 

to quantify the crystallinity index of chitosans (Ch) prepared with variable average degrees of acetylation 

(𝐷𝐴̅̅ ̅̅ ) and average weight molecular weight (�̅�𝑤). The results show that the short-range ordering can be 

assigned to C4/C6 signals on 13C CPMAS and, for our case, the deconvolution procedure between 

disordered and ordered phases revealed increasing crystallinity with 𝐷𝐴̅̅ ̅̅ , as confirmed by SVD 

multivariate analysis. In CHAPTER II, the same set of chitosans were analyzed by time-domain 

relaxometry (TD-NMR) using the RK-ROSE pulse sequence to acquire 1H NMR signal of solid-state 

materials. RK-ROSE data were modeled by using PLS multivariate regression, which showed a high 

correlation between the signal decay profile and average degrees of acetylation and crystallinity index. 

In CHAPTER III, it was systematically investigated the effects of particle size/ granulometry on the 

acidolysis of β-chitin (BCH) aiming the preparation of β-chitin nanowhiskers (CWH). The results shown 

that several features of nanowhiskers can be accessed by choosing properly the average powder size of 

parent chitin. In CHAPTER IV, two samples of N-(2-hydroxy)-propyl-3-trimethylammonium, O-

palmitoyl chitosan (DPCat) with different average degrees of quaternization named as DPCat35 (𝐷𝑄̅̅ ̅̅  = 

35 %) and DPCat80 (𝐷𝑄̅̅ ̅̅  = 80 %), were successfully synthesized by reacting GTMAC with O-palmitoyl 

chitosan (DPCh) derivative (𝐷𝑆̅̅ ̅̅  = 12 %). Such amphiphilic derivatives of chitosan were fully water-

soluble and showed significant electrostatic stability enhancement of a self-assembly micellar 

nanostructure due to its positively-charged out-layer. In vitro mucoadhesive and cytotoxicity essays 

toward mouse healthy fibroblast cells (Balb/C 3T3), and human prostate cancer (DU145) and liver 

cancer (HepG2/C3A) cell lines revealed that the biological properties of DPCat derivatives were 

strongly dependent on 𝐷𝑄̅̅ ̅̅ . Additionally, DPCat35 had better interactions with the biological tissue and 

with mucin glycoproteins at pH 7.4. These DPCat derivatives were further used in CHAPTER V as 

nanocarriers of clotrimazole (CLT-NPs) for the topical treatment of vulvovaginal candidiasis (VVC). 

The nanosystem featured pH-independent sustained drug release up to 24 h, which affected both in vitro 

anti-Candida activity and cytotoxicity. The CLT-loaded nanostructured platform yielded favorable 

selectivity index values for a panel of standard strains and clinical isolates of Candida spp. and female 

genital tract cell lines (HEC-1-A, Ca Ski and HeLa), as compared to the free drug. CLT-NPs also 

improved in vitro drug permeability across HEC-1-A and Ca Ski cell monolayers, thus suggesting that 

the nanocarrier may provide higher mucosal tissue levels of the active compound. Overall, data support 

that CLT-NPs may be a valuable asset for the topical treatment of VVC. The authentic format of this 

document makes it especially useful as a starting point for the development of different research 

segments. In this way, alternative studies may broaden de focus and applicability of the materials and 

characterizations used here, extending the knowledge to distinct innovations. 

 
Keywords: Solid-state NMR, time-domain NMR, morphology, chitosan, chitin nanowhiskers, 

positively-charged amphiphilic chitosan, nanoparticles, sustained release of antifungals, vulvovaginal 

candidiasis. 
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1 INTRODUCTION  

 

1.1 Chitosan: a brief overview 

 

Chitosan is a linear biopolymer constituted by 2-acetamido-2-deoxy-D-glycopyranose 

(GlcNAc) and 2-amino-2-deoxy-D-glycopyranose (GlcN) residues at variable proportions, 

sequentially linked by (β→4) glycosidic bonds (Fig. 1). Its natural and most predominant form, 

however, is extensively made up by GlcNAc units as crystalline microfibrils, being designed 

as chitin, an aminopolysaccharide typically extracted from renewable sources, such as shellfish 

exoskeletons, arthropods cuticles and cocoons, larval membranes and cellular walls of fungi 

and algae (GONIL; SAJOMSANG, 2012; KAYA et al., 2017). 

 

Figure 1 - Idealized chemical structure of chitin / chitosan formed by GlcN and GlcNAc units at variable ratio. 

The numbers indicate the location of the respective carbons and hydrogens from each unit. 

 

Source: Own authorship. 

 

The growing interest of the global scientific community in chitosan is due to its vast 

repertoire of properties, such as the polycationic character in acidic environment, antimicrobial, 

antioxidant and antitumor activity (VINSOVÁ; VAVRIKOVÁ, 2011), mucoadhesiveness, low 

cytotoxicity and biodegradability (DASH et al., 2011), which enables the preparation of films, 

scaffolds, membranes, hydrogels and nanomaterials (CROISIER; JÉRÔME, 2013; SHUKLA 

et al., 2013), aimed for different applications, such as food coating and preservation, biosensors, 

controlled and sustained release of drugs and bioactive agents, gene therapy and removal of 

toxic metals from aqueous solutions (HARISH PRASHANTH; THARANATHAN, 2007). 

Additionally, chitosan currently holds GRAS (generally recognized as safe) status, granted by 

the FDA (Food and Drug Administration) regulatory agency, for use in dietary supplements 

and curative excipients (GARCIA-FUENTES; ALONSO, 2012). 
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In order to improve specific functionalities and biological activities inherent to chitosan, 

such as solubility, mechanical performance, susceptibility to enzymatic degradation and 

mucoadhesiveness, chemical modifications are typically carried out on the nucleophilic sites 

formed by amino and hydroxyl groups, which enables the chain’s functionalization and 

formation of derivatives or at least act as binding sites for chemical or electrostatical 

crosslinking agents (PAVINATTO et al., 2017). Despite that, studies have shown that several 

applications are also influenced by intrinsic characteristics of chitosan such as average 

molecular weight (�̅�) (CHAE; JANG; NAH, 2005; RICHARDSON; KOLBE; DUNCAN, 

1999; XING et al., 2005), number of GlcNAc units or average degree of acetylation (𝐷𝐴̅̅ ̅̅ ) 

(CHATELET; DAMOUR; DOMARD, 2001; HUANG; KHOR; LIM, 2004; SCHIPPER; 

VÅRUM; ARTURSSON, 1996), distribution of GlcNAc groups or parameter of acetylation 

(𝑃𝐴) (AIBA, 1992; KUMIRSKA et al., 2009), chains packaging and crystallinity (GOPALAN 

NAIR; DUFRESNE, 2003; THAKHIEW; DEVAHASTIN; SOPONRONNARIT, 2013), 

surface area and particle size (DOTTO; PINTO, 2011; MIRMOHSENI et al., 2012), being all 

strongly dependent on the biomass source and processability (KURITA; SANNAN; 

IWAKURA, 1977), and also commonly related among each other (ARANAZ et al., 2009). 

Chitin has three polymorphic structures described as α-, β-, γ-. While the α- and γ- 

allomorphs show similar chain packaging, the main differences remaining between the α- and 

β- allomorphs are attributed to the lamellar disposal of polymeric sheets (KAYA et al., 2017), 

thus affecting the accessibility to small molecules. The extraction methods of α-chitin, generally 

conducted from crustacean shells, follow different chemical (ACOSTA et al., 1993) or even 

enzymatic (WANG; CHIO, 1998) processes. Chemical methods involve demineralization, 

deproteinization and depigmentation, for the removal of carbonates (40-55%), proteins (25-

40%) and pigments (< 1%) from biomass, respectively (NO; MEYERS, 1995). Although these 

steps are independent from the process step developed, the use of oxidizing agents and elevated 

temperatures also favor side reactions such as degradation of polymeric chains. On the other 

hand, the extraction of β-chitin requires only the deproteinization stage conducted under mild 

conditions, such as using a diluted alkaline medium at room temperature (LAVALL; ASSIS; 

CAMPANA-FILHO, 2007), which involves greater savings and use of reagents during the 

process steps, if compared to α-chitin extraction. Even so, the commercial production of β-

chitin on an industrial scale is much less explored compared to α-chitin production 

(CAMPANA-FILHO et al., 2007). 

The most common reaction developed in chitin polymorphs involves the heterogeneous 

thermochemical deacetylation in a strongly alkaline medium, which aims the hydrolysis of 
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acetamido groups and then producing chitosan. Therefore, the difference in crystallinity of 

chitins influences the accessibility to amorphous domains, which are more susceptible to the 

reaction significantly achieved in 30-50 minutes (LAMARQUE; VITON; DOMARD, 2004a). 

Distinguished methods have been proposed (ROGOVINA; AKOPOVA; VIKHOREVA, 1998; 

SAHU; GOSWAMI; BORA, 2009) in order to minimize simultaneous depolymerization, 

especially at high temperatures and long reaction periods (CHANG et al., 1997). Among these, 

one of the most effective method called freeze - pump out - thaw (FTP) (LAMARQUE et al., 

2005), which basically consists of submitting a chitin suspension to successive cycles of 

freezing in liquid nitrogen and then perform the deacetylation for 60 minutes at 80-110 °C, 

allows the disruption of crystalline domains of chitin, leading to the formation of extensively 

deacetylated chitosan (𝐷𝐴̅̅ ̅̅  < 2%) with high weight average molecular weight (�̅�𝑤 ≈ 4,5.105 g 

mol-1). In this Thesis, it has been used the multistep Ultrasound-Assisted Deacetylation (USAD) 

process (FIAMINGO et al., 2016), that consists on the disruption of chitin packing domains 

and acetamido groups cleavage through the formation of cavitational bubbles with energy 

greater than interchain cohesion, added to sequential steps of acetate ions removal during three 

successive stages of ultrasonic deacetylation. In this modification, each step is developed in a 

short period (50 minutes) and reduced temperature (60 °C), as compared to FTP, thus generating 

chitosans with 𝐷𝐴̅̅ ̅̅  ranged in 4-37 % and �̅�𝑤 ranged in 9.0𝑥105 and 1.2𝑥106 g mol-1. 

Nevertheless, heterogeneous deacetylation of α- and β-chitin leads to form chitosans with 

crystallinity profile similar to that presented by β-chitin (CHO et al., 2000). 

 

1.2 Solid-State Nuclear Magnetic Resonance: Basic Principles  

 

1.2.1 Time-domain Relaxometry 

 

The NMR phenomenon is the result achieved from the interactions between the nuclear 

magnetic moments (𝜇) of nuclear spin submitted to a static magnetic field (𝐵0), after applying 

a pulsed magnetic field (𝐵1) irradiation under a certain angular frequency (𝜔). The 𝐵0 field 

splits the spins population (Zeeman levels) in which the relative excess at the lowest energy 

level leads to a resulting magnetization (𝑀0 = Σ𝜇), and allows the precession of 𝜇 vectors 

oriented along a longitudinal axis (𝑀0 = 𝑀𝑧) at 𝜔0 (Larmor frequency). This frequency is 

proportional to the isotope specific gyromagnetic ratio (γ) that possess an odd number of 

protons and/ or neutrons. The application of 𝐵1 radiofrequency (RF) with 𝜔0 = γ𝐵0, under a 
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certain pulse time (𝑡𝑝) changes the orientation of 𝑀0 according to a flip angle 𝜃 = 𝛾𝐵1𝑡𝑝. Thus, 

after the pulse, 𝑀0 induces a freely decaying signal (Free Induction Decay, FID) during the 

longitudinal relaxation processes, referred to the return of the magnetization time to thermal 

equilibrium (𝑇1) and transverse relaxation processes, regarding the loss of spins coherence in 

the 𝓍𝓎 plane (𝑇2). In a perfectly homogeneous magnet, the NMR signal (FID) decays with 𝑇2. 

However, for a solution or a liquid-state material with low viscosity, the NMR signal decay is 

governed by the effective relaxation time 𝑇2
∗, that has a greater contribution from the magnetic 

field non-homogeneity (Δ𝐵0) (COLNAGO; ANDRADE, 2017). 

The 𝑇2 measurement is based on techniques of spin echo sequences. In order to eliminate 

the NMR signal interference from Δ𝐵0 and decrease the time-consumption for the analysis,the 

researchers Carr and Purcell proposed a method that consisting of a 180º pulse train separated 

by a certain free evolution time , which generates an echo between these pulses. This procedure 

allowed the NMR signal to be acquired in a single pulse sequence, being not required to wait a 

longer recovery time (𝑇𝑟  5𝑇1) between each echo (CARR; PURCELL, 1954). Later, 

Meiboom and Gill stablished a phase gap of 90º regarding the initial 90º pulse, applying the 

180º pulse train on the 𝑦’ axis (Fig. 2a). As a result, it was possible to eliminate the 180º pulse 

calibration imperfections and correct the phase of all echoes, providing a signal that decays 

with natural 𝑇2 of the sample (Fig. 2b) (MEIBOOM; GILL, 1958). This pulse sequence named 

as CPMG (Carr-Purcell-Meiboom-Gill) is to date the most used technique on relaxometry 

experiments. 

 

Figure 2 – Schematic illustration of CPMG pulse sequence (a) and spin echo correction to the same phase (b). 

 

Source: Own authorship. 

 

The 𝑇1 and 𝑇2 relaxation times are dependent on the material viscosity or mobility of a 

given molecular component of the system. In colloidal dispersions or small molecules on low 

viscous fluids 𝑇1 ≥ 𝑇2, due to the shorter time required for a given component to turnover its 

own symmetry axis (correlation time, 𝑡𝐶). The gradual increase in viscosity leads to an increase 
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in 𝑡𝐶 and a decrease in local field fluctuations at 𝜔0, straightly contributing to the return of 

magnetization to 𝑀0. The longitudinal relaxation efficiency, or relaxation rate 1 𝑇1⁄ , reaches a 

maximum value in 𝑡𝐶𝜔0 ≈ 1 and, for higher intervals (𝑡𝐶𝜔0 > 1), 𝑇1 > 𝑇2 for components 

with more restricted molecular motion, such as macromolecules and solid-state materials. 

Considering that the 1 𝑇2⁄  relaxation rate has no maximum value and decreases as the molecular 

mobility decreases, 𝑇1 >> 𝑇2 especially in the solid-state and, for this cases, the acquisition time 

(𝑇𝑎) of the FID is kinetically-dependent and mostly modulated by 𝑇2 (GIL; GERALDES, 1987). 

 

1.2.2 High-resolution One-dimensional Spectroscopy  

 

The NMR signal dependency in frequency-domain spectroscopy (𝐵0 > 9 T) with high 

field homogeneity (< 0.01 ppm), lies in the response between the interaction of magnetic 

moments from nuclear spins with local magnetic fields from different physical sources, such as 

chemical shifts, J-coupling and dipolar coupling. Due to the fast and random movement of small 

molecules in low-viscous solutions, only the isotropic components of these interactions, such 

as the isotropic chemical shift and J-coupling are observed. However, due to the lower degree 

of freedom and spatial dependence of molecular segments in solid-state materials, the 

anisotropic chemical shift (𝒟𝒬) and dipolar coupling interactions prevail, leading to a spectral 

broadening (LEVITT, 2008). As the quadrupolar interaction does not manifest in ½ spin, such 

as 1H and 13C nuclei, the description below won’t highlight other spin quantum number 

interactions. 

The heteronuclear dipolar interactions (1H-13C) are considered the primary sources of 

spectral broadening due to the natural abundance of 1H nuclei (high 𝛾𝐻), being the 13C-13C 

homonuclear dipolar coupling mostly insignificant due to the low binding probability between 

these nuclei (low 𝛾𝐶). Thus, the suppression of 1H-13C interaction usually involves a 1H Dipolar 

Decoupling (DEC) technique, which essentially consists of applying a continuous-wave and 

selective RF irradiation in order to minimize the local dipolar magnetic field (𝐵𝑑𝑖𝑝) effect 

produced by the abundant nucleus (1H) (SARLES; COTTS, 1958). In this context, 

heteronuclear dipolar decoupling techniques have been proposed such as Two-Pulse Phase-

Modulated (TPPM) (BENNETT et al., 1995) and Small Phase Incremental Alteration (Spinal-

16) high power 1H decoupling (SINHA et al., 2005) have shown consistently more efficiency  

for correcting phase imperfections.  
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On the other hand, in order to minimize the 1H-13C dipolar interactions (ANDREW; 

BRADBURY; EADES, 1959; LOWE, 1959) and anisotropic chemical shifts, both responsible 

for the rotational sidebands to emerge (ANDREW; EADES, 1962), it is also performed the 

magic-angle spinning (MAS) as a coupled procedure. In this situation, the specific energies of 

these interactions, described by the Hamiltonians ℋ𝑑𝑖𝑝 and ℋ𝒟𝒬, which are proportional to the 

geometric factor (3𝑐𝑜𝑠2𝜃 − 1), are both converged to zero by adjusting the sample’s position 

at 𝜃 = 54.74° with respect to 𝐵0. Thus, by submitting a given sample on this axis angle under a 

frequency spinning greater than the spin interaction (𝜈𝑟 > Δ𝜈), the Hamiltonians will be only 

time-dependent and all internuclear vectors will have an average orientation modulated by the 

factor [1

2
(𝑐𝑜𝑠2𝜃 − 1)] parallel to the referred rotational axis, being the spectral width reduced 

to an isotropic dependence. As Δ𝜈𝑑𝑖𝑝 is found ranging from 1 to 100 kHz and Δ𝜈𝒟𝒬 from 1 to 

10 kHz for 𝐵0 ≈ 10 𝑇, it is usually applied MAS to suppress the anisotropic chemical shift 

interactions, coupled to DEC to suppress the 1H-13C dipolar interactions (DUER, 2002). All 

these passages are illustrated on Fig. 3a. 

Due to the low natural abundance of 13C nuclei associated with low sensitivity to obtain 

the SSNMR signal (𝑇1 >> 𝑇2), the excitation or direct polarization under magic-angle spinning 

(DPMAS) of this rare nuclei requires the accumulation of several spectra in order to improve 

the signal-to-noise ratio, which results in a high time-consuming analysis for a quantitative 

experiment. In this sense, the magnetization transfer method from an abundant nuclei (1H) to a 

rare one (13C), named as Cross Polarization Magic-Angle Spinning (CPMAS), enables a signal 

gain by a factor of 𝛾𝐻 𝛾𝐶⁄ ≈ 4, performing experiments around 10 times faster (𝑇1𝐻 ≈ 10𝑇1𝐶). 

In this sense, to occur such polarization it is necessary to establish the Hartmann-Hahn matching 

requirement (𝛾𝐻𝐵1𝐻 = 𝛾𝐶𝐵1𝐶), in which the 𝐵1 intensity is gradually adjusted until satisfy the 

𝜔𝐻 = 𝜔𝐶 condition (spin-lock) (Fig. 3b) (PINES; GIBBY; WAUGH, 1973). However, as the 

polarization time (𝑇𝐶𝐻) is straightly dependent on the heteronuclear dipolar interaction, the 

magnetization transfer or contact time (𝑇𝐶) varies accordingly to the internuclear distances and 

degree of freedom from different molecular segments, making CPMAS an intrinsically non-

quantitative technique.  

It should be noticed that an unidimensional 13C SSNMR spectra can be constitute by a 

series of sharp signals as much as compared to the isotropic chemical shift profile found in 

solution 13C NMR, if acquired from small to ordered materials (Fig. 3a). Taking into account 

that the isotropic chemical shift is also sensitive to local conformations, disordered materials 

can produce line broadening due to the wider distribution of possible conformations. In this 



27 

 

sense, the spectral line width resulted from non-crystallinity or amorphous domains of a given 

material is due to the local conformations, isomerism and packaging differences, being not 

related to anisotropy interactions and, consequently not suppressed by MAS even at 𝜈𝑟 > Δ𝜈 

(DUER, 2002; SCHMIDT-ROHR; SPIESS, 1994). It is worth to note that 𝑇2 is inversely 

proportional to the signal width (Fig. 3c). 

 
Figure 3 – Spectral line shape illustrative effect with and without 1H dipolar decoupling and coupled to MAS with 

rotational sidebands (𝜈𝑟 < 𝛥𝜈) and without (𝜈𝑟 > 𝛥𝜈) (a); Schematic illustration of Cross-Polarization (CP) pulse 

sequence (b); Relationship between 𝑇𝑎 and 𝑇2
∗ on spectral line width (c).  

 

Source: Adapted from BERNARDINELLI et al., 2016. 

 

1.2.3 High-resolution Two-dimensional Spectroscopy  

 

Two-dimensional NMR (2D NMR) involves a set of techniques in which is possible to 

determine more complex structures usually appearing as overlapped signals, being at least 

defined one frequency-domain dimension. In case of 2D SSNMR, some techniques have been 

developed in order to study of the dynamics of molecular segments based on the spatial 

dependence of nuclear spin interactions (SCHMIDT-ROHR; SPIESS, 1994). Among different 

pulse sequences, it is especially useful the ones that explore the heteronuclear dipolar 

interactions, such as the Dipolar Chemical Shift Correlation (DIPSHIFT) (HONG et al., 2002; 

MUNOWITZ et al., 1981), which can estimate the relative mobility of chemical groups in an 
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intermediate regime (𝑡𝑐 ~ µs to ms), internuclear distances and even activation energies 

(DEAZEVEDO et al., 2008; REICHERT et al., 2004). Additionally, it is also useful to evaluate 

the correlation between two heteronuclear spins, using the fast-spinning HETCOR technique 

(CARAVATTI; BRAUNSCHWEILER; ERNST, 1983; VAN ROSSUM; FÖRSTER; DE 

GROOT, 1997), which consists of a 1H NMR spectra in one dimension correlated with the a 

13C NMR in a second dimension, providing valuable information regarding the heteronuclear 

spins proximity in the surrounding chemical environment (ANDO; ASAKURA, 1998). The 

following description brings an overview about the DIPSHIFT (Fig. 4) and HETCOR (Fig. 5) 

pulse sequences. 

 

Figure 4 – Schematic illustration of DIPSHIFT pulse sequence (a) and simulated dipolar curves performed at 

different mobility rates (𝑘).  

 
Source: Adapted from COBO, 2013. 

 

According to the DIPSHIFT pulse sequence (Fig. 4a) (MUNOWITZ et al., 1981), after a 

first CP excitation (90º pulse), the nuclear spins freely precess and the 13C magnetization 

evolves under the influence of the heteronuclear dipolar interaction during 𝑡1. During this 

period, which varies from zero to the first rotational cycle (𝑡𝑟) of the rotor, a 1H dipolar 

decoupling sequence, such as the Frequency-Switched Lee-Goldburg (FS-LG) (BIELECKI et 

al., 1990) or Phase Modulated Lee-Goldburg (PMLG) (VINOGRADOV; MADHU; VEGA, 

1999) is  applied in order to suppress the 1H-1H interaction. Then, a 180º pulse is applied after 

the 𝑡𝑟 period, followed by 1H-13C dipolar decoupling, such as TPPM (BENNETT et al., 1995) 

or Spinal-16 (SINHA et al., 2005) sequence carried on a second rotation cycle (2𝑡𝑟), which 

enables to refocus the isotropic chemical shift interaction in the 13C channel. After the 2𝑡𝑟 

period, the spin echo resulted from this refocus is modulated by the evolution of the 1H-13C 

interaction at each increment of 𝑡1, accumulating phase due to this interaction. As consequence, 

the normalized signal amplitude 𝑆(𝑡1) referred to each chemical group (assigned on 13C 

CPMAS spectrum) decreases to a minimum in 𝑡𝑟 2⁄ , when the spin system accumulates less 

phase due to the beginning of a rotational echo. At the end of a first period, the accumulated 
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phase gradually decreases, leading to the formation of dipolar curves with variable amplitude 

(Fig. 4b). Thus, the smaller the amplitude of the resulting curve, the smaller the dipolar 

interaction and the greater the mobility rate (𝑘) for a given molecular segment (DEAZEVEDO 

et al., 2008). Higher mobility rates are also achieved when the recorded 𝑆(𝑡1) signal relatively 

decreases at the end of a cycle period, due to the loss of correlation between nuclei (Fig. 4b). 

The heteronuclear correlation experiment HETCOR (Fig. 5), was designed to correlate 

1H and 13C chemical shifts appying specific multiple-pulse sequences, that are performed to get 

narrow distribution signals as typically observed for isotropic chemical shifts on liquid-state 

experiments (CARAVATTI; BRAUNSCHWEILER; ERNST, 1983). The HETCOR pulse 

sequence consists of three periods, which sequentially includes the proton evolution, isotropic 

mixing and carbon detection. The evolution starts with a transverse 1H spin magnetization by a 

CP excitation (90º pulse), followed by a homonuclear dipolar decoupling sequence, originally 

set by a multiple-pulse BLEW-12 (BURUM; LINDER; ERNST, 1981) or more recently using 

a FS-LG or PMLG pulse sequence (BIELECKI et al., 1990; VAN ROSSUM; FÖRSTER; DE 

GROOT, 1997; VINOGRADOV; MADHU; VEGA, 1999)  during 𝑡1. At the end of this period, 

the 1H NMR spectrum is recorded and the proton magnetization is restored by the 90º pulse. 

During the mixing period, it was originally set a windowless isotropic sequence (WIM-24) to 

optimize de RF power in order to retain the heteronuclear dipolar interactions (WEITEKAMP; 

GARBOW; PINES, 1982). However, as the CP magnetization transfer is highly sensitive to RF 

power at fast MAS, a better approach was found by setting a ramped-amplitude CP (RAMP-

CP) to properly restore the Hartman-Hahn matching (METZ; ZILIOX; SMITH, 1996). The 13C 

detection is then carried by applying a 1H-13C dipolar decoupling, such as TPPM (BENNETT 

et al., 1995) or Spinal-16 (SINHA et al., 2005). 

 

Figure 5 - Schematic illustration of HETCOR pulse sequence.  

 

Source: Own authorship. 
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2 GENERAL OBJECTIVES 

 

The main objective of this Thesis is to control the preparative condition for investigating 

the properties of chemically modified chitosans and the potential application of these materials 

in different research fields. For such a goal, different high- and low-NMR techniques were 

applied in order to elucidate intrinsic characteristics of chitins, chitosans and derivatives 

sometimes already verified through other methods. To fulfill the requirement of each specific 

objective, it was performed a series of characterizations, including non-spectroscopic and 

biological ones. In this sense, different studies were developed and sequentially presented in a 

clear and concise manner as possible, being divided into five distinguished Chapters, each one 

straightly related to some innovative proposal for a given research field, as briefly detailed: 

 

CHAPTER I: Considering the strong relationship between N-acetylation and crystallinity of 

chitosan, its unclear dependence with molar masses, the lacking aspect of reliable quantification 

of 𝐶𝑟𝐼 by XRD and the conformational influence on SSNMR spectra, this Chapter aims to 

propose a novel and straightforward approach to estimate the crystallinity through the short-

range molecular ordering from chitin to chitosan. Samples possessing variable 𝐷𝐴̅̅ ̅̅  and average 

weight average molecular weight (�̅�𝑤) were produced and evaluated through 13C CPMAS 

SSNMR experiments, conducted as the main techniques, while DIPSHIFT and the HETCOR 

were used as auxiliary methods for signal assignments. The singular value decomposition 

(SVD) was applied as multivariate analysis for pattern recognition of analytical signs from 13C 

CPMAS spectra prior to cross-validate these components. The experimental steps were 

developed at Macromolecular Materials and Lignocellulosic Fibers Group laboratory 

(IQSC/USP) and NMR facilities at Embrapa Instrumentation, both at São Carlos, SP. 

 

CHAPTER II: Knowing that none study had properly investigated the mutual dependence of 

𝐷𝐴̅̅ ̅̅  and crystallinity index (𝐶𝑟𝐼) of Ch by using 1H TD-NMR relaxometry, this Chapter 

proposes the use of a novel solid-echo (SE) pulse sequence, named as Radiofrequency 

Optimized Solid-Echo (RK-ROSE), to evaluate both parameters in solid Ch samples. The aim 

of this work was to establish a Partial Least Square (PLS) regression model that would allow 

the prediction of 𝐷𝐴̅̅ ̅̅  and 𝐶𝑟𝐼 in different solid-state Ch samples based on a RK-ROSE signals. 

This method provides an additional approach with the advantages of easy operation, fast and 

minimum sample pre-treatment. The experimental steps were developed at Macromolecular 
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Materials and Lignocellulosic Fibers Group laboratory (IQSC/USP) and NMR facilities at 

Embrapa Instrumentation 

 

CHAPTER III: The effect of the β-chitin particle size/ granulometry on the physicochemical 

properties of β-chitin nanocrystalline structures, i. e. nanowhiskers and nanocrystals (CWH) 

aqueous suspensions was investigated. CWH samples were prepared via acid hydrolysis of β-

chitin and characterized in terms of morphology, surface properties, crystallinity and thermal 

stability. The molecular motions under intermediate-to-slow timescale were verified by Magic 

Sandwich Echo – Free induction decay (1H MSEFID) pulse sequence and compared to the 1H-

13C dipolar interaction curves for each molecular segment by DIPSHIFT experiment. The 

experimental steps were developed at Macromolecular Materials and Lignocellulosic Fibers 

Group laboratory (IQSC/USP), NMR facilities at Embrapa Instrumentation, Nanomaterials and 

Advanced Ceramics Group (IFSC/USP) and Electrochemical Materials and Electroanalytical 

Methods Group (IQSC/USP).  

 

CHAPTER IV: Positively-charged amphiphilic chitosan derivative, named N-(2-hydroxy)-

propyl-3-trimethylammonium, O-palmitoyl chitosan (DPCat), was synthesized in different 

reaction conditions to result in derivatives containing different contents of permanet and 

cationic charges. This Chapter focus on the physicochemical and spectrocospy characterization 

of the polymer in solution and solid-state. The biological activities of derivatives were evaluated 

through mucoadhesiveness assessment, mucin interaction assays and cytotoxicity tests against 

healthy and cancer cell lines. The experimental steps were developed at Macromolecular 

Materials and Lignocellulosic Fibers Group laboratory (IQSC/USP), NMR facilities at 

Embrapa Instrumentation and Medicinal and Biological Chemistry Group (IQSC/USP). 

 

CHAPTER V: The  aim  of  this  work  is  to  further explore the range of biomedical applications 

of cationic DPCat, namely by assessing its potential for preparing clotrimazole-loaded 

nanoparticles (CLT-NPs) intended for the treatment of vulvovaginal candidiasis (VVC). NPs 

were characterized for relevant physicochemical, technological and in vitro biological 

(cytotoxicity against endometrial and cervical cell lines, anti-Candida activity and cell 

monolayer permeation/ association) properties pertinent to vaginal drug delivery and antifungal 

therapy. The experimental steps were developed at the Institute for Research and Innovation in 

Health (i3S) / National Institute of Biomedical Engineering (INEB)/ University of Porto (UP) 

in the city of Porto, Portugal. 
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3 DEVELOPMENT AND RELATIONSHIP AMONG THE STUDIES 

 

The following flowchart (Fig. 6) illustrates the scheme of the materials’ preparation for their 

use on each related chapter. Thus, in CHAPTERS I and II, chitosan samples were prepared by 

conducting the deacetylation (USAD) process (Ch1x, Ch2x and Ch3x), which was applied on β-

chitin (βCh or BCHI), extracted from squid pens, followed by depolymerization (Ch1x3h-6h, 

Ch2x3h-6h and Ch3x3h-6h) and N-acetylation (Ch5-60) processes. Commercial ChC (or Ch) and 

alfa-chitin (αCh) samples were also employed. In CHAPTER III, milled and sieved β-chitin at 

different powdered diameters (BCHS, BCHL and BCHI) were used for the preparation of chitin 

nanowhiskers/ nanocrystals (CWHS, CWHL and CWHI) through boiling acidolysis reaction. In 

CHAPTER IV, different chitosan derivatives (DPCh, DPCat35 and DPCat80) were prepared by 

consecutive functionalizations, being choose one of these (DPCat35) to prepare nanoparticles (NPs) 

by ionic gelation process for loading the antifungal clotrimazole (CLT) aiming for topical use 

against Candida spp. in CHAPTER V. 

 

Figure 6 – Flowchart of all materials prepared accordingly to the proposal of each referred chapter.  

 

Source: Own authorship. 
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The initial Research Project aimed the preparation of chitins, chitosans and amphiphilic 

chitosan derivatives and the proper investigation of physicochemical properties through TD-

NMR techniques. However, some findings related to the variation of structure and morphology 

proved to be even more promising considering the unprecedent perspective and scientific 

contribution to the NMR and polysaccharide research fields. In this sense, new approaches were 

given to the development of this Thesis through the investigation of these properties by different 

SSNMR techniques performed at high and low magnetic fields. 

The joint assessment between both variables, i. e. structure and morphology of chitosans, 

was investigated in CHAPTERS I and II, throughout high-resolution techniques in the former 

and time-domain in the latter. The main concept resulted from these first chapters were further 

used in CHAPTER III, in order to evaluate the influence of the particle size/granulometry on 

sieved and milled powderd β-chitins to the CWH samples, as a third variable rarely addressed 

in the literature. While CHAPTERS I and II are straightly connected to the state-of-the-art in 

order to validate SSNMR tecniques within the analysed samples, CHAPTER III, on the other 

hand, focus on the chacterization of novel nanomaterials mostly aimed to the application as 

polymeric reinforcement, which are especially useful for Tissue Engeneering research field. As 

shown in Fig. 6, the entire set of samples used for the development of CHAPTERS I, II and III 

originates from the same raw material: squid pens from Dorytheuthis spp.  

Despite following the same trend as CHAPTER III, CHAPTER IV addresses concepts of 

high and low field SSNMR in novel chitosan derivatives, however it was mostly focused on the 

structure-property relationship of interest to the Biopharmaceutic research field, aimed for the 

application as drug release nanocarriers. The chitosan derivatives prepared in CHAPTER IV 

were finally used in CHAPTER V, which refers entirely to the preparation biomaterials for the 

association and release of antifungal for topical treatment of vulvovaginal candidiasis (VVC). 

It is worth to highlight that the parent chitosan used in the CHAPTERS IV and V was also used 

in CHAPTER I for structure and morphology comparison purposes.  
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CHAPTER I 

Evaluation of chitosan crystallinity: A high-resolution SSNMR spectroscopy 

approach 
 

Original source: Carbohydrate Polymers, Elsevier (FACCHINATTO, W. M. et al., 2020a) 

 

 

3.1.1. The morphological issue and how SSNMR can be useful 

 

Chitosan exhibit polymorphic forms designed in three crystal types named as α, β, γ in 

function of the packing and polarities of adjacent chains in successive sheets (ZHOU et al., 

2011). The different allomorphs account for the different intersheet accessibility to small 

molecules and crystallinity, which is on turn, strongly related to the solubility (KURITA; 

KAMIYA; NISHIMURA, 1991; SOGIAS; KHUTORYANSKIY; WILLIAMS, 2010), 

swelling behavior (GUIBAL, 2004; GUPTA; JABRAIL, 2006; SAITO et al., 2000), sorption 

kinetics of toxic metal ions in aqueous solutions (MILOT et al., 1998; PIRON; DOMARD, 

1998) and reactivity (KURITA et al., 1994; LAMARQUE; VITON; DOMARD, 2004b). 

Additionally, several studies describe that besides polymorphism, the 𝐷𝐴̅̅ ̅̅  acts as an important 

structural feature partially controlling the crystallinity and related properties, such as 

hydrophilicity (GUPTA; JABRAIL, 2006), water-sorption capacity (IOELOVICH, 2014) and 

susceptibility to enzymatic degradation (CARDOZO et al., 2019). Indeed, the lowest enzymatic 

degradation rates has been achieved for 𝐷𝐴̅̅ ̅̅  < 15% (FRANCIS SUH; MATTHEW, 2000), being 

also desirable a partially N-deacetylation for higher probability to form a lysozyme-substrate 

complex (CHO et al., 2000; HIRANO; TSUCHIDA; NAGAO, 1989). Higher digestibility is 

achieved when 𝐷𝐴̅̅ ̅̅  values are ranged in 40 % to 80 % with lesser probability for a random 

distribution of acetamido groups (AIBA, 1992; HIRANO; TSUCHIDA; NAGAO, 1989). Thus, 

the crystallinity increases with 𝐷𝐴̅̅ ̅̅  and the crystalline regions grows on segments containing 

blocks of N-acetylated units (OGAWA; YUI, 1993).  

The crystallinity of polysaccharides has been evaluated by X-ray diffraction models and 

different spectroscopy techniques (ÅKERHOLM; HINTERSTOISSER; SALMÉN, 2004; 

PARK et al., 2010; SCHENZEL; FISCHER; BRENDLER, 2005). Currently, the Ch 

crystallinity has been quantified considering the long-range ordering on XRD patterns usually 

through the peak height (FOCHER et al., 1990; STRUSZCZYK, 1987) deconvolution methods 

(CHO et al., 2000) or based on subtraction of a diffraction pattern using one from an amorphous 

Ch as reference (OSORIO-MADRAZO et al., 2010). The first fails by not considering the 
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contribution of (110)a reflection from anhydrous allomorph near to the amorphous halo 

intensity at 16.0º, the second has overestimated the contribution of amorphous phase by fitting 

a cubic spline curve in the diffraction pattern, while the third proposes a laborious method for 

a routine evaluation of Ch crystallinity, using a totally amorphous samples which is usually not 

available. Studies has shown that for the same sample, the crystallinity index can also vary 

within a wide range from 57.0 to 93.0 % for chitin (FAN; SAITO; ISOGAI, 2008a, 2009) and 

from 40.0 to 80.0 % for chitosan (GRZĄBKA-ZASADZIŃSKA; AMIETSZAJEW; 

BORYSIAK, 2017; PIRES; VILELA; AIROLDI, 2014; YUAN et al., 2011) depending on the 

calculation method. Consequently, the accurate estimative of crystallinity through XRD is 

considerable doubtful. 

In this context, high-resolution solid-state nuclear magnetic resonance, SSNMR, 

spectroscopy has been one of the most used techniques due to the chemical shift dependence 

on local molecular conformations (TONELLI; SCHILLING, 1981). Because the local chain 

conformation (trans-gauche) changes the current electronic structure around 13C nuclei, its 

nuclear magnetization become distinct allowing to distinguish between ordered and disordered 

populations (Fig. 7). For instance, 13C CPMAS Solid-State NMR has been used to evaluate the 

fraction of interior-to-surface crystallites in cellulose (BERNARDINELLI et al., 2015; PARK 

et al., 2010; VIËTOR et al., 2002; WANG; HONG, 2016), starch (MUTUNGI et al., 2012; 

VILLAS-BOAS et al., 2020) and polyglycans (WEBSTER et al., 2006) usually referred as 

NMR crystallinity index. This can be typically achieved and widely applied using the C4 and 

C6 carbons from cellulose and C1 carbon from starch, which the splitting is directly associated 

to signals arising from ordered and disordered molecular segments. One should point out that 

NMR and X-ray crystalline index are not identical in the sense that in solid-state NMR it reflects 

the local conformation and population distribution, while in X-ray it is related to the long range 

order. However, they are close related in the sense that local order can be strongly influenced 

by long range order. In this sense, using NMR and X-ray diffraction together can be a valuable 

way of improving the information about the microstructure of chitosans. 

To illustrate the already known behavior of these biopolymers, i.e., cellulose and starch, 

it was acquired the 13C CPMAS spectra with different average crystallinity indexes (𝐶𝑟𝐼̅̅ ̅̅̅) (Fig. 

8). As observed, the signal shape and relative deconvoluted area describe the morphological 

changes achieved for each case.  
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Figure 7 – Pictorial graphic of molecular energy of butane with respect to the dihedral angle, separated by transition 

states of torsion depicted by Newman projections (a); chains packaging influence from trans and gauche states and 

its illustrative effect on isotropic chemical shifts distributions (b). 

 

Source: Adapted from BORN & SPIESS, 1997. 

 

Figure 8 – Non-published results of 13C CPMAS spectra (Tc = 3000 µs, d1 = 2 s and and 12 kHz of spinning 

frequency) of cellulose samples with different average crystallinity indexes (𝐶𝑟𝐼̅̅ ̅̅̅) calculated by means of C4 and 

C6 deconvoluted signals (a); and similarly, for C1 of starch samples (b). Spectra recorded on Bruker® Avance 400 

spectrometer, using a Bruker 4-mm MAS double-resonance probe head, at 400.0 MHz (1H) and 100.5 MHz (13C) 

with 2.5 µs and 4.0 µs of π/2 pulse length, respectively. 

 

Source: Own authorship. 



37 

 

Despite the structural similarity with cellulose, a clear C4 signal split in 13C CPMAS 

spectra of Ch has been only observed in samples with low acetylated content (HEUX et al., 

2000; SILVA et al., 2017a). This has been attributed to a greater mobility of amorphous region 

achieved through thermal treatment above 150 ºC (FOCHER et al., 1990). The shape C1 and 

C4 signals of Ch salts have been also interpreted as consequence of twofold helical 

conformations (SAITÔ; TABETA; OGAWA, 1987), being highly sensitive to conformational 

changes on glycosidic linkages (HARISH PRASHANTH; KITTUR; THARANATHAN, 2002; 

TANNER et al., 1990). The signal split into doublets and sharp singlets were found on hydrated 

(tendom) and annealed chitosan forms, being influenced by chitin source, molecular weight and 

content of water molecules (SAITÔ; TABETA; OGAWA, 1987). However, the origin of this 

signal splitting is still controversy (FOCHER et al., 1992) and none study has satisfactory 

investigated the short-range ordering with the spectral shape variability of these carbon signals 

from different 𝐷𝐴̅̅ ̅̅  and molar masses, without submitting Ch to any kind of physicochemical 

treatment. 

 

3.1.2. Materials and Methods 

 

Low molecular weight chitosan (ChC, 87 kDa, 𝐷𝐴̅̅ ̅̅ ≈ 5.0 %) was obtained from fly larvae 

(Cheng Yue Plating® Co. Ltd. Chang, China) and purified according to the methodology 

described by SANTOS; BUKZEM; CAMPANA-FILHO (2016). The allomorph alfa-chitin 

(αCh), obtained from shrimp shells, cellulose and starch samples (Sigma-Aldrich® Co. St. 

Louis, MO, USA), were used without further purification.  

 

3.1.2.1. Ultrasound-assisted deacetylation of β-Chitin 

 

The allomorph beta-chitin (βCh) was extracted from the squid pens (Doryteuthis spp.) 

(LAVALL; ASSIS; CAMPANA-FILHO, 2007), milled and sieved into powder sizes with 

average diameters (d) ranged in 0.125 < d < 0.425 mm, then submitted to multistep ultrasound-

assisted deacetylation process (USAD) to produce Ch samples with variable 𝐷𝐴̅̅ ̅̅  (FIAMINGO 

et al., 2016). In brief, the βCh/NaOH 40% (w/w) aqueous suspension was placed in a jacked 

glass reactor (θint = 3.5 cm) and kept under magnetic stirring with a circulating thermostat at 60 

± 1 ºC, then sonicated with UP400S Hielscher® Sonifier ultrasonic device (𝜈 = 24 kHz) coupled 

to θ = 22 mm stepped probe for pulsed irradiation. The deacetylation reaction was carried out 
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at 200 W for 50 min and then stopped by cooling and neutralization with HCl 3.0 mol L-1, 

followed by filtration under positive pressure through a 0.45 μm porous membrane (Millipore®, 

White SCWP). The resulting product, named as Ch1x, was freeze-dried at -45 °C for 24h 

(Liotop L101, Liobrás®). This process was sequentially applied to this sample at the same 

conditions to produce Ch2x and then similarly to produce Ch3x, an extensively deacetylated 

chitosan. 

 

3.1.2.2. Depolymerization of Chitosan 

 

Chitosans possessing different average molecular weights were prepared by submitting 

the samples Ch1x, Ch2x and Ch3x to homogeneous depolymerization via ultrasound treatment 

for 3h and 6h. Thus, 5.0 g of a given Ch was suspended in 500.0 mL of acetic acid 1.0 % (v/v) 

contained in a 1 L jacked glass reactor (θint = 10 cm) and subjected to ultrasound pulsed 

irradiation at 200 W (60 ± 1 ºC) for the desired time by using the same operational parameters 

already described for deacetylation process. The products were neutralized by adding NaOH 

0.1 mol L-1, filtered under positive pressure (0.45 μm) and then sequentially washed with 

ethanol 80 % (v/v) and deionized water. The resulting products were freeze-dried at -45 °C for 

24 h and named as Chwxy, where “w” (1, 2 and 3) identify the parent Ch and “y” (3h and 6h) 

the time of ultrasound treatment. 

 

3.1.2.3. N-Acetylation of Chitosan 

 

Chitosans with a predicted and wide-ranged 𝐷𝐴̅̅ ̅̅  were obtained by performing the 

homogeneous N-acetylation reaction onto Ch3x with acetic anhydride at molar ratios 0, 0.02, 

0.20, 0.40, 0.60, 0.90 of anhydride/glucosamine, as similarly reported elsewhere (LAVERTU; 

DARRAS; BUSCHMANN, 2012; SORLIER et al., 2001). Thus, 0.5 g of Ch3x was suspended 

in 50.0 mL of acetic acid 1.0 % (v/v) and kept under mechanical stirring (500 rpm) in a double-

walled cylindrical reactor at 25 ºC for 24 h. In order to avoid the protonation of amino groups 

and prevent side reactions, such as O-acylation, it was added 40.0 mL of 1,2-propanediol to the 

reaction medium. The anhydride acid was slowly added and the reaction was interrupted by 

precipitation with NaOH 0.1 mol L-1 after 24 h. The resulting solutions were filtered under 

positive pressure (0.45 μm), sequentially washed with ethanol 80 % (v/v) and deionized water, 
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and then freeze-dried at -45 °C for 24 h. The products where named as Ch5, Ch15, Ch25, Ch35, 

Ch45 and Ch60, being each sample indicated next to the predicted 𝐷𝐴̅̅ ̅̅  value (5-60%). 

 

3.1.3. Characterizations 

 

3.1.3.1. High-resolution 1H NMR spectroscopy 

 

Chitosan samples were dissolved in D2O/HCl 1% (v/v), resulting in CP = 10 mg mL-1, 

then transferred to 5.0 mm NMR tubes. All 1H NMR spectra were acquired at 85 °C on a 

Bruker® Avance II HD (ν = 600 MHz), setting up the following pulse sequence parameters: 11 

µs for 90° pulse lengths, 6 s for recycle delay and 2 s for acquisition. A composite pulse was 

applied to suppress the signal from water hydrogens at 4.10 ppm by improving the signal-to-

noise ratio of the samples. The 𝐷𝐴̅̅ ̅̅  was calculated according to Eq. (1) (LAVERTU et al., 2003): 

 

𝐷𝐴̅̅ ̅̅  (%) = (
𝐼𝐻1

𝐼𝐻1 + 𝐼𝐻1′
) × 100 (1) 

 

where 𝐼𝐻1 is the signal integral of 𝐻1 hydrogens from anomeric carbon of GlcNAc units and 

𝐼𝐻1′ is the equivalent 𝐻1′  hydrogens of GlcN. These samples were also characterized with 

respect to pattern of acetylation (𝑃𝐴), as described by the Eq. (2) (WEINHOLD et al., 2009): 

 

𝑃𝐴 =
𝐹𝐴𝐷

2 × 𝐹𝐴𝐴 + 𝐹𝐴𝐷
+

𝐹𝐴𝐷

2 × 𝐹𝐷𝐷 + 𝐹𝐴𝐷
 (2) 

 

where 𝐹𝐴𝐷, 𝐹𝐴𝐴 and 𝐹𝐷𝐷 are the normalized functions from Bernoullian statistics that are 

referred to the ratio of experimental area 𝐼𝐴𝐷 + 𝐼𝐷𝐴, 𝐼𝐴𝐴 and 𝐼𝐷𝐷 with the total area (𝐼𝑇 = 𝐼𝐴𝐷 +

𝐼𝐷𝐷 + 𝐼𝐴𝐴 + 𝐼𝐷𝐷), respectively, which one related to the probability of an adjacent neighbor 

residue to be a acetylated, A (GlcNAc), or an deacetylated, D (GlcN), unit. For 𝑃𝐴 = 2, 1 and 

0 the distribution pattern is ideally alternate, random and block-wise throughout the polymer 

chain. The experimental area was obtained fitting Voigt functions on 𝐻1 and 𝐻1′ signals, using 

PeakFitTM (v. 4.12) software for peak deconvolution processing.  
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3.1.3.2. Average molecular weight and degree of polymerization 

 

The weight average molecular weight (�̅�𝑤) of Ch samples were determined carrying 

measurements by size-exclusion chromatography (SEC) (FIAMINGO et al., 2016), whereas 

the viscosity average molecular weight (�̅�𝑣) of chitin allomorphs were determined by means 

of capillary viscometry (CARDOZO et al., 2019).  

The SEC measurements were conducted on Agilent® 1100 coupled to a refractive index 

detection module (RID-6A), pre-columns Shodex Ohpak® SB-G (50 x 6 mm) (10µ)/ SB-803-

HQ (8 mm DI x 300 mm) (6µ)/ SB-805-HQ (8 mm DI x 300 mm) (13µ), stationary phase 

consisting of polyhydromethacrylate gel and mobile phase (eluent) constituted by 0.3 M acetic 

acid / 0.2 M sodium acetate buffer. Following, Ch solutions 1.0 mg mL-1 were prepared in the 

same buffer and analyzed under the flow rate of 0.6 mL min-1 at 35 °C. The �̅�𝑤 values were 

obtained from the calibration curve constructed by monodisperse pullulan (708,000; 344,000; 

200,000; 107,000; 47,100; 21,100; 9,600 and 5,900 g mol-1), cellobiose (343.2 g mol-1) and 

glucose (180.2 g mol-1) standards.  

The viscometry analysis were performed in a glass capillary (ϕ = 0.53 mm) containing 15 

mL of chitin dissolved in N,N-dimethylacetamide/5% LiCl (w/w) at low concentrations (1.2 < 

𝜂𝑟𝑒𝑙< 2.0 ) using the AVS-360 viscometer coupled to an automatic burette (Schott-Geräte®, 

Germany) at 25.00 ± 0.01 °C. The �̅�𝑣 values were calculated from the parameters 𝐾′= 2.4 ×10-

4 L g-1 and α = 0.69 and by means of intrinsic viscosities, [𝜂], according to Mark-Houwink-

Sakurada equation, obtained from the extrapolation of reduced viscosity curves to infinite 

dilution.  

The weight average degree of polymerization of Ch (𝐷𝑃̅̅ ̅̅
𝑤) and viscosity average degree 

of polymerization of chitin allomorphs (𝐷𝑃̅̅ ̅̅
𝑣) were calculated considering the relative amount 

of GlcNAc (203 g mol−1) and GlcN (161 g mol−1), as described by the Eq. (3): 

 

𝐷𝑃̅̅ ̅̅ =
�̅� × 100

(203 × 𝐷𝐴̅̅ ̅̅ ) + [161 × (100 − 𝐷𝐴̅̅ ̅̅ )]
 (3) 

 

where 𝐷𝑃̅̅ ̅̅  and �̅� are the average degree of polymerization and average molecular weight, 

respectively, each one properly describing the parameters 𝐷𝑃̅̅ ̅̅
𝑤, 𝐷𝑃̅̅ ̅̅

𝑣, �̅�𝑤 and �̅�𝑣, in the whole 

set of samples.  
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3.1.3.3. X-ray diffraction (XRD) 

 

The XRD patterns of chitin and chitosan samples were acquired in a Bruker® AXS D8 

Advance diffractometer with a Cu anode coupled to Lynxeye® detector, setting up the 

acquisition mode as step scan and the operating parameters at 40 kV and 40 mA. The scanning 

measurements were performed applying the radiation 𝜆Kα = 1.548 Å with light scattering 

ranged in 5º < 2θ < 50° at 5° min-1 of scan rate. The crystallinity index was estimated by 

employing the peak height method (FOCHER et al., 1990) and the amorphous subtraction 

method (OSORIO-MADRAZO et al., 2010) on XRD patterns, as described by Eq. (4) and (5), 

respectively: 

 

𝐶𝑟𝐼1(%) = (
𝐼(110)ℎ

− 𝐼𝑎𝑚

𝐼200
) × 100 (4) 

 

𝐶𝑟𝐼2(%) = (
𝐴𝑡𝑜𝑡𝑎𝑙 − 𝐴𝑎𝑚

𝐴𝑡𝑜𝑡𝑎𝑙
) × 100  (5) 

 

where 𝐼(110)ℎ
 is the diffraction peak intensity (2θ ≈ 20°) of the hydrated reflection (110)h; 𝐼𝑎𝑚 

is the amorphous halo peak (2θ ≈ 16°); 𝐴𝑎𝑚 is the amorphous scattering area obtained by fitting 

a cubic spline curve, which was subtracted from the total diffraction pattern area, 𝐴𝑡𝑜𝑡𝑎𝑙. This 

procedure was performed by PANanalyticalTM X’pert high score Plus software. The widths at 

half-heights of the peak at 2θ ~ 19-21° and ~ 8-11º, corresponding to (110)h and (020)h 

reflection planes, respectively, were obtained by fitting Voigt functions prior to estimate the 

crystallite dimensions (𝐿ℎ𝑘𝑙), according to Scherrer equation (GOODRICH; WINTER, 2007; 

VILLAS-BOAS et al., 2020) described in Eq. (3.1.6): 

 

𝐿ℎ𝑘𝑙 =
(0.9)(𝜆𝐾𝛼)

(𝐹𝑊𝐻𝑀)ℎ𝑘𝑙(𝑐𝑜𝑠Θ)ℎ𝑘𝑙
 (6) 

 

where 𝐹𝑊𝐻𝑀 is the full width at half-maximum of (110)h and (020)h reflections at 2Θ of 

maximum intensity in radians. This procedure was performed using PeakFitTM (v. 4.12) 

software. 
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3.1.3.4. SSNMR: 13C CPMAS, DIPSHIFT and HETCOR techniques 

 

The SSNMR experiments were performed on a Bruker® Avance 400 spectrometer, using 

a Bruker 4-mm magic angle spinning (MAS) double-resonance probe head, at 400.0 MHz (1H) 

and 100.5 MHz (13C) with 2.5 µs and 4.0 µs of π/2 pulse length, respectively. About 100 mg of 

powdered samples were packaged into zirconia rotors and all spectra were recorded at 25 ± 1 

ºC of probe temperature. RF-ramped cross-polarization under magic angle spinning (13C 

CPMAS) (METZ; ZILIOX; SMITH, 1996) and Spinal-16 1H decoupling (SINHA et al., 2005) 

performed with 𝛾𝐵1 2𝜋⁄  = 70 kHz were applied for 13C signal acquisition. It was set 5 s of 

recycle delay, 2 s of last delay (d1), 40 ms of acquisition time and 1024 scans. Since the strength 

of the 1H-13C dipolar coupling depends on the internuclear distance and intermolecular 

mobility, the contact time (𝑇𝐶) was varied from 0.5 to 5.0 ms. This procedure was applied to 

achieve an optimal 𝑇𝐶 for all carbon signals, making a better approach with a direct 13C 

polarization (DPMAS), which was recorded by the time-consuming high power 1H decoupling, 

HPDEC (d1 = 100 s) (KASAAI, M. R., 2010). The 𝐷𝐴̅̅ ̅̅
𝐶𝑃 was calculated using the CPMAS 

spectra at optimal 𝑇𝐶 as described by Eq. (7) (OTTØY; VÅRUM; SMIDSRØD, 1996): 

 

𝐷𝐴̅̅ ̅̅
𝐶𝑃 (%) = (

𝐼𝐶𝐻3

𝐼𝐶1−𝐶6 6⁄
) × 100 (7) 

 

where 𝐼𝐶𝐻3
 is the signal integral of methyl carbons from GlcNAc units and 𝐼𝐶1−𝐶6 is the sum of 

integrals from carbon signals of glucopyranose ring. 

The relative mobility from distinguish molecular segments was estimated applying 

DIPSHIFT technique (HONG et al., 2002; MUNOWITZ et al., 1981). In DIPSHIFT, each 13C 

signal in the 13C CPMAS spectrum has the amplitude modulated by C-H dipolar coupling to 

the neighbor protons. The experiment output is the modulation profile, which represents the 

intensity vs. the modulation evolution time 𝑡1 varying from 0 to one rotor cycle. Because the 

C-H dipolar coupling depend on the molecular mobility, the modulation profile is heavily 

dependent on the presence of molecular motions with rates higher than ~100 kHz, making 

possible to distinguish molecular segments based on their mobility. The HETCOR spectra were 

recorded based on previous protocol (KONO, 2004). The hydrogen related spectra were 

recorded on the indirect frequency dimension F1, although 13C CPMAS spectra were acquired 

in the F2 dimension. 𝑇𝐶 was set at 500 µs to provide the necessary mixing time for correlation 
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of non-directly bonded 1H and 13C nuclei; the recycle delay was set at 2 s and 512 scans were 

accumulated. The 1H-1H dipolar interaction was successfully suppressed employing the 

frequency switched Lee-Goldburg (FS-LG) (BIELECKI et al., 1990) decoupling method during 

the proton chemical shift evolution and TPPM for proton decoupling during the 13C acquisition. 

All SSNMR spectra were acquired at 12,000 ± 2 Hz and DIPSHIFT at 6,000 ± 2 Hz spinning 

frequencies. The 13C and 1H chemical shifts were calibrated using hexamethylbenzene (HMB) 

at 17.3 ppm and L-alanine at 1.3 ppm, respectively. The acetylation and crystallinity 

information were extraction from 13C CPMAS spectra applying the deconvolution procedure 

carried through PeakFitTM (v. 4.12) software. 

 

3.1.3.5. Multivariate analysis 

 

The singular value decomposition (SVD) was used as a pattern recognition method 

applied on 13C CPMAS analytical signals in order to cross-validate these spectra profiles with 

the average degree of acetylation and crystallinity as distinguish components. Ch spectrum were 

normalized by C1 signal area and centralized according to the signal of maximum intensity 

(C5-C3). As described by FORATO; BERNARDES-FILHO; COLNAGO (1998), the spectra 

matrix 𝐸 can be obtained by the product of the matrix of pure components 𝐸𝑃 and the 

concentration matrix 𝐶 of these components (𝐸 = 𝐸𝑃𝐶), being 𝑋 the calibration matrix that 

defines the percent of correlation between the concentration of the components 𝐶 and the 

analytical signal (𝐶 = 𝑋𝐸). The SVD was applied to decompose the information into singular 

value and orthogonal eigenvector matrices, leading to the inverse matrices 𝐸−1 and 𝐶−1. This 

procedure sets to allow the calculation of 𝑋 and the interpretation of the signals regarding the 

contribution of each component. The theoretical spectra of pure components, meaning as totally 

crystalline and amorphous Ch profile, were then generated applying the SVD to 𝐶−1. This 

multivariate processing analysis was performed using GNU OctavTM software. 

 

3.1.4. Results and Discussion 

 

3.1.4.1. Structure and long-range molecular ordering 

 

Chitosans named Ch1x, Ch2x and Ch3x has been prepared through USAD multistep 

process, achieving similar 𝐷𝐴̅̅ ̅̅  values from previous studies (FACCHINATTO et al., 2019; 
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FIAMINGO et al., 2016) with no significant variations on �̅�𝑤 and, consequently, preserving 

the 𝐷𝑃̅̅ ̅̅
𝑤 during the reaction on hash alkaline medium as shown in Table 1. These results 

provided the necessary conditions for the sequential depolymerization procedure, starting from 

USAD Ch samples with similar chain lengths and then granting Ch with lower molar masses.  

 

Table 1 - Values of average degree of acetylation (𝐷𝐴̅̅ ̅̅ ), pattern of acetylation (PA), average molecular weight 

(�̅�) and average degree of polymerization (𝐷𝑃̅̅ ̅̅ ). 

Sample 𝑫𝑨̅̅ ̅̅  a (%) 𝑷𝑨b �̅�c × 106 (g mol-1) 𝑫𝑷̅̅̅̅̅ d  

αCh - - 0.42 ± 0.01 2140 

βCh - - 1.56 ± 0.03 7840 

Ch1x 30.6 ± 3.3 1.15 1.02 ± 0.23 5867 

Ch1x3h 33.8 ± 3.3 1.22 0.43 ± 0.07 2455 

Ch1x6h 34.5 ± 4.9 1.25 0.19 ± 0.06 1083 

Ch2x 12.0 ± 3.8 1.28 0.94 ± 0.14 5661 

Ch2x3h 14.3 ± 2.9 1.30 0.30 ± 0.05 1796 

Ch2x6h 12.9 ± 3.1 1.25 0.19 ± 0.04 1142 

Ch3x 7.1 ± 0.7 1.23 0.97 ± 0.20 5884 

Ch3x3h 6.9 ± 1.2 1.26 0.33 ± 0.05 2014 

Ch3x6h 6.9 ± 1.0 1.22 0.15 ± 0.03 915 

Ch60 59.4 ± 2.3 1.02 1.17 ± 0.19 6293 

Ch45 43.5 ± 0.7 1.14 1.13 ± 0.17 6303 

Ch35 33.9 ± 0.6 1.21 1.10 ± 0.17 6277 

Ch25 23.8 ± 1.3 1.26 1.00 ± 0.16 5848 

Ch15 15.2 ± 0.9 1.32 0.99 ± 0.14 5914 

Ch5 4.8 ± 1.7 1.25 0.96 ± 0.13 5889 

a Determined from 1H NMR spectra by considering the relative contribution of 𝐻1′ referred to hydrogens bonded 

to anomeric carbons of GlcNAc units; 

b Determined from 1H NMR spectra applying the Bernoullian statistics to 𝐻1′ (GlcNAc) and 𝐻1 (GlcN) signals;  

c Obtained from SEC calibration curve for chitosans (�̅�𝑤) and by using Mark-Houwink-Sakurada equation with 

[𝜂] values and the parameters 𝐾 ′and α parameters for chitins (�̅�𝑣);  

d Calculated by considering the �̅� and the relative amounts of GlcNAc and GlcN units on chitosans (𝐷𝑃̅̅ ̅̅
𝑤) and 

chitins (𝐷𝑃̅̅ ̅̅
𝑣). 

 

Similarly, a recent study has submitted Ch to a sonication process at low concentrated 

acid medium (SAVITRI et al., 2014). Despite the great depolymerization efficiency achieved, 

the authors observed that such proposing method tends to break both residues at different rates, 

consequently leaving products with different 𝐷𝐴̅̅ ̅̅  from parent Ch. Fortunately, as shown in Fig. 
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9, the 1H NMR spectrum of Ch samples reveals the depolymerizations proceeded efficiently 

without side reactions, and the overall chemical structure were essentially preserved at great 

extension after submitting these samples to each depolymerization step. This result confirms 

the successful cleavage of glycosidic bounds with no significative occurrence of undesirable 

deacetylation (Table 1), being also in agreement with the results from a stablished protocol in 

which Ch/NaNO2 ratios has been used (MAO et al., 2004). 

 

Figure 9 - 1H NMR spectrum of USAD Ch1x (a); Ch2x (b); Ch3x (c) with respect to the spectrum of depolymerized 

(3h and 6h) samples in D2O/HCl 1% (v/v), acquired at 85 ºC. 
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The pattern of molar masses distribution (Fig. 10) reveals the greater influence of first 

depolymerization with respect to the second one, which means that Ch1x, Ch2x and Ch3x with 

higher molar masses were more sensitive to depolymerization compared to Ch1x3h, Ch2x3h 

and Ch3x3h, similarly to results previously accomplished (MAO et al., 2004). The �̅�𝑤 and 𝐷𝑃̅̅ ̅̅
𝑤 

values (Table 1) also suggest that the chains cleavage slightly increases by decreasing the 𝐷𝐴̅̅ ̅̅ . 

 

Figure 10 - Size-exclusion chromatogram (SEC) profiles of USAD Ch1x (a); Ch2x (b); Ch3x (c) with respect to 

the profile of depolymerized (3h and 6h) samples. 

 

 

The Ch3x sample was submitted to N-acetylation process achieving 𝐷𝐴̅̅ ̅̅  values at very 

closer level with the expected ratios of anhydride/glucosamine (Table 1). No meaningful side 

reactions were detected and, considering the typical 1H NMR spectrum profiles presented by 

Ch5 to Ch60 (Fig. 11), the reactive conditions under acetic medium with 1,2-propanediol used 

as cosolvent avoided the O-acylation and favored the formation of N-acylated products 

(HIRANO; TSUCHIDA; NAGAO, 1989; VACHOUD; ZYDOWICZ; DOMARD, 1997). The 

slight variations on �̅�𝑤 values (~ 106 g mol-1) are mainly ascribed to the gradual increment of 

acetamido moieties, once the 𝐷𝑃̅̅ ̅̅
𝑤 has just varied shortly in the range from ~5900 to ~6300 

(Table 1). Thus, for practical concerns, it is reasonable to consider that it has no significant 

modifications, especially regarding the molecular weight of Ch backbone, from N-acetylated 

samples, and the reaction medium were sufficiently mild to preserve the products with a 

negligible influence on chains lengths. Such result is consistent with the literature (KNAUL et 

al., 1998; KUBOTA; EGUCHI, 2005), in which the molecular weights of N-acetylated Ch 

prepared under homogeneous conditions were no significantly affected.  
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Figure 11 - 1H NMR spectrum of N-acetylated Ch samples, named as Ch60 (a); Ch45 (b); Ch35 (c); Ch25 (d); 

Ch15 (e) and Ch5 (f) in D2O/HCl 1% (v/v), acquired at 85 ºC. 

 

 

Despite this desirable feature, our main intent concerned to the preparation of N-

acetylated Ch with a broader interval of 𝐷𝐴̅̅ ̅̅  compared to the USAD Ch firstly prepared, 

granting a random-like distribution of acetamido moieties (𝑃𝐴 ~ 1) (LAVERTU; DARRAS; 

BUSCHMANN, 2012; SORLIER et al., 2001). As confirmed by the Bernoullian statistics 

applied on 𝐻1′ and 𝐻1 hydrogens signals (Fig. 12), the homogenous system ensured that the 
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addition of acetate groups is mediated by the accessibility to sites that contain amino groups 

with lower steric hindrance between vicinal segments, preferentially choosing those with the 

greater gap from each acetamido as possible.  

 

Figure 12 - 1H NMR spectrum interval of N-acetylated Ch samples, named as Ch60 (a); Ch45 (b); Ch35 (c); Ch25 

(d); Ch15 (e) and Ch5 (f), assigned to 𝐻1′and 𝐻1 signals, used for determination of 𝐷𝐴̅̅ ̅̅  and 𝑃𝐴. 

 

 

Therefore, as listed in Table 1, the 𝑃𝐴 values reached about 1.0 to 1.3 for Ch, including 

the deacetylated and depolymerized samples (Fig. 13) prepared on heterogeneous medium. This 

occurrence is due to the slightly higher probability to have a frequency of GlcNAc-GlcNAc 

residues and then increased chances to form a block-wise distribution on heterogeneous 

conditions mainly at higher acetylation levels (𝐷𝐴̅̅ ̅̅  > 50 %) (HIRANO; TSUCHIDA; NAGAO, 

1989; VÅRUM et al., 1991). Nevertheless, Ch1x, Ch45 and Ch60 samples nearly accomplished 

the requirement for a random-like distribution. 
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Figure 13 - 1H NMR spectrum interval of USAD Ch1x (a); Ch2x (b); Ch3x (c) with respect to the spectrum of 

depolymerized (3h and 6h) samples, assigned to 𝐻1′and 𝐻1 signals, used for determination of 𝐷𝐴̅̅ ̅̅  and 𝑃𝐴. 

 

 

Thus, the independent �̅�𝑤 and 𝐷𝐴̅̅ ̅̅  values with acetamido groups randomly distributed 

(𝑃𝐴 ~ 1) have been successfully achieved to evaluate the morphological feature from XRD 

patterns (Fig. 14). As illustrated in Fig. 14a, the diffractograms of chitins reveals the highly 

ordered pattern of αCh, that preserves the orthorhombic P212121 symmetry with antiparallel 

chains displacement (MINKE; BLACKWELL, 1978), compared to the typical profile of 

hydrated βCh allomorph that reveals a monoclinic P21 symmetry with parallel displacement 

and lower intersheet interaction across bc projection (GARDNER; BLACKWELL, 1975). The 

two diffraction peaks with the highest intensities comprising between 2θ ~ 8º-11º and 19º-21º 

are mainly assigned to the hydrated crystalline planes (020)h and (110)h, respectively, whereas 

secondary peaks are predominantly evidenced on αCh. Such allomorph exhibits the peaks 

centered at 13.8° and 22.8° related to the anhydrous planes (110)a and (120)a reflections, 

respectively, while the peak at 26.5° which describes the (013)a reflection are evidenced on 
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both chitins diffractograms (Fig. 14a) and seems to be related to 𝐷𝐴̅̅ ̅̅ , once its relative intensity 

decreases from Ch60 to Ch5 (Fig. 14b).  

 

Figure 14 - XRD patterns of α- and βCh (a); Ch5-60 and βCh (b); USAD (Ch1x, Ch2x and Ch3x) and 

depolymerized (3h and 6h) Ch samples (c). 

 

 

All Ch samples and βCh (Fig. 14b,c) shows a broader peak at 19º-21°, hindering the 

(220)h reflection at 20.7º that only clearly appears on αCh (OSORIO-MADRAZO et al., 2010). 

The absence of (110)a reflection on Ch samples has been attributed to confirm the diffraction 

pattern of a hydrated (tendom) crystalline form. In such case, the hydrated Ch samples are 

stabilized by O3…O5 hydrogen bonds and water-bridges between chains, which allows a 

twofold helical conformation to be preferentially formed (OKUYAMA et al., 1997; 

SIKORSKI; HORI; WADA, 2009) 
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Although single crystals of Ch have been identified with orthorhombic P212121 unit cell, 

the same symmetry found on αCh allomorph (CARTIER; DOMARD; CHANZY, 1990; 

SIKORSKI; HORI; WADA, 2009), an extensive crystalline disruption is provided by the high 

penetration of water molecules to produce Ch samples, which reduces the average crystallite 

sizes and leads to a structure expansion across b axis, due to the fact there are no intersheet 

hydrogen bonds between C(61)O
…HOC(62) along this axis (CHO et al., 2000). Nevertheless, 

the hydrated Ch preserves the N2…O6 hydrogen bonds along b and then granting the intersheet 

parallel arrangement on bc projection (OKUYAMA et al., 1997).  

The crystallite dimensions 𝐿020 and 𝐿110 from Ch samples, obtained by deconvolving the 

respective peaks (APPENDIX A), converged the values closer to those exhibited by βCh (Table 

2), consequently losing the structural compactness and then achieving a diffraction pattern more 

similar to such allomorph (SAITO et al., 1997). All the procedures involved on the preparation 

of Ch samples enabled this crystalline disruption and, consequently, shifted the peaks at 8º-11º 

and 19º-21º to higher scattering angles. The first one continuously shifts and decreases its 

relative intensity suggesting that the crystal structure was slightly distorted by decreasing the 

𝐷𝐴̅̅ ̅̅  (CHO et al., 2000; ZHANG et al., 2005), while the variability on 19º-21º peak width are 

possible ascribed to non-uniform deformations of crystallites (Fig. 14b) (GARVEY; PARKER; 

SIMON, 2005). Indeed, by lowering the peak intensity at 8º-11º, the hydrated (020)h reflection 

should be closer to those exhibited by a completely amorphous pattern (OSORIO-MADRAZO 

et al., 2010), thus decreasing the regularity provided by interchain hydrogen bonds between 

C(73)=O…HNC(21) and C(73)=O…HOC(61) across a axis.  

As observed in Fig. 14c, there are no significative variations on the diffraction patterns 

as function of �̅�𝑤, especially regarding the molar mass changes among samples with lower 𝐷𝐴̅̅ ̅̅  

(Ch2x and Ch3x). This result agrees with previous studies in which was found that the 

crystallinity is influenced by lowering the molar mass from Ch sample with 𝐷𝐴̅̅ ̅̅  > 20 % 

(OGAWA; YUI, 1993; SAVITRI et al., 2014), similarly to the recorded for Ch1x (𝐷𝐴̅̅ ̅̅  ~ 30 %) 

that shows few changes in the diffraction pattern compared to those from Ch1x3h and Ch1x6h. 
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Table 2 - Crystallite lattice dimension from peaks at 2θ ≈ 8º-11° (𝐿020) and 19-21º (𝐿110), and crystallinity index 

(𝐶𝑟𝐼1 and 𝐶𝑟𝐼2) estimated by different methods applied on XRD patterns. 

Sample 𝑳𝟎𝟐𝟎
a (nm) 𝑳𝟏𝟏𝟎

a (nm) 𝑪𝒓𝑰𝟏
b (%) 𝑪𝒓𝑰𝟐

c (%) 

αCh 7.74 5.64 86.1 68.8 

βCh 4.70 3.39 78.8 64.6 

Ch1x 2.14 2.10 44.2 29.0 

Ch1x3h 2.52 4.30 58.3 29.1 

Ch1x6h 2.97 3.34 56.5 27.8 

Ch2x 2.14 3.23 53.2 30.4 

Ch2x3h 2.27 3.36 54.7 30.5 

Ch2x6h 2.00 3.28 54.1 28.9 

Ch3x 2.32 3.47 52.6 36.4 

Ch3x3h 2.71 2.91 54.3 33.2 

Ch3x6h 2.57 2.87 53.4 29.4 

Ch60 2.97 2.48 48.6 48.0 

Ch45 3.21 4.93 56.9 51.8 

Ch35 3.21 5.12 61.5 45.3 

Ch25 2.59 4.10 57.3 43.5 

Ch15 2.20 3.31 53.1 44.0 

Ch5 2.71 2.86 50.2 39.4 

a Calculated through the 𝐹𝐻𝑊𝑀 of crystalline peaks, obtained through deconvolution processing from XRD 

patterns, using Scherrer equation. 

b Calculated from XRD patterns by applying the peak height method. 

c Calculated from XRD patterns by applying the amorphous scattering subtraction method.  

 

The long-range ordering was estimated by means of crystallinity index applying two 

different methods (𝐶𝑟𝐼1 and 𝐶𝑟𝐼2) of quantification on XRD patterns. The corresponding 𝐶𝑟𝐼1 

and 𝐶𝑟𝐼2 values are listed on Table 2, showing that 𝐶𝑟𝐼1 > 𝐶𝑟𝐼2 to almost all samples. However, 

distinct results of crystallinity index have been achieved for a given a sample, being evident the 

considerable influence of the method employed. Nevertheless, both values for each case tends 

to increase with 𝐷𝐴̅̅ ̅̅  mainly on samples prepared in homogeneous conditions, except for Ch60, 

that revealed a slight decrease, and Ch35, that showed an unexpected increase on 𝐶𝑟𝐼1. The 

deacetylated (USAD) and depolymerized Ch showed closer 𝐶𝑟𝐼1 values, which means that the 

straight relationship with 𝐷𝐴̅̅ ̅̅  and crystallinity is not clearly observed on samples originally 

prepared in heterogeneous conditions. Additionally, a slight decrease on 𝐶𝑟𝐼2 values is only 

observed lowering the �̅�𝑤 of Ch2x and Ch3x samples. Such discrepancy confirms the unsolved 

issue regarding the exact contribution of amorphous phase on scattering profile, as already 
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pointed out (IOELOVICH, 2014; OSORIO-MADRAZO et al., 2010), despite the possibility to 

carry similar tendencies through both methods mainly on products homogenously prepared. In 

this sense, the accurate and reproductive determination of Ch crystallinity, even considering a 

wider structural variability, is largely affected by the processing steps of Ch preparation and 

XRD method, which is also not able to differentiate the molecular origin of the amorphous 

components.  

 

3.1.4.2. Conformation and short-range molecular ordering 

 

As it is well known the 𝑇𝐶 dependence of the 13C CPMAS spectral profile arises from 

cross-polarization (CP) transfer rate, which depends on the dipolar coupling between the 13C 

and the neighbor 1H nuclei (METZ; ZILIOX; SMITH, 1996; TANNER et al., 1990). Thus, the 

13C CPMAS spectra were initially acquired varying 𝑇𝐶 to seek for an optimal condition that 

minimizes the signal dependence on the polarization transfer (KASAAI, 2010). This procedure 

was applied on the Ch25 sample due to the intermediate content of acetamido groups compared 

to the other samples. A set of 13C CPMAS spectra were acquired with different  𝑇𝐶 and the 

spectral profile was compared to that of a quantitative 13C DPMAS spectrum as shown in Fig. 

15. Therefore, with 𝑇𝐶 = 3000 µs, the 13C CPMAS spectrum achieves a similar profile to the 

exhibited by the 13C DPMAS spectrum in the whole spectral range. All 𝐷𝐴̅̅ ̅̅
𝐶𝑃 at 3000 μs are 

listed on Table 3. 

 

Figure 15 - 13C CPMAS spectra (d1 = 2 s and and 12 kHz of spinning frequency) profiles of Ch25 at variable 𝑇𝐶 

values (1000 to 4000 µs) compared to 13C DPMAS profile at the whole spectral range (a) covering the interval of 

C4, C5-C3, C6 and C2 signals (b); C1 (c) and CH3 (d) signals.  

 



54 

 

Table 3 - Values of average degree of acetylation (𝐷𝐴̅̅ ̅̅
𝐶𝑃) and crystallinity index estimated from C4 and C6 signal 

resonance of 13C CPMAS (𝑇𝐶 = 3000 µs, d1 = 2 s and and 12 kHz of spinning frequency) spectra profiles (𝐶𝑟𝐼𝐶𝑃).  

Sample 𝑫𝑨̅̅ ̅̅
𝑪𝑷 a (%) 

𝑪𝒓𝑰𝑪𝑷
b (%) 

C4 C6 

αCh 87.9 ± 3.9 89.0 87.9 

βCh 90.5 ± 5.7 82.1 80.7 

Ch1x 37.7 ± 1.7 54.7 56.9 

Ch1x3h 38.6 ± 1.1 55.7 56.3 

Ch1x6h 37.3 ± 1.5 53.6 57.9 

Ch2x 18.6 ± 0.5 46.9 47.0 

Ch2x3h 17.7 ± 1.1 45.2 48.5 

Ch2x6h 19.6 ± 0.4 46.9 47.3 

Ch3x 10.3 ± 1.3 35.8 38.3 

Ch3x3h 8.8 ± 0.6 35.7 39.5 

Ch3x6h 9.8 ± 1.9 36.7 38.6 

Ch60 59.3 ± 3.5 66.7 63.8 

Ch45 46.7 ± 2.4 59.8 61.5 

Ch35 38.8 ± 1.33 56.0 57.6 

Ch25 29.1 ± 0.8 50.2 51.8 

Ch15 18.3 ± 1.5 46.3 48.5 

Ch5 9.6 ± 1.1 34.7 37.4 

a Determined from 13C CPMAS spectra by considering the relative contribution of methyl carbons with respect 

to glucopyranose ring carbons. 

b Estimated by the relative area of ordered to disordered contribution on C4 and C6 signals of 13C CPMAS 

spectra using deconvolution method with Lorentzian and Gaussian functions, respectively. 

 

Fig. 16a compares the 13C CPMAS signal intensity of CH3 and C=O groups as function 

of 𝑇𝐶. As expected, the CH3 signal shows faster CP build-up, due to three hydrogens direct 

bonded, and shorter decay time, due to the fast rotation around the C3 axis leading to a shorter 

relaxation time decay in rotating frame (𝑇1𝜌) (SAITÔ; TABETA; OGAWA, 1987). These 

results confirm that the best coincidence between the 13C CPMAS and the quantitative 13C 

DPMAS spectra is achieved at 𝑇𝐶 = 3000 µs, once the signal integral ratio 𝐼𝐶=𝑂 𝐼𝐶𝐻3
⁄ ~ 1 reveals 

equivalent amount of both groups in the structure, as expected. Thus, 13C CPMAS with 𝑇𝐶 = 

3000 µs will be used here instead of the very time consuming 13C DPMAS spectra. However, 

it is important to point out that the chain mobility in the sample can change the optimal 𝑇𝐶, so 

such approach would only be possible if all samples have similar molecular mobility.   
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Figure 16 - CP build-ups for CH3 ad C=O groups of Ch25 (a); DIPSHIFT curves acquired from Ch25 (b); 
13CPMAS spectra of α-, βCh and Ch5-60 (c); and relationship of N-acetylated Ch profiles at 𝑇𝐶 = 3000 µs, d1 = 2 

s and and 12 kHz of spinning frequency showing the conformational dependence of 𝐷𝐴̅̅ ̅̅  (d). 

 

 

The specific mobility along the molecular segments can be formally confirmed through 

the DIPSHIFT experiments. Such technique provides the access to the molecular mobility by 

monitoring the strength of the 1H-13C dipolar interaction, which can be reduced by molecular 

motions. This is probed by applying a pulse sequence that modulates each 13C signal in the 13C 

CPMAS spectrum by a factor that depend on the dipolar coupling to its next neighbor 1H nuclei 

during an evolution time 𝑡1. The plot of the intensity of each 13C signal as a function of 𝑡1 

provide the so called DIPSHIFT curves, which have a “smile like” shape starting from a 

maximum value at 𝑡1 = 𝑡𝑟 reaching a minimum at 𝑡1 = 𝑡𝑟/2 and restoring to a value that 

depend on the 𝑇2 relaxation time of that specific carbon spin. The dependence of the DIPSHIFT 

curves on 1H-13C dipolar interaction strength appears in the minimum intensity value reached 

at 𝑡1 = 𝑡𝑟/2 in such a way that higher is the dipolar interaction strength lower is the minimum 

intensity. Because molecular motions with rates higher than 10 kHz average out the dipolar 

interaction, this minimum value is increased for mobile segments. Slower motion, i.e., with 

rates in the low kHz frequency scales, reduces the 𝑇2  relaxation time and show up in the 

DIPSHIFT curves as an intensity reduction at  𝑡1 = 𝑡𝑟 (DEAZEVEDO et al., 2008; 

MUNOWITZ et al., 1981).  
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As showed in Fig. 16b, the minimum intensity at 𝑡1= 𝑡𝑟 2⁄  achieved to C=O carbons is 

~ 0.9, which is trivially associated to the lack of directly bonded 1H.  Still the minimum intensity 

achieved by the CH3 carbon is ~ 0.7, which is closer to methyl carbons of L-alanine, confirming 

that the decrease of dipolar interaction is mainly consequence of the fast motion around its C3 

symmetry axis. For carbons C1 to C5 the minimum intensity is ~ 0.25. This is a typical value 

obtained for CH carbons on glucose units of rigid carbohydrates (SIMMONS et al., 2016) 

pointing to a rigid backbone structure in the Ch sample. For rigid CH2 carbons the minimum 

intensity of the DIPSHIFT curves should reach ~ 0. This is not the case of the C6 signal, where 

the minimum intensity is ~ 0.2. This is associated to local motion of the CH2OH side chain, 

which also decrease the 𝑇2 values and leads to a smaller final intensity at 𝑡1= 𝑡𝑟 for the C6 

carbons as compared to carbons C1-C5. All Ch samples showed similar DIPSHIFT profiles, 

showing that all samples have similar chain mobility. This information is important because it 

supports the use of the 13C CPMAS, instead of the quantitative, but very time consuming, 13C 

DPMAS spectra for evaluating the 𝐷𝐴̅̅ ̅̅  and the NMR crystallinity of the samples.   

The 13C CPMAS spectra of acetylated Ch and chitin allomorphs are shown in Fig. 16c. 

Although βCh reveals overlapped C5 and C3 signals, those are usually split on αCh leading to 

different chemical shifts, which indicates the main influence of packing and geometrical effects 

on polymeric chains (FOCHER et al., 1992; HEUX et al., 2000). Additionally, the asymmetrical 

shape of C=O from αCh are probably consequence of an inefficient removal of the strong 

dipolar interaction between the direct bonded quadrupolar 14N nucleus (TANNER et al., 1990). 

Indeed, such behaviors suggest higher density and homogeneity, due to the antiparallel 

arrangement of αCh chains, compared to the broad signals of βCh and Ch samples that suggest 

lower homogeneity (Fig. 16c). 

The profile of acetylated Ch samples follows the tendency assigned to C=O and CH3 

signals, in accordance with 𝐷𝐴̅̅ ̅̅  variation (Fig. 16c). A closer overview of this current region of 

the spectra, detached on Fig. 16d, shows that all resonances presented significative changes and 

specially C1, C4 and C6 signals clearly increases with 𝐷𝐴̅̅ ̅̅ . The C4 signal in the 13C CPMAS 

spectra has been widely used to estimate the fraction between the internal (more ordered chain) 

and surface (more disordered) fibrils structures, which is usually referred as crystalline index 

(PARK et al., 2010). Similarly, it is reasonable to consider that those signals proportionally 

increase with Ch crystallinity. The spectral line shape is sensitive to the molecular conformation 

and content of ordered segments, being applicable a qualitative understanding based on γ-effect 

concept (BORN; SPIESS, 1997; TONELLI; SCHILLING, 1981). For this approach, it has to 

be firstly considered a molecular model building made by helical symmetry with a period of 
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10.34 Å across a fiber axis. Such model was properly used for explain the torsion angles of 

glycosidic linkages of Ch on 13C NMR data as complementary means to XRD by SAITÔ et al. 

(1987), and was formally detailed by OKUYAMA et al. (1997). This model includes two 

dihedral angles (φ, ψ) in the main-chain conformation represented by glycosidic C(1)-O1-C(41) 

linkage, and a third dihedral angle (χ) at C(5)-C(6) that define the orientation o O6. Although 

φ and ψ are average stable with low degree of freedom, which is ensured by hydrogen bonds 

between O3…O5, χ can fell into three orientations at -60º, +60º and 180º, satisfying the gauche-

gauche, gauche-trans and trans-gauche conformations, respectively, with respect to C(4) 

(OKUYAMA et al., 1997). As already mentioned, it is well-accepted that O6 are not comprising 

on C(61)O
…HOC(62) but still participates on C(73)=O…HOC(61) hydrogen bonds on β-forms, 

meaning that 𝐷𝐴̅̅ ̅̅  actually affects the population of possible conformations of C(6)OH group. 

Therefore, we suppose that a wider distribution of these conformations is proportionally 

achieved by decreasing the 𝐷𝐴̅̅ ̅̅  and so the population of this segments packed in a regular way. 

Consequently, the electronic structure around C(6) and C(4), located at two σ-bonds of distance, 

experiences different dipolar interactions, reflecting on those CP signals. 

Differently from XRD data, the conformational refinement by CPMAS allows to observe 

slight variability on depolymerized Ch (Fig. 17). However, those are mainly assigned on C1 

and C6 signals, showing no significant changes on C4. Considering that the depolymerization 

extensively undergoes on glycosidic linkages, this result confirms that C1 and C6 signals are 

quite sensitive to main-chain conformation specially on first depolymerization step, while C4 

signal revels great dependence with the 𝐷𝐴̅̅ ̅̅  but none significative changes with molar masses. 

An exception regards to Ch1x that shows few changes on these related signals, probably 

ascribed to some packing influence that remains after heterogenous deacetylation of βCh. 

According to studies (FOCHER et al., 1990; HEUX et al., 2000; SAITÔ; TABETA; OGAWA, 

1987), the chains length dependence of C4 were only found at higher (annealing) temperatures, 

however such behavior was not formally ruled by the authors. 
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Figure 17 - 13C CPMAS spectra (𝑇𝐶 = 3000 µs, d1 = 2 s and and 12 kHz of spinning frequency) of USAD Ch1x 

(a); Ch2x (b) and Ch3x (c), with respect to depolymerized (3h and 6h) Ch samples. 

 

 

A proof of concept concerning the ordered and disordered contribution on C4 and C6 

signals was carried by means of 𝑇𝐶 ranged from 50 to 4500 μs on ChC sample, which actually 

present splited assignments for both signals (Fig. 18a). The spectral interval ranged in 95-50 

ppm shows that each assigned C4 peak responds to dipolar interaction at differently CP rates. 

According to the C4 signal evolution profile, the downfield shifted C4 peak quickly recoveries 

the magnetization even at shorter 𝑇𝐶 (50 μs) compared to the upfield shifted peak, that requires 

longer 𝑇𝐶 values to be totally polarized. Such behavior is typically ascribed to changes on 

molecular packing, once the spin diffusion is longer on amorphous phases, which have naturally 

lesser packed arrangement than the crystalline one (ANDO; ASAKURA, 1998). Each C4 peak 

can be properly described by such physical behavior, leading to distinguished chemical shifts 

for crystalline and amorphous domains, as expected by the γ-effect. In fact, and considering an 

wide distribution of χ dihedral angles, the trans isomerism provides higher regularity and it is 

commonly downfield shifted, while gauche is associated to lesser regularity and it is upfield 

shifted (BORN; SPIESS, 1997), as confirmed by C4 signal of ChC. However, this behavior 

was not clearly evidenced on C6 split peaks, despite the influence χ dihedral angles on C(6)OH 

conformation.  
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Figure 18 - 13C CPMAS spectra of ChC sample showing the conformational dependence of carbon signals at 

variable 𝑇𝐶 values (50 to 4500 µs) (a); 2D HETCOR spectrum of ChC (b); Ch15 (c) and Ch45 (d), proving that 

even without C4 signal splitting, distinguished correlations can be taken regarding the same kind of protons. 

 

 

Taking into account the whole set of results, it is reasonable to verify the correlations 

between nearby 1H nucleus from overlapped C4 signal of Ch samples. Thus, the 2D HETCOR 

spectra was carried to provide the heteronuclear correlation at distances higher than 1H-13C 

direct bonding (KONO, 2004). The C4 signal of ChC (Fig. 18b) revealed distinguished 13C 

chemical shifts (F2), each one referred to the same broad signal of aliphatic 1H nucleus (F1). 

Although all Ch samples have shown overlapped C4 signals, these have also achieved different 

13C correlations with similar protons, as clearly observed on Ch15 (Fig. 18c) and Ch45 (Fig. 

18d), which can be related to different populations of possible conformations. Heteronuclear 

correlations with protons from different chemical groups are also observed on chitin allomorphs 

and N-acetylated Ch (Fig. 19), as a consequence of longer mixing time. 
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Figure 19 - 2D HETCOR spectrum of αCh (a); βCh (b); Ch45 (c); Ch25 (d); Ch15 (e) and Ch5 (f). 

 

 

Given the dependency of C4 and C6 signals on conformational order, the peak 

deconvolution method was used to estimate the fraction between ordered (crystalline) and 

disordered (amorphous) content in the sample. The C4 and C6 signals were decomposed into 

Lorentzian and Gaussian functions for crystalline and amorphous contributions, respectively, 

according to non-linear quantification of individual states of order proposed by LARSSON; 

WICKHOLM; IVERSEN, (1997) for cellulose. The resulted peak deconvolution from the 

spectral region of interest of N-acetylated Ch and chitin allomorphs are shown in Fig. 20. For 

more reliable quantification, it was set an equal number of curves at the same chemical shift 

and 𝐹𝑊𝐻𝑀 to all samples, including for depolymerized Ch (Fig. 21). The estimative of 
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crystallinity index of C4 and C6 signals (𝐶𝑟𝐼𝐶𝑃) is listed on Table 3 and, as observed, the content 

of ordered structures increases with 𝐷𝐴̅̅ ̅̅ , being nearly constant by changing the molar masses.  

 

Figure 20 - Peak deconvolution method applied on 13C CPMAS spectra (𝑇𝐶 = 3000 μs, d1 = 2 s and and 12 kHz 

of spinning frequency) of αCh (a), βCh (b) and N-acetylated Ch5-60 (c) samples, to estimate the short-range 

molecular ordering from C4 and C6 signals, allowing the quantification of 𝐶𝑟𝐼𝐶𝑃. 

 



62 

 

Figure 21 - Peak deconvolution method applied on 13C CPMAS spectra ((𝑇𝐶 = 3000 μs, d1 = 2 s and and 12 kHz 

of spinning frequency) of Ch1x (a); Ch1x3h (b); Ch1x6h (c); Ch2x (d); Ch2x3h (e); Ch2x6h (f); Ch3x (g); Ch3x3h 

(h) and Ch3x6h (i) samples, to estimate the short-range molecular ordering from C4 and C6 signals, allowing the 

quantification of 𝐶𝑟𝐼𝐶𝑃. 

 

 

A comparative analysis regarding the average crystallinity index obtained from C4 and 

C6 (𝐶𝑟𝐼̅̅ ̅̅̅
𝐶𝑃) and the corresponding values calculated from XRD patterns with 𝐷𝐴̅̅ ̅̅

𝐶𝑃 are shown 

in Fig. 22. The intrinsic dependence from structural and morphological features are 

considerably more evident through the proposing method employed on 13C CPMAS spectra, 

compared to the current methods from XRD. SSNMR should provide consistent results also 

avoiding problems with baseline determination, as commonly found on XRD methods. For 

instance, however, it is important to highlight that the physical origin remains different from 

each technique and the following results of short-range behavior (as probed in SSNMR) may 

not replace the long-range behavior (as probed in XRD) that attains the bulk for every case. 
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Figure 22 - Crystallinity index calculated according to peak height (𝐶𝑟𝐼1) and amorphous subtraction (𝐶𝑟𝐼2) 

method from XRD patterns; average contribution of ordered domains from C4 and C6 signals on 13C CPMAS 

spectra (𝐶𝑟𝐼̅̅ ̅̅̅
𝐶𝑃), with respect to the 𝐷𝐴̅̅ ̅̅

𝐶𝑃 of αCh, βCh, N-acetylated Ch5-60 (a); USAD and depolymerized Ch 

(3h and 6h) Ch (b) samples. 

 

The multivariate SVD analysis (FORATO; BERNARDES-FILHO; COLNAGO, 1998) 

was also applied to the 13C CPMAS spectra of N-acetylated Ch using its predicted values of  

𝐶𝑟𝐼̅̅ ̅̅̅
𝐶𝑃 and 𝐷𝐴̅̅ ̅̅

𝐶𝑃, in the same spectral range used for peak deconvolution (Fig. 20). The 

concentration of the components 𝐶𝑟𝐼* and 𝐷𝐴* and its correlations with the predicted values 

were calculated from distinct intervals, as indicated in Table 4. Since the SVD method aims to 
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estimate the concentration of the components based on spectra profile changes, it was not 

possible to obtain a satisfactory correlation including the chitin allomorphs spectra in the set of 

samples due to the additional influence of intersheet packing. It can be noticed that all assigned 

regions are governed by both components, indicating that the concentration matrix is able to 

estimate 𝐶𝑟𝐼* and 𝐷𝐴̅̅ ̅̅ * independently from CH3 and C=O signals, with an exception of 𝐷𝐴̅̅ ̅̅ * 

from 90-67 ppm region. In this sense, higher 𝐶𝑟𝐼* correlation compared to 𝐷𝐴̅̅ ̅̅ * in 90-67 ppm 

interval highlights the major influence of short-range ordering, which essentially confirms the 

fundamental relevance of using C4 signal for structural analysis.  

 

Table 4 - Concentration of the components 𝐷𝐴* and 𝐶𝑟𝐼* and its correlation obtained by applying the SVD method 

on the regions 120-67, 120-40, 90-67 and 90-40 ppm from 13C CPMAS spectra of N-acetylated Ch5-60 samples. 

 

The correlation of the components generated by the calibration matrix (Fig. 23a) 

indicate that both ones, i. e. 𝐶𝑟𝐼* and 𝐷𝐴̅̅ ̅̅ *, coexist proportionally, as expected. Higher number 

of intersection points of these curves at 85-75 ppm further indicates that the local geometry 

between C4 and C6 is mediated by 𝐷𝐴*. In addition, the theoretical spectrum profile generated 

for pure components (Fig. 23b) suggests that the C4 signal tends to fit the exhibited by βCh 

profile, evidencing the contribution regarding the chemical shift separation at distinguish C4 

signal portions between the ordered and disordered structures. However, the clear distinction 

observed between βCh and a fully crystalline profile indicates that the crystallinity of such 

allomorph is also dependent on how the chains are packaged, as already mentioned. This finding 

extends to αCh that even showing closer 𝐷𝐴̅̅ ̅̅
𝐶𝑃 to βCh (Table 3), the chains arrangement affects 

the 𝐶𝑟𝐼̅̅ ̅̅̅
𝐶𝑃 and, consequently, the spectral profile. 

 

 

 

 

Sample 
 𝑪𝒓𝑰*(%) / ppm  𝑫𝑨*(%) / ppm 

 120-67 120-40 90-67 90-40  120-67 120-40 90-67 90-40 

Ch60  56.7 57.3 54.3 56.2  50.3 54.4 29.0 51.6 

Ch45  59.7 59.9 58.1 59.9  42.9 42.5 38.2 42.4 

Ch35  53.1 53.9 51.6 54.1  33.4 35.3 27.2 35.6 

Ch25  49.8 48.3 54.8 46.7  25.2 24.0 37.1 23.8 

Ch15  43.6 44.0 44.3 43.8  15.7 16.6 17.6 16.7 

Ch5  38.9 39.6 38.8 39.7  7.9 8.1 10.1 7.9 

Correlation 
 

0.934 0.938 0.882 0.921 
 

0.993 0.998 0.766 0.994 
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Figure 23 - Profile of the components 𝐷𝐴* and 𝐶𝑟𝐼* generated from calibration matrix, 𝑋 (a); 13CPMAS spectra 

profile relationship of βCh, Ch60 and Ch5 with the theoretical profiles of crystalline and amorphous Ch. These 

spectra were normalized by C1 signal area. 

 

 

3.1.5. Conclusions 

 

In this CHAPTER I, chitosans (Ch) with variable degrees of N-acetylation and molar 

masses were successfully prepared on homogeneous conditions, all exhibiting random pattern 

of acetylation (𝑃𝐴 ~ 1). While acetylated Ch (𝐷𝐴̅̅ ̅̅  ranging as 5-60%) showed just slight 

variations of �̅�𝑤, the 𝐷𝐴̅̅ ̅̅  values were mostly preserved after depolymerization of Ch (�̅�𝑤 

ranging as 0.15-1.2×106 g mol-1).  
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The XRD pattern of Ch samples exhibited crystallite dimensions 𝐿020 and 𝐿110, related 

to 2θ ~ 8º-11º and 19º-21º, respectively, closer to those presented by βCh. For all β-forms, the 

absence of anhydrous (110)a plane on XRD pattern is straightly related to O3…O5 hydrogen 

bonds that participates on the stabilization of twofold helical conformation by decreasing the 

𝐷𝐴̅̅ ̅̅ . Consequently, the amount of hydrogen bonds between C(73)=O…HNC(21) and 

C(73)=O…HOC(61) decreases, leading to typical diffraction pattern with lower crystallinity. 

Although the crystallinity indexes 𝐶𝑟𝐼1 and 𝐶𝑟𝐼2 proportionally increases with 𝐷𝐴̅̅ ̅̅ , no 

significant changes were recorded varying the molar masses.  

The 13C CPMAS spectra fitted closely the profile exhibited by DPMAS at 𝑇𝐶 = 3000 μs. 

In fact, it was found that the C4 signal splitting strongly evidenced the CP rate variability of 

ordered and disordered conformations, which was confirmed by HETCOR experiments. The 

non-linear deconvolution of C4 and C6 signals showed a growing contribution of the crystalline 

content downfield shifted (Lozentzian curves), and some loss of magnetization upfield shifted 

(Gaussian curves) assigned to the amorphous content by increasing the 𝐷𝐴̅̅ ̅̅ . Once the 

C(73)=O…HOC(61) hydrogen bonds increases with 𝐷𝐴̅̅ ̅̅ , lesser mobility of C(6)OH is allowed, 

probably leading the C(6)OH population to an growing contribution of trans conformation with 

respect do C(4).  

The 𝐶𝑟𝐼𝐶𝑃 values proportionally increases with 𝐷𝐴̅̅ ̅̅  but no significant changes were 

found as function of molar mass. High correlation with crystallinity was found using the peaks 

from 90-67 ppm and applying SVD analysis. Finally, according to the SVD multivariate 

analysis the spectra of pure crystalline and amorphous clearly illustrated that C4 signal is 

strongly related to crystallinity. Therefore, this work provided a novel approach of crystallinity 

index quantification of chitosans, extending the knowledge regarding to the origin of short-

range molecular ordering, without requiring to external amorphous standards or exhibiting 

meaningful impact from molecular weight on C4 signal shape.  
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CHAPTER II 

Fast-forward approach of TD-NMR relaxometry for solid-state chemistry of 

chitosan 
 

Original source: Carbohydrate Polymers, Elsevier (FACCHINATTO, W. M. et al., 2020b) 

 

 

3.2.1. 1H TD-NMR signal decay as a tool to recognize and evaluate properties 

 

Although high-resolution NMR spectroscopy has a high potential as an analytical tool 

and has been used in almost all scientific fields, in the last decades several time-domain NMR 

(TD-NMR) methods, which are carried out in a considerable low-cost benchtop spectrometer, 

have been shown very useful for applications that do not require chemical shift resolution 

(COLNAGO et al., 2014). 1H TD-NMR applications include the analysis of agricultural and 

food products (AZEREDO et al., 2003; SANTOS et al., 2014a; WANG et al., 2016), 

pharmaceuticals (BRIGGS et al., 2019; ELIPE et al., 2016), petrochemicals (BARBOSA et al., 

2013), monitoring in situ reactions (CABEÇA et al., 2011; GOMES et al., 2015), studies on 

stabilization and flocculation of polymers, surfactants and colloidal systems (COOPER et al., 

2013), studies on microstructure, morphology and molecular dynamics in polymers (FARIA et 

al., 2020; SAALWÄCHTER, 2003; ZHANG; MIYOSHI; SUN, 2019), polymer gels 

(SAALWÄCHTER, 2007) and nanocomposites (SCHÄLER et al., 2015). TD-NMR has been 

also used to study chitosan coagulation (KOCK; COLNAGO, 2016) and as well as the 

interaction involving chitosan and paramagnetic ions (KOCK; MONARETTO; COLNAGO, 

2017). Chitosans possessing different average degree of acetylation (𝐷𝐴̅̅ ̅̅ ) and molar masses 

have been also studied in acid medium according to its transverse relaxation time (𝑇2) response 

to temperature, concentration and ionic strength (NOVOA-CARBALLAL; FERNANDEZ-

MEGIA; RIGUERA, 2010). According to these authors, the flexibility of chitosan chains 

should increase with increasing 𝐷𝐴̅̅ ̅̅ , as consequence of a reduced electrostatic behavior due to 

the decreasing content of protonated amino groups, which is in agreement with its dynamic 

viscosity behavior (RINAUDO; MILAS; LE DUNG, 1993). 

TD-NMR applications can be based on the analyses of the relaxation times of liquids, 

entrapped liquids in heterogeneous materials or even in solid materials possessing chemical 

segments with higher mobility and, consequently, long transverse relaxation time 𝑇2 

(COLNAGO et al., 2014; TODT et al., 2006). However, there are also many applications that 

are based on the 1H signal of rigid solid materials in which the strong dipolar homonuclear 
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interactions play the major role (DEMCO; FECHETE; BLÜMICH, 2003; FECHETE; 

DEMCO; BLÜMICH, 2003; MAUS; HERTLEIN; SAALWÄCHTER, 2006; 

SAALWÄCHTER, 2003). In most of these applications, it is necessary to use the so-called 

solid-echo experiments to recover the 1H signals, overcoming the probe dead time problem (𝑑𝑡) 

(HAEBERLEN, 1976; RHIM; PINES; WAUGH, 1971). Nowadays, the commonly use solid-

echo, known as Magic Sandwich Echoes (MSE) (MATSUI, 1992; PINES; RHIM; WAUGH, 

1972; TAKEGOSHI; MCDOWELL, 1985), has been used to evaluate the crystallinity and 

dynamic process of synthetic polymers, rubbers (HANSEN; KRISTIANSEN; PEDERSEN, 

1998; KRISTIANSEN; HANSEN; PEDERSEN, 1999; MAUS; HERTLEIN; 

SAALWÄCHTER, 2006; SAALWÄCHTER, 2007) and biopolymers (DIUK ANDRADE et 

al., 2018). It has been also used to study the rigidity/mobility of the polymers backbone and the 

side-chains that affect the crystalline/amorphous domains (MAUS; HERTLEIN; 

SAALWÄCHTER, 2006). This pulse sequence consists of a series of complex 90º pulses 

displaced at different phases separated by specific time intervals, which averages the 

homonuclear dipolar Hamiltonian to zero at the echo time generated by these pulses (Fig. 24a). 

 

Figure 24 - Schematic illustration of MSE pulse sequence with phase cycling obtained by 𝜙 = 90° 𝑥𝑦𝑥𝑦 (a); 

schematic illustration of RK-ROSE pulse sequence (b). Because MSE and RK-ROSE signals are sensitive to the 

magnetic dipolar interactions between the 1H nuclei in the sample, the signal arising from rigid segments decay 

differently from those that present some molecular mobility. 

 

Source: Own authorship 

 

Thus, here we built up a version of the Rhim and Kessemeier (RK) experiment (RHIM; 

PINES; WAUGH, 1971), named as Radiofrequency Optimized Solid-Echo (RK-ROSE) 
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(GARCIA et al., 2019). However, it is worth to note that, in principle, any SE pulse sequence 

can be used for such a goal (HAEBERLEN, 1976; PINES; RHIM; WAUGH, 1972). One main 

aspect granted by RK-ROSE is the ability to refocus up to 99% of the magnetization at finite 

pulse power and dead time, being able to recover 1H signals from rigid segments at short echo 

times, without relying on an external calibration using multiple standard samples, as done to 

analyze the solid component of fats (SFC) (GARCIA et al., 2019). In fact, even for SFC that 

usually requires probe dead time shorter than 10 µs, dead times around 1-2 µs are needed for 

more rigid materials, such as solid polymers. Thus, RK-ROSE is able to overcome this probe 

limitation, potentially providing a more accurate determination of rigid components. According 

to the authors, it was possible to maximize the efficiency by adjusting the flip angle of the first 

90º pulse with respect to the free acquisition time (τ) during the dead time of the equipment 

(tp1 = 2dt) (Fig. 24b), consequently varying the echo generated after the second 90º pulse. The 

RK-ROSE is a much simpler sequence and shows similar efficiency to refocus the signal of 

solid components if compared to MSE pulse sequence. 

Knowing that none study had properly investigated the mutual dependence of 𝐷𝐴̅̅ ̅̅  and 

𝐶𝑟𝐼 by using TD-NMR relaxometry, this CHAPTER II proposes the use of solid-echo (SE) 

pulse sequence RK-ROSE to evaluate both parameters in solid Ch, based on the well-known 

behavior ascribed to the intrinsic mobility of hydrogens from methyl carbons on solid-state 

(CLEEMPUT et al., 1995; METZ; ZILIOX; SMITH, 1996). To achieve that, we realized firstly 

that the mutual influence of 𝐷𝐴̅̅ ̅̅  and 𝐶𝑟𝐼 would affect the 1H NMR signal due to the 

morphological dependence on the rigid/mobile components from variable structures. In a 

broader sense, the simultaneous measurement of degree of phase separation in, e.g., block 

copolymers by TD-NMR can be advantageous and appliable elsewhere, once the mobility of a 

given chemical group can be affected by the crystallization and mobility in different phases 

(MAUS; HERTLEIN; SAALWÄCHTER, 2006), being useful for possibly elucidate the 

structure and morphology relationship.  

 

3.2.2. Materials and Methods 

 

3.2.2.1. Structural and morphological calculated parameters 

 

All the reference parameters used in PLS regression model have been previously 

calculated and described on CHAPTER I (FACCHINATTO et al., 2020a). In this sense, Table 
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5 brings only the input values of average degree of acetylation (𝐷𝐴̅̅ ̅̅  and 𝐷𝐴̅̅ ̅̅
𝐶𝑃), and crystallinity 

index (𝐶𝑟𝐼1, 𝐶𝑟𝐼2 and 𝐶𝑟𝐼𝐶𝑃) used to predict and achieve such a goal. 

 

Table 5 - Average molecular weight (�̅�), average degree of polymerization (𝐷𝑃̅̅ ̅̅ ). The average degree of 

acetylation (𝐷𝐴̅̅ ̅̅  and 𝐷𝐴̅̅ ̅̅
𝐶𝑃), and crystallinity index (𝐶𝑟𝐼1, 𝐶𝑟𝐼2 and 𝐶𝑟𝐼𝐶𝑃) were used as structural and 

morphological calculated (reference) parameters for PLS analysis. 

Sample 
�̅� × 106  

(g mol-1) 
𝑫𝑷̅̅̅̅̅   𝑫𝑨̅̅ ̅̅   (%) 𝑫𝑨̅̅ ̅̅

𝑪𝑷  (%) 𝑪𝒓𝑰𝟏
 (%) 𝑪𝒓𝑰𝟐

 ( %) 𝑪𝒓𝑰𝑪𝑷
 (%) 

αCh   - 87.9 ± 3.9 86.1 68.8 89.0 

βCh 0.42 ± 0.01 2140 - 90.5 ± 5.7 78.8 64.6 82.1 

Ch1x 1.56 ± 0.03 7840 30.6 ± 3.3 37.7 ± 1.7 44.2 29.0 54.7 

Ch1x3h 1.02 ± 0.23 5867 33.8 ± 3.3 38.6 ± 1.1 58.3 29.1 55.7 

Ch1x6h 0.43 ± 0.07 2455 34.5 ± 4.9 37.3 ± 1.5 56.5 27.8 53.6 

Ch2x 0.19 ± 0.06 1083 12.0 ± 3.8 18.6 ± 0.5 53.2 30.4 46.9 

Ch2x3h 0.94 ± 0.14 5661 14.3 ± 2.9 17.7 ± 1.1 54.7 30.5 45.2 

Ch2x6h 0.30 ± 0.05 1796 12.9 ± 3.1 19.6 ± 0.4 54.1 28.9 46.9 

Ch3x 0.19 ± 0.04 1142 7.1 ± 0.7 10.3 ± 1.3 52.6 36.4 35.8 

Ch3x3h 0.97 ± 0.20 5884 6.9 ± 1.2 8.8 ± 0.6 54.3 33.2 35.7 

Ch3x6h 0.33 ± 0.05 2014 6.9 ± 1.0 9.8 ± 1.9 53.4 29.4 36.7 

Ch60 0.15 ± 0.03 915 59.4 ± 2.3 17.7 ± 1.1 54.7 30.5 66.7 

Ch45 1.17 ± 0.19 6293 43.5 ± 0.7 59.3 ± 3.5 48.6 48.0 59.8 

Ch35 1.13 ± 0.17 6303 33.9 ± 0.6 46.7 ± 2.4 56.9 51.8 56.0 

Ch25 1.10 ± 0.17 6277 23.8 ± 1.3 38.8 ± 1.33 61.5 45.3 50.2 

Ch15 1.00 ± 0.16 5848 15.2 ± 0.9 29.1 ± 0.8 57.3 43.5 46.3 

Ch5 0.99 ± 0.14 5914 4.8 ± 1.7 18.3 ± 1.5 53.1 44.0 34.7 

 

3.2.3. Characterizations 

 

3.2.3.1. Thermogravimetric analysis (TGA) 

 

The thermogravimetric profile was recorded using a Shimadzu RGA 50 equipment. Thus, 

about 8.0 mg of a given polymer was heated under nitrogen atmosphere at 50 mL min-1 in the 

range 25-700 °C at 10 ºC min-1 (FACCHINATTO et al., 2019). All polymers were dried at 30 

ºC for 24 h, in order to avoid unintentional morphological changes (OGAWA; YUI; MIYA, 

1992), and stored at room temperature with low and controlled humidity before conducting the 

analysis. 
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3.2.3.2. TD-NMR relaxometry: RK-ROSE technique 

 

The 1H TD-NMR measurements were performed on a bench-top Minispec ND mq20 TD-

NMR analyzer, Bruker® Germany, with a permanent magnet at 1H frequency of 19.9 MHz (0.47 

T) and a 10-mm temperature-controlled probe-head at 25 ºC. The signals were acquired using 

the Rhim and Kessemeier – Radiofrequency Optimized Solid-Echo (RK-ROSE) pulse sequence 

(GARCIA et al., 2019). All measurements were performed with dead time of 10 μs, π/2 pulse 

length of 2.4 µs, flip angle 𝑡𝑝𝑥 = 22.2 μs and 𝑡𝑝𝑦 = 2.98 μs, recycle delay of 5 s and acquisition 

time of 10 ms. The relative mobility of polymer chains was determined by decomposing the 

signal decay into rigid (𝑇2𝑟) and mobile (𝑇2𝑚) components as indicated by Eq. (8) (ALLER; 

PAGE, 1962; DERBYSHIRE et al., 2004; MAUS; HERTLEIN; SAALWÄCHTER, 2006). 

 

𝐹𝐼𝐷 (𝑡)

𝐹𝐼𝐷 (0)
= 𝑓𝑟𝑒

−(
𝑡

𝑇2𝑟
)

2
sin(𝑏𝑡)

𝑏𝑡
+ 𝑓𝑚𝑒

−(
𝑡

𝑇2𝑚
)

𝜐𝑚

 (8) 

 

where 𝑡 is the experiment time; 𝑓𝑟 and 𝑓𝑚 are the rigid and mobile fractions parameters, 

respectively, being 𝑓𝑟 = 1 − 𝑓𝑚; and 𝜐𝑚 is the shape parameter associated with the type of 

signal decay of the mobile components, which is associated to the degree of mobility of this 

component. The component sin(𝑏𝑡) 𝑏𝑡⁄  was added to better adjust the exponential decay 

fitting, once Ch samples still have certain degree of order associated to the semi-crystalline 

character. The measurement was performed five times for each sample. Each experiment 

accumulated 512 scans and acquired 1000 echoes. The Fig. 25 shows the 1H NMR signal decay 

fitting with Eq. (8) that was carried out from 0 to ~ 0.2 ms for each sample. 

 

Figure 25 - A representative RK-ROSE signal decay fitting carried out from 0 to ~0.2 ms for each sample.  
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3.2.3.3. Multivariate analysis 

 

The Partial Least Square (PLS) multivariate regression model (KOWALSKI; 

SEASHOLTZ, 1991) were built using the whole RK-ROSE data, as similarly attained for signal 

decays acquired from other TD-NMR pulse sequences (BIZZANI et al., 2020; PEREIRA et al., 

2013; SANTOS et al., 2014a). Prior to the analysis, the signal decays were normalized and the 

regressions were constructed by separating the matrices into dependent variables (Y matrix) 

related to the reference parameters 𝐷𝐴̅̅ ̅̅ , 𝐷𝐴̅̅ ̅̅
𝐶𝑃, 𝐶𝑟𝐼1, 𝐶𝑟𝐼2 and 𝐶𝑟𝐼𝐶𝑃, and independent 

(predictors) variables (X matrix) related to the RK-ROSE data. For constructing the calibration 

data, the 1H NMR signal decay profiles from each Ch, including the samples issued from the 

USAD process and those 3 series of depolymerized samples and the N-acetylated samples 

produce from the homogeneous N-acetylation of Ch3x, and βCh, were recorded. Additionally, 

the 1H NMR signal decay profiles from N-acetylated Ch samples and βCh were recorded five 

times each one, totalizing 35 results to perform the validation step. The same procedure was 

applied to predict the residual of hydration, through the content of water molecules (residual 

hydration) calculated from TGA curves. The matrices were exploited and calculated by setting 

the algorithm singular value decomposition (SVD) (FORATO; BERNARDES-FILHO; 

COLNAGO, 1998). The PLS technique was carried out in MatLab® software (version R2017a 

The Mathworks Inc., Natick, MA, USA), using the PLS toolbox script.  

 

3.2.4. Results and Discussion 

 

3.2.4.1. Thermal behavior of side and main-chains on solid-state 

 

The thermal stability of βCh, depolymerized and N-acetylated chitosan samples was 

studied by analyzing specific thermal events, which are recorded in the TG curves (Fig. 26). 

Although the TG curves display general similarity, two separate thermal events (Table 6) 

highlight the main differences among the chitosan samples, which may be attributed to their 

differences, structural as well as morphological.  
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Figure 26 - Thermogravimetric (a; c; e; and g) and DTG (b; d; f and h) curves recorded under N2 atmosphere. 

 

 

The first thermal event (25-150 ºC) is attributed to the elimination of loosely-bound and 

weakly adsorbed water, corresponding to approximately 9% of the sample weight for most of 

the chitosan samples regardless of the �̅�𝑤. However, N-acetylated chitosan, namely samples 
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Ch60, Ch45, Ch35 and Ch25, presented lower water content as compared to any other chitosan 

sample, which may be attributed to increased hydrophobicity and compactness of these 

samples. While lesser mass loss variations on Stage I has been recorded within depolymerized 

Ch, as observed for USAD and N-acetylated samples, due to the 𝐷𝐴̅̅ ̅̅
𝐶𝑃 (or 𝐷𝐴̅̅ ̅̅ ) values 

(FACCHINATTO et al., 2019), such parameter presented meaningful influence regarding the 

water interaction on a broader interval of 𝐷𝐴̅̅ ̅̅
𝐶𝑃, achieving increased weight loss variability for 

N-acetylated Ch (~3-11%). In this case, the increasing ratio of GlcN/GlcNAc units has favored 

to stablish more hydrogen bonds between the amino groups and water molecules, as the GlcN 

units increase from Ch60 to Ch5, especially on Ch15 and Ch5. Indeed, although carbonyl 

groups are also able to form hydrogen bounds, it is actually mostly involved on intersheet 

interaction with hydroxyls nearly surrounded (CHO et al., 2000). An exceptional behavior is 

found for βCh that reveals lower framework compactness (SAITO et al., 1997), enabling higher 

amount of entrapped water. 

 

Table 6 - Weight losses related to the thermal degradation of β-chitin and Ch samples. 

Sample 

Stage I (25-150 ºC)  Stage II (150-350 ºC) 

TMAX
a (ºC) WLb 

(%) 

 Tonset
c (ºC) WLb 

(%) 

βCh 41.2 11.1  334.6 43.4 

Ch1x 77.6 9.3  298.6 50.0 

Ch1x4h 74.2 9.3  290.4 51.5 

Ch1x6h 74.2 9.3  290.4 51.5 

Ch2x 71.7 8.6  312.1 41.3 

Ch2x4h 71.7 8.6  291.7 49.3 

Ch2x6h 71.7 8.6  291.7 49.3 

Ch3x 70.1 8.9  311.4 40.5 

Ch3x4h 71.1 8.9  298.0 46.5 

Ch3x6h 71.1 8.9  294.6 48.4 

Ch60 61.2 2.8  289.5 51.6 

Ch45 55.9 3.7  281.0 56.8 

Ch35 54.6 4.8  292.4 49.6 

Ch25 54.6 4.4  286.3 59.4 

Ch15 45.4 10.7  290.2 51.2 

Ch5 45.4 9.3  292.8 49.0 

a TMAX = temperature of maximum weight loss; b WL = weight loss; c Tonset = onset temperature. 
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The second thermal event, observed in 150-350 ºC, is attributed to the cleavage of bonds 

that lead the decomposition and elimination of lateral chains as volatile products. Concerning 

the Ch samples issued from the multistep ultrasound-assisted deacetylation of β-chitin and those 

resulting from controlled depolymerization, the main response to the furnished heat in this 

interval corresponds to an important loss of weight (≥ 40 %) that starts in ≈ 2800 – 312 ºC (Table 

6), depending on the molecular weight and average degree of acetylation (Fig. 26a-f) 

(FACCHINATTO et al., 2019; SANTOS; BUKZEM; CAMPANA-FILHO, 2016). Such results 

indicate that the heat absorption induces faster motion in short length chains due to its higher 

degree of freedom compared to larger ones, which present relatively more mobility restriction 

at the same temperature. The highly ordered arrangement of βCh chains also implies in more 

stuck motion, thus resulting in higher Tonset (Table 6). However, the TG/DTG curves of the N-

acetylated chitosan samples are practically coincident (Fig. 26g-h) and it is not observed any 

dependence of Tonset values on the average degree of acetylation (𝐷𝐴̅̅ ̅̅
𝐶𝑃). Indeed, such N-

acetylated chitosans possess very similar �̅�𝑤 values (≈ 1,000 kDa), suggesting that changes on 

the content of GlcNAc units were not able to provoke significative influence during the heat 

absorption process.  

 

3.2.4.2. Internal mobility of side and main-chains on solid-state 

 

The 13C CPMAS and DIPSHIFT experiments were recorded for all polymers at 𝑇𝐶 = 3.0 

ms in order to achieve the integral ratio 𝐼𝐶=𝑂 𝐼𝐶𝐻3
⁄ ~ 1, related to C=O and CH3 resonance 

signals, respectively (CHAPTER I). DIPSHIFT technique is usually applied to estimate the 

molecular mobility due to the distinguished correlation time (𝑡𝑐 ~ µs to ms) exhibited by each 

molecular segment (DEAZEVEDO et al., 2008; MUNOWITZ et al., 1981). It is worth to recap 

out that the 13C 𝑇2 relaxation is also present during the DIPSHIFT evolution time, and produces 

an exponential attenuation in the whole DIPSHIFT curve. As result, the stronger is the 1H-13C 

interaction, the lower is the amplitude at 𝑡1 = 𝑡𝑟/2, while the shorter is the 13C 𝑇2 the lower is 

the amplitude at 𝑡1 = 𝑡𝑟. In this context, a representative DIPSHIFT analysis resulted from αCh 

is shown in Fig. 27a, revealing the main dynamic differences described by methyl, carbonyl 

and the other aliphatic carbons. The lower amplitude at 𝑡𝑟 2⁄  for the curves referred to C1-C6 

indicates that the carbons from glucopyranose ring experiences stronger dipolar interaction, 

while carbonyl only weekly interact with nearby protons, due to the absence of 1H nuclei 

directly linked (FACCHINATTO et al., 2020a; SIMMONS et al., 2016). However, the 
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intermediate amplitude exhibited by methyl carbons, which resulted in 𝑆(𝑡1) 𝑆(0)⁄  ~ 0.7 at 

𝑡𝑟 2⁄ , results from the partially averaging of the 1H-13C dipolar coupling, due to the intrinsic 

fast rotation of C-H bond around the CH3 C3 symmetry axis. 

 

Figure 27 - RK-ROSE signal decays of αCh, βCh, Ch1x and Ch3x samples and DIPSHIFT curves of αCh used as 

representative profile of each related segment (a); DIPSHIFT curves of CH3 group from αCh and βCh (b); Ch1x 

and Ch3x with respect of βCh profile (c). 

 

 

The changes found on 1H NMR decay profiles (Fig. 27a) are associated to the structural 

and morphological variability within the samples. Concerning this aspect, the most important 

variation arising in the signal decay is ascribed to the methyl hydrogens (CLEEMPUT et al., 

1995), also featuring the contribution of the residual hydration. Even storing the samples at 

close vessel with low and controlled humidity after drying at 30 ºC for 24 ºC, all samples still 

have an interstitial content of water molecules that are still detected by TGA. Knowing that 

submitting chitosan to higher temperatures or longer heating rates, it would certainly affect the 

overall morphology, as already recognized in the literature (FOCHER et al., 1990; OGAWA; 

YUI; MIYA, 1992), we considered advantageous to perform the RK-ROSE in samples 

exhibiting low residual hydration, instead of causing permanent changes in the crystallinity and 

then eventually compromise the prediction of this parameter through the PLS regression. 

Moreover, a closer view in the percent of hydration (Table 6), not only showed a lower 

variability compared to the wide interval of degree of acetylation, but also didn’t increase 

according to the amount of methyl hydrogens of the samples. On the contrary, as the hydration 

is continuously reduced by increasing the degree of acetylation, we can infer that the 
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contribution of 1H nuclei from water molecules to the mobile-part of 1H NMR signal decay is 

also continuously reduced when increasing the content of methyl groups. Considering that most 

of the hydrogens from hydroxyl groups still participate in the hydrogen bond network (CHO et 

al., 2000), those mobilities are in average restricted. In this sense, methyl hydrogens and those 

from water molecules seems to be the most relevant 1H nuclei involved in the mobile fraction 

of 1H NMR signal decay, although other mobile hydrogens, such as hydrogen bond network, 

hydroxyl group, segments of polymer may also have some minor influence on the mobile 

fraction. 

In this sense, the content of methyl groups, which are directly related to the content of 

GlcNAc units, is clearly affecting the relative intensity of the mobile-part signal, as revealed by 

Ch1x and Ch3x. In addition, the distinct 1H NMR signal decays may be associated to the chains 

packing, that displays differences on the local mobility (MAUS; HERTLEIN; 

SAALWÄCHTER, 2006), as demonstrated by the αCh and βCh signal decay profiles. Even 

with similar and higher 𝐷𝐴̅̅ ̅̅
𝐶𝑃 values, the specificity regarding the polymorphism of αCh and 

βCh also implied on meaningful changes mainly on the mobile-part signal, being the one from 

a less densely packed βCh allomorph showing improved contribution, and slower 1H signal 

decay, compared to the mobile-part signal of high densely packed αCh. The α-chitin is 

composed by anti-parallel chains arrangement that allows higher number of intra and intersheet 

hydrogen bonds compared to β-chitin, in which the parallel chains arrangement leads to a 

weaker hydrogens bonds network and, consequently, providing a less densely packed material 

(CARDOZO et al., 2019). This is revealed in 𝑇2𝑟 relaxation time which is inversely proportional 

to the second moment of the dipolar field distribution and consequently to the average distance 

between the 1H nuclei (SAALWÄCHTER, 2007; VAN VLECK, 1948). Unfortunately, the 

quantitative estimation of the dipolar second moment from TD-NMR, which could lead to the 

estimation of the local 1H density, is biased by signal distortions due to the echo acquisition, 

which is even more severe for RK-ROSE where magnitude mode signals are acquired 

(GARCIA et al., 2019; MAUS; HERTLEIN; SAALWÄCHTER, 2006). However, the observed 

proportionality in the signal decay times of the rigid and mobile component is modulated by 

the local chain packing.  

As listed in Table 7, the rigid-part signal, 𝑇2𝑟 just varied shortly in the interval from 10 

to 21 μs as compared to 𝑇2𝑚 that is ranged from ~85 to ~340 μs for all polymers. It is also 

important to highlight that no significant variation on 𝑇2𝑟 and 𝑇2𝑚 with respect to �̅�𝑤 was 

registered. The mobile fraction parameter, 𝑓𝑚, showed an increasing tendency with 𝐷𝐴̅̅ ̅̅
𝐶𝑃 (or 
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𝐷𝐴̅̅ ̅̅ , Table 5) values, which confirm the mainly influence from methyl carbons from acetamido 

moieties of GlcNAc units as the chemical segment responsible for the mobility of Ch in solid-

state. However, it should be pointed out that beside the average values of 𝑓𝑚 are proportional 

to the amount of methyl carbons, it could not quantitatively estimate the average degree of 

acetylation, as already mentioned.  

 

Table 7 - Rigid/mobile parameters from the corresponding segments of the polymers (𝑇2𝑟, 𝑇2𝑚, 𝜐𝑎 and 𝑓𝑚). 

Sample 𝑻𝟐𝒓
a (µs) 𝑻𝟐𝒎

a (µs) 𝝊𝒎
b 𝒇𝒎

b (%) 

αCh 19.6 ± 0.1 301 ± 7 1.00 ± 0.01 20.1 ± 0.3 

βCh 16.2 ± 0.1 334 ± 8 1.00 ± 0.04 45.4 ± 0.9 

Ch1x 16.2 ± 0.1 241 ± 3 1.01 ± 0.05 24.1 ± 0.6 

Ch1x3h 16.8 ± 0.1 234 ± 5 1.00 ± 0.03 26.7 ± 0.8 

Ch1x6h 16.7 ± 0.1 237 ± 7 1.02 ± 0.02 26 ± 1 

Ch2x 21.5 ± 0.1 212 ± 5 1.6 ± 0.5 18.1 ± 0.9 

Ch2x3h 19.2 ± 0.1 206 ± 10 1.2 ± 0.2 19.3 ±0.8 

Ch2x6h 19.3 ± 0.1 204 ± 10 1.3 ± 0.2 17.7 ± 0.4 

Ch3x 10.7 ± 0.1 87 ± 1 1.16 ± 0.04 8.7 ± 0.3 

Ch3x3h 11.5 ± 0.1 93 ± 4 1.1 ± 0.2 9.1 ± 0.5 

Ch3x6h 12.1 ± 0.1 89 ± 3 1.2 ± 0.2 9.7 ± 0.2 

Ch60 13.9 ± 0.1 204 ± 1 1.0 ± 0.1 43.1 ± 0.9 

Ch45 13.6 ± 0.1 235 ± 7 1.00 ± 0.06 36.7 ± 0.6 

Ch35 13.2 ± 0.1 175 ± 6 1.3 ± 0.1 27.4 ± 0.5 

Ch25 13.2 ± 0.1 165 ± 6 1.02 ± 0.05 18.9 ± 0.7 

Ch15 13.4 ± 0.1 152 ± 6 1.3 ± 0.1 13.5 ± 0.6 

Ch5 12.8 ± 0.1 134 ± 9 1.00 ± 0.07 9.8 ± 0.9 

a Relaxation time of the transverse components of magnetization (𝑀𝑥𝑦) from rigid-part (𝑇2𝑟) and mobile-part 

(𝑇2𝑚) signals of the polymers, calculated from 1H NMR signal decay profiles recorded by RK-ROSE method. 

b Shape parameter (𝜐𝑚) and mobile fraction parameter (𝑓𝑚) also obtained from 1H NMR signal decay profiles. 

 

Following similar tendency recorded by 1H NMR signal, Fig. 27b reveals slightly 

differences between the DIPSHIFT curves of methyl carbons from αCh and βCh. In these cases, 

the amplitude achieved by αCh is slightly lower in the whole interval (0 < 𝑡1 𝑡𝑟⁄  < 1) as 

compared to the amplitude exhibited by βCh. This short variation could be explained by 

changes on the polymorphism. Thus, the higher 1H density around the methyl groups in the 

more densely packed allomorph (αCh) possibly lead to a shorter 13C 𝑇2 and enhance the 

attenuation of the whole DIPSHIFT curve as observed in Fig 27b, which is in agreement with 

the considerations made for methyl hydrogens (Fig. 27a). Despite that, it should be highlighted 
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that such argument has great impact on a qualitative point of view, although it does not preclude 

the quantitative differences achieved by 𝑇2𝑚 for these polymers, being reasonable to consider 

the same meaning for similar behaviors. Additionally, considering the differences exhibited by 

methyl carbons from Ch samples with respect to βCh (Fig. 27c), it can also be observed slight 

differences according to the content of methyl carbons, i. e. 𝐷𝐴̅̅ ̅̅
𝐶𝑃. However, such consideration 

should be carefully made considering that the decay of the DIPSHIFT curves reflects the local 

average mobility of the methyl groups and, to some extent, the local chain packing, but not the 

absolute amount of the methyl groups in the samples. Taken this into consideration, the 

minimum amplitude of the DIPSHIFT curves are in qualitative agreement with the 𝑇2𝑟 (Table 

7) and, consequently, with the packing behavior expected for the samples.  

The DIPSHIFT curves recorded from N-acetylated Ch (Fig. 28) exhibited similar profile 

from those described by βCh (Fig. 28a). Nevertheless, these results revealed that the curves 

referred to C1-C6 carbons may present slight influence upon the structural variability (Fig. 28b-

f). Thus, while the C1-C6 curves from βCh (and αCh) are clearly overlapped, C6 curve present 

a higher deep compared to those backbone carbons. This is again in agreement with the lower 

packing for βCh samples, which is expected to make the side chain C6 carbon more mobile in 

this samples. However, none reliable differentiation can be concluded on the profiles of 

DIPSHIFT curves regarding the influence of 𝐷𝐴̅̅ ̅̅
𝐶𝑃, or even observed upon �̅�𝑤, similarly to the 

𝑇2𝑚 values achieved for depolymerized Ch. 

 
Figure 28 - DIPSHIFT curves from βCh (a), Ch60 (b), Ch45 (c), Ch35 (d), Ch15 (e) e Ch5 (f). 
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Considering that the 𝑇2𝑚 and 𝑓𝑚 cannot properly estimate the average degree of 

acetylation and crystallinity index of Ch (Table 5) in at least a similar quantitative level as 

obtained from the conventional methods, the use of full RK-ROSE data, as an analytical input 

profile through PLS regression model, was able to recognize the whole variability recorded on 

fast and slow signal decaying, once the rigid-part signal has not been counted yet within the 

overall contribution to these Ch features. This model is commonly used to find the fundamental 

relations between two matrices (X and Y), i.e., a latent variable approach to modeling the 

covariance structures in these two spaces. In this way, the PLS model were able to recognize 

the whole variability recorded on RK-ROSE data, finding the fast and slow decaying variables. 

The PLS validation step was applied to predict the measured parameters 𝐷𝐴̅̅ ̅̅ , 𝐷𝐴̅̅ ̅̅
𝐶𝑃, 𝐶𝑟𝐼1, 𝐶𝑟𝐼2 

and 𝐶𝑟𝐼𝐶𝑃, which enabled to build up the response curves and thus obtain the predicted 

parameters (Fig. 29). In this sense, once the PLS model has been calibrated, one coefficient 

array with same length of RK-ROSE data is obtained. This coefficient array is used for 

multiplication by each variable of a new 1H NMR signal decay. Hence, the resultant array is 

summed with the Y average value, thus obtaining the predicted value (KOWALSKI; 

SEASHOLTZ, 1991). It is important to highlight, as already mentioned, that it was not possible 

to obtain the average degree of acetylation neither the crystallinity index from 𝑇2𝑚, but both 

were successfully predicted through the PLS model.  

The results confirm that the PLS model demonstrate the straight relationship within these 

measured parameters, regarding the tendency visually described by the mobile-part of 1H NMR 

signal decay. The coefficient of determination was high for the parameters tested (𝑅2 > 0.93), 

and the root mean square error (RMSE) showed low variations. These findings provide good 

evidence that RK-ROSE are sufficiently accurate to predict the average degree of acetylation 

and crystallinity index of Ch (CARVALHO et al., 2019; PEREIRA et al., 2013). Such 

outstanding correlation indicates that the predicted Ch features can be independently achieved 

by performing the cross-validation with the measured parameters, thus decomposing the 

information accordingly to the desired predict parameter.  
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Figure 29 - 1H TD-NMR signal decays recorded using RK-ROSE pulse sequence of N-acetylated Ch and βCh 

samples used for PLS validation procedure (a); Correlation of 𝐷𝐴̅̅ ̅̅  (b); 𝐷𝐴̅̅ ̅̅
𝐶𝑃 (c); 𝐶𝑟𝐼𝐶𝑃 (d); 𝐶𝑟𝐼1 (e); 𝐶𝑟𝐼2 (f) values 

measured using high-resolution NMR and XRD and predicted by the PLS regression model. 

 

 

On the other way, knowing that the residual hydration still participates on the 1H NMR 

signal decay, due to the remaining 1H nuclei from water molecules, it was also carried the PLS 

model for the weight loss (% m/m) values of weakly adsorbed water listed in Table 6. As 

revealed by the linear regression shown in Fig. 30, it was obtained very low correlation within 

the residual hydration and RK-ROSE data (𝑅2 > 0.40). This result corroborates the previous 

discussion regarding the reduced influence of 1H nuclei from water molecules by increasing the 

average degree of acetylation. 
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Figure 30 - Partial least squares PLS regression model from linear correlation between the predicted values of the 

residual of hydration (% m/m). 𝑅2= 0.40 and RMSE = 1.91.  

 

 

The main advantage of using PLS with TD-NMR data is to avoid co-linearity problems 

permitting to work with a number of variables that is greater than the number of samples. In 

this sense, PLS models can be used to calibrate parameters even with the presence of 

interference analytes, such as the residual content of hydration in our case. These characteristics 

allows to apply the PLS model on TD-NMR data in order to achieve a fast (less than 1 min) 

and non-invasive resolution (BIZZANI et al., 2017; CARVALHO et al., 2019; COIMBRA et 

al., 2020; PEREIRA et al., 2013; SANTOS et al., 2014a). 

It is worth to mention that any Solid-Echo pulse sequence could be used in our approach. 

Indeed, it is known that the more robust mixed-MSE pulse sequence produces echoes with 

lesser signal distortion and better phase behavior. However, we should also point that, despite 

the contrast among the signal decays used to distinguish the different components, the 

quantification using PLS model is done based on the relative weights, so it can be done in 

magnitude mode acquisition and should not be highly sensitive to signal distortion. For short 

dead time probes, as is our case, RK-ROSE usually provide similar 1H-1H refocusing efficiency 

as mixed-MSE, but slightly better signal-to-noise because the use of shorter echo times and less 

pulses. For longer dead time probes, RK-ROSE can provide a better refocusing and signal-to-

noise as compared to mixed-MSE (GARCIA et al., 2019). Thus, due to the specificity of the 

PLS analysis, RK-ROSE seems to be an adequate method for using here.  

Therefore, the solid-state TD-NMR relaxometry can bring reliable information 

concerning to the prediction of degree of acetylation and crystallinity index of Ch by applying 

the PLS model, thus providing an additional method from others commonly chosen for these 

purposes, also through a cost-effective equipment. 
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3.2.5. Conclusions 

 

In this CHAPTER II, N-acetylated and depolymerized chitosan (Ch) samples possessing 

different average degree of acetylation, crystallinity and molecular weight were analyzed using 

the RK-ROSE pulse sequence in a TD-NMR relaxometry experiment. It was provided a new 

approach in which was possible to identify and assign the major contribution referred to the 

changes of mobile-part signal recorded. Although the direct determination of degree of 

acetylation and crystallinity of chitosan from 1H NMR signal decay was not achieved, we 

propose the best conditions to guarantee that the contribution of 1H nuclei from other sources 

were minimized. Thus, it was performed some preliminary experiments such as TGA and 

DIPSHIFT to quantity the residual hydration, that remained at lower percentage among the 

samples, and to make sure that the only methyl groups from chitosan structure has a distinct 

1H-13C dipolar interaction strength and intrinsic fast rotation compared the other carbons. The 

mobile fraction contribution assigned in the 1H NMR signal decay tends to grow by increasing 

the degree of acetylation, due to the presence of methyl groups. However, 𝑇2𝑚 also indicates 

that some diverging values can be explained by slight changes in the C-H rotational dynamic 

inside the polymeric network, due to the differences regarding the crystallinity. The PLS 

regression model was applied to calibrate, validate and predict the parameters 𝐷𝐴̅̅ ̅̅ , 𝐷𝐴̅̅ ̅̅
𝐶𝑃, 𝐶𝑟𝐼1, 

𝐶𝑟𝐼2 and 𝐶𝑟𝐼𝐶𝑃 within the RK-ROSE data, assuring results with high coefficient of 

determination (𝑅2 > 0.93).  

In general, TD-NMR signal decay can be advantageous on predicting the tendency of 

structural and morphological features of powdered Ch at low time-consuming analyses, once 

the average degree of acetylation is the major aspect that controls the crystallinity of Ch with 

non-significant influence regarding molar masses. By performing the RK-ROSE pulse 

sequence, we could provide a first overview of the most important Ch features with reliable 

results that can support the conventional methods currently applied for obtain the degree of 

acetylation and crystallinity index, which in turn could be useful for distinguish Ch samples 

with similar 𝐷𝐴̅̅ ̅̅  and perhaps different crystallinities, or even Ch with 𝐷𝐴̅̅ ̅̅  completely different. 

We do consider that for complex systems such as Ch a multi technique approach will be always 

required, but having a fast-forward and non-destructive approach would be important to identity 

interesting systems for further investigations with more specialized methods.   
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CHAPTER III 

Insight into physicochemical and morphological properties of aqueous beta-

chitin nanowhiskers: a high- and low-field NMR approach 
 

 

3.3.1. Predicting performance by controlling the reaction settings 

 

Chitin, a semicrystalline polysaccharide, is abundantly found in highly crystalline fibrils 

arrangement at outstanding nanometer level (2.5 to 25 nm) (HASSAINIA; SATHA; BOU, 

2018; KAYA et al., 2017). It has been widely used in several applications as biosensors and 

especially in biomedical field, which includes sutures, wound healing gauges and drug delivery 

vehicles. This remarkable potential is straightly related to its biocompatibility, biodegradability 

and nontoxicity character of chitin, in addition to optical properties and the ability to form films, 

hydrogels/aerogels, beads, scaffolds and nanomaterials (DUAN et al., 2018; SHAMSHINA; 

BERTON; ROGERS, 2019).  

Chitin whiskers (CWH) are nanocrystalline structures generally prepared by chemically 

removing the amorphous regions of crude chitin through acid hydrolysis (LI et al., 2019; LIN; 

HUANG; DUFRESNE, 2012; ZENG et al., 2012). These nanostructures have attracted 

enormous attention for diverse applications including foodstuff, water treatment, 

photoelectronic devices (IFUKU; SAIMOTO, 2012; LIN; HUANG; DUFRESNE, 2012; 

ZENG et al., 2012), lightweight foams for food, pharmaceutical and cosmetics (HUANG et al., 

2018) and for optically transparent materials such as contact lenses and wearable devices 

(HONG et al., 2018). 

The  physicochemical and biological properties of chitin whiskers are deeply related to 

the chitin sources and extraction methods (GOPALAN NAIR; DUFRESNE, 2003; MORIN; 

DUFRESNE, 2002). As the amorphous domains are more accessible to the acid than crystalline 

domains, the hydrolysis of the former is much faster, due to the tighter molecular arrangement 

of the latter, which prevents the accessibility to reactive sites. Additionally, the acid hydrolysis 

and the swelling behavior depends on the chains packaging and crystallinity regarding to the α- 

and β-allomorphs. In case of α-chitin, the antiparallel arrangement of the chains is tightly held 

by higher amount of intra and intersheet hydrogen bonds between acetamido and hydroxyls 

groups, when compared to β-chitin parallel arrangement. Thus, β-chitin shows greater 

flexibility and permeability to solvent molecules, being easier to hydrate than α-chitin 
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(CARDOZO et al., 2019; DUAN et al., 2018). Alternative and upgrading strategies have also 

been successfully developed to produce well-dispersed chitin nanostructure suspensions to 

prevent the aggregation of the fibers (FAN; SAITO; ISOGAI, 2008a, 2009; IFUKU et al., 2009, 

2011; KADOKAWA et al., 2011; KOSE; KONDO, 2011; LU et al., 2013; MUSHI et al., 2019; 

RIEHLE et al., 2019; WU et al., 2014). 

The wide range of asymmetrical geometries usually displays different dynamics on 

aqueous suspensions specially at higher concentrations, when nanocrystals prepared from 

polysaccharides exhibit liquid crystalline behavior (LIN; HUANG; DUFRESNE, 2012; 

REVOL; MARCHESSAULT, 1993). Several factors can affect the liquid crystallinity and 

stiffness such as dispersity, surface charge and ionic strength, also showing strong dependence 

with flow alignment once the isotropy, anisotropy and biphasic behavior of chitin crystallites 

and fibrils suspensions reveal considerable dependence with shear rate and viscoelasticity 

(JOÃO et al., 2017; LI; REVOL; MARCHESSAULT, 1996).  

In recent years, advances in low-field NMR techniques have provided valuable 

information with respect to the viscosity of colloids and polymeric solutions. Recent studies on 

colloidal aqueous dispersions of biomaterials (BELOTTI et al., 2010; OTONI et al., 2018) have 

been discussed through low-field NMR, achieving reliable data compared to conventional 

techniques. Such ones concern to the interfacial interaction of distinguished components, which 

can be probed by relaxation time of hydrogens from water in the first monolayer of adsorbed 

molecules on the substrate (COOPER et al., 2013). Thus, the viscosity is inversely proportional 

to solvent relaxation time, revealing important aspects of structure and molecular mobility. 

Although the liquid crystallinity of chitins has been reported, only few studies have discussed 

comprehensive observations of viscosity and rheological phenomenon ranging the effects of 

concentration, pH and temperature (LI et al., 2019). The mobility of polymeric chains on solid-

state can be probed by 1H low-field NMR. The NMR signal is highly dependent on molecular 

mobility, bringing information on the mobility contrast among different groups and residues 

that can be associated to morphological feature of the samples (HANSEN; KRISTIANSEN; 

PEDERSEN, 1998; KRISTIANSEN; HANSEN; PEDERSEN, 1999; MAUS; HERTLEIN; 

SAALWÄCHTER, 2006; SAALWÄCHTER, 2007). Indeed, we’ve recently demonstrated that 

the mobile fraction was mostly associated with the methyl hydrogens, which might be explained 

by the intrinsic fast rotation of the C-H bond around the CH3 C3 symmetry axis, being also 

affected by the sample’s crystallinity (FACCHINATTO et al., 2020b). Since the degree of 

acetylation recorded for α- and β-chitin are very similar, the difference between 𝑇2𝑚 mainly 



86 

 

expresses the packing density. Thus, the less densely packed β-allomorph showed higher 𝑇2𝑚 

as compared to α-allomorph that is more densely packed and, consequently more crystalline. 

Since the diffusion-controlled nature of acid hydrolysis employed to produce chitin 

nanostructures is undertaken in heterogenous solutions, the hydrolytic kinetics is probably 

affected by the average powder size of chitin. Thus, the swelling behavior and consequently the 

acid permeability would be affected by the average powder size of chitin particles and so the 

accessibility to different portions of amorphous and crystalline domains. Consequently, the 

average size of chitin particles could mediate the consumption rate of amorphous and crystalline 

contributions and, as far as we know, none study has properly investigated this issue as one of 

the primary variables for a reproducible preparation of chitin nanostructure suspensions. 

This CHAPTER III presents a NMR spectroscopic approach to investigate the effect of 

the β-chitin particle size on the physicochemical properties of CWH aqueous suspensions. 

Firstly, CWH samples were prepared via acid hydrolysis of β-chitin and characterized in terms 

of morphology, surface properties, average degree of acetylation (𝐷𝐴̅̅ ̅̅ ), average degree of 

polymerization (𝐷𝑃̅̅ ̅̅
𝑣), crystallinity and thermal stability. The variations on molecular 

conformations of CWH were evaluated by 13C CPMAS spectra (FACCHINATTO et al., 2020a; 

HEUX et al., 2000). The rheological behavior of  CWH aqueous suspensions was analyzed by 

using a rotational rheometer and the results were related to the low-field time-domain (TD) 

NMR transverse relaxation (𝑇2) data, obtained with CPMG (CARR; PURCELL, 1954; 

MEIBOOM; GILL, 1958) pulse sequence. Furthermore, the molecular motions under 

intermediate-to-slow timescale were verified by Magic Sandwich Echo – Free induction decay 

(1H MSEFID) pulse sequence (MAUS; HERTLEIN; SAALWÄCHTER, 2006) and compared 

to the 1H-13C dipolar interaction DIPSHIFT experiment (MUNOWITZ et al., 1981). All 

polymers were characterized accordingly to its geometrical feature through SEM, TEM 

including sizes distribution by AFM images. The crystallinity, crystal dimensions and thermal 

decomposition profile were provided by XRD and TGA analysis, while the surface stability of 

colloidal suspensions and the influence on surface functional groups were evaluated by zeta 

potential (ζ) and XPS, respectively (TAKETA et al., 2018).  
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3.3.2. Materials and Methods 

 

3.3.2.1. Preparation of β-chitin suspensions 

 

Initially, the allomorph β-chitin, extracted from squid pens (Doryteuthis spp.) 

(CHAPTER I and II). The product was then milled using a knife mill fitted with a 1 mm-sized, 

grinded and sieved into different powder fractions with average diameters (d), ranging as d < 

0.125 mm, between 0.125-0.425 mm and d > 0.425 mm, named as BCHS, BCHI and BCHL, 

for smaller, intermediate and larger powder sizes, respectively. β-chitin whiskers suspensions 

were prepared by carrying out acid hydrolysis according to a modified methodology proposed 

by GOPALAN NAIR; DUFRESNE (2003). Briefly, 5 g of β-chitin particles were suspended in 

150 mL of 3 M HCl and then heated at 90°C under stirring for 3h. After the hydrolysis, the 

suspension was chilled with water and centrifuged for 10 min at 8000 rpm to remove the excess 

acid. This process was repeated five times and then the suspension was dialyzed against distilled 

water using dialysis membrane (cut off 12 kDa) for 3 days until pH ~ 7 be reached. The resulting 

suspension of dialysis process was treated using a disperser UltraTurrax (IKA, D125 Basic, 

USA) for 5 min at 19,000 rpm and aliquots of 150 mL were sonicated for 3 min using a UP400S 

Hielscher Sonifier ultrasonic device (ν = 24 kHz) coupled to a 22 mm stepped probe, with 

pulsed irradiation (0.5) and ultrasound power set to 200 W. After that, the concentration of β-

chitin whiskers in the colloidal suspensions was determined by freeze-drying, then adjusted 

with distilled water to 20.0 ± 0.5 mg of chitin whiskers/g suspension by using the disperser at 

19,000 rpm for 5 min, and sonicated again for 3 min to allow uniform dispersion. The resulting 

suspensions were named as CWHS, CWHI and CWHL, where “S”, “I” and “L” refer to the 

average particle size of BCH that was submitted to acidolysis, standing for small, intermediate 

and large particles sizes, respectively. The CWH suspensions were kept at 6-10 ºC until further 

characterizations. 

 

3.3.3. Characterizations 

3.3.3.1. Scanning electron microscopy (SEM) 

 

The morphology of BCH samples was evaluated by scanning electron microscopy (SEM, 

JEOL JSM-6510) with an acceleration voltage of 5 kV. The samples were coated with 15 nm 
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of gold particles by using an automatic sputter coater SCD050 (Leica) under vacuum 

(GONZAGA et al., 2021). 

 

3.3.3.2. Transmission electron microscopy (TEM) 

 

The morphology of CWH samples was evaluated by transmission electron microscopy 

(TEM, FEI Tecnai G2F20) with an acceleration voltage of 200 kV. A drop of diluted CWH 

aqueous suspension (1/100 (w/w)) was deposited on a Cu microgrid (300 mesh), allowed to dry 

and then negatively stained with a 3% (w/w) solution of uranyl acetate and dried at room 

temperature. 

 

3.3.3.3. Atomic force microscopy (AFM) 

 

The AFM experiments were carried out with Shimadzu SPM-9600 equipment. A drop of 

diluted CWH aqueous suspension (1/100 (w/w)) was deposited onto a cleaved mica surface and 

air-dried. Then, AFM images were obtained at room temperature in intermittent non-contact 

mode by using a monolithic silicon cantilever with a curvature radius of less than 10 nm and a 

spring constant of 48 N m−1 at a scan rate of 1 Hz. The dimensions of whiskers were determined 

from AFM images by using the open-source GwyddionTM software version 2.53. At least 100 

random chitin nanocrystals were evaluated to determine their average length and diameter. 

 

3.3.3.4. TD-NMR relaxometry: MSEFID and CPMG techniques 

 

1H TD-NMR measurements were performed on a 20 MHz spectrometer Minispec mq20 

bench-top pulsed NMR analyzer, Bruker Analytic, equipped with a permanent magnet and a 

10-mm temperature-controlled probe-head. The determination of T2 relaxation times was 

performed using a CPMG (CARR; PURCELL, 1954; MEIBOOM; GILL, 1958) pulse sequence 

on CWH suspension samples (Cp = 20 wt %, pH ≈ 7.0), in the temperature range of 20 - 100 

°C with 10 °C step rate, recycle delay of 5 s, τ of 0.1 ms. For all the analyses, 512 scans were 

accumulated and 1000 echoes were acquired. Receiver gain and flip angles of /2 and  pulse 

width were optimized for each temperature. 

To estimate the mobility contrast among the molecular moieties of BCH and freeze-dried 

CWH samples, dipolar refocused echoes provided by the Magic Sandwich Echo method 
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(MSEFID) (MAUS; HERTLEIN; SAALWÄCHTER, 2006) was performed with 1024 scans, 

echo time of 0.1 ms and 2 s of recycle delay. Because the MSEFID signal is sensible to the 

magnetic dipolar interactions among the 1H nuclei in the sample, the signal arising from rigid 

segments decay differently from those that present molecular mobility with rates higher than 

the 1H-1H dipolar coupling.  Indeed, considering a two mode molecular mobility model, one 

can estimate the relative mobility among molecular segment by fitting the MSEFID, as 

discussed in CHAPTER II and described by Eq. (8) (FACCHINATTO et al., 2020b). 

 

3.3.3.5. X-ray photoelectron spectroscopy (XPS) 

 

The elemental surface composition of BCH and lyophilized CWH samples were 

performed by X-ray photoelectron spectroscopy on a XPS spectrometer Scienta Omicron 

ESCA+, coupled with a hemispheric analyser EAC2000 for higher performances and a 

scanning monochromated Al Kα radiation as excitation source, with ℎ𝜈 = 1486.7 eV, 50 W and 

spot size of 200 µm, as previously described (TAKETA et al., 2018). The ultra-high vacuum 

chamber was operating at 10-9 Pa during the analysis and the XPS spectra were recorded at 

constant pass energy of 50 eV with energy step of 0.5 eV. The binding energies (BEs) of C 1s, 

N 1s and O 1s were determined with respect to the surface normal and evaluated using BE = 

284.6 ± 0.1 eV of C 1s spectra as reference. The argon bombardment of ion beam was 

performed over sweeping 200 µm × 700 µm of sample area, with analyzer workfunction of 4.5 

eV and 20 nA of ion gun emission. The evaluation of subcomponents based on previous 

reported position (BE) and 𝐹𝑊𝐻𝑀 (KOSTOV et al., 2018; OH et al., 2013; WANG et al., 

2012) were obtained applying the peak fitting deconvolution procedure with Voigt functions, 

by using PeakFitTM software version 4.12.  

 

3.3.3.6. Electrophoretic light scattering (ELS) 

 

Diluted aqueous suspensions of CWH samples (Cp ≈ 10-3 wt % in deionized water) were 

carry out the ELS aiming to measure its electrophoretic mobility, often converted to zeta 

potential (ζ). The measurements were performed in a Zetasizer Nano ZS (Malvern 

Instruments®, Worcestershire, UK) equipped with laser beam of He-Ne at 633 nm, by means 

the Laser Doppler Micro-electrophoresis technique. The acquisition was automatically repeated 

multiple times until reach a monomodal profile for accurately values of ζ. The values of zeta 
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potential was obtained applying the Smoluchowski equation (XU, 1993). The analysis 

reproductivity was verified with respect to KCl standard solution (ζ = 61.8 ± 7.68 mV). 

 

3.3.3.7. Rheometric measurements  

 

The rheological flow and oscillatory behavior of aqueous CWH suspension samples (Cp 

= 20 wt %, pH ≈ 7.0) were performed by means of a controlled stress rheometer TA Instrument 

AR 1000N, equipped with a cone-plate geometry (2º, diameter = 20 mm) with gap adjusted to 

maximize de values of storage modulus (𝐺′) regarding the loss modulus (𝐺′′) and a solvent trap 

to avoid water evaporation, according to previously described by FACCHINATTO et al. 

(2019). Thus, as preliminary measurements, the zero-shear viscosity (𝜂0) was determined from 

the steady shear flow curves ranged in 0.1 < �̇� < 1000 s-1, and the linear viscoelastic region was 

determined by means of stress-sweep oscillatory measurements in the range 0.1 < τ < 500 Pa at 

1.0 Hz allowing the moduli determination regardless the strain amplitude. The mechanical 

moduli dependence was recorded from oscillatory frequency-sweep measurement ranged in 0.1 

< 𝜔𝑠𝑤 < 100 rad s-1 at constant shear stress 𝜏 = 4.8 Pa. These experiments were carried out at 

25.0 ± 0.1 °C. The temperature-sweep measurement was applied to evaluate the viscoelastic 

behavior from 20 to 80 ºC at 1.0 Hz, 6.5 ºC min-1 and 𝜏 = 4.8 Pa. All analyses were performed 

in triplicate. 

 

3.3.4. Results and Discussion 

3.3.4.1. Micrographs of chitin nanowhiskers 

 

The effect of β-chitin (BCH) powder sizes on the preparation of chitin whiskers (WCh) 

suspensions by acid hydrolysis was investigated through SEM measurements (Fig 31a-c), while 

TEM measurements (Fig. 31d-f) were carried out for evaluate the CWH morphology. The 

micrographs indicate that all chitin whiskers samples exhibited individual needle-like 

nanoparticles and some aggregates. The presence of aggregates can be attributed to the high 

surface area of nanocrystals, which favors the occurrence of hydrogen bond involving the 

polymer chains during the removal of the dispersing medium for TEM assay (NETO et al., 

2013).  
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Figure 31 - SEM images of BCHS (a), BCHI (b) and BCHL (c); and TEM images of CWHS (d), CWHI (e) and 

CWHL (f). 

 

 

AFM images (Fig. 32) reveal the presence of needle-like crystals aggregates as well as 

spherical shape nanoparticles in CWHI and CWHS suspensions. The dimensions of chitin 

nanocrystals were calculated showing that the average diameters were noticeably affected by 

the average particle size from parent BCH submitted to acidolysis. As can be seen in Fig. 32a, 

CWHL sample exhibited needle-like crystals with length (𝐿), width (𝑤) and aspect ratio (𝐿/𝑤) 

ranging as 100-600 nm, 15-50 nm, and 2-20, respectively. However, the effect of acidolysis on 

BCH fraction possessing lower average particle size (BCHI and BCHS) resulted in nanocrystals 

displaying average length predominantly in the range of 100-350 nm, in CWHI and CWHS 

samples (Fig. 2b-c), while no significant differences among them can be observed regarding 

CWHL sample in terms of particle width and aspect ratio. Additionally, the number of spherical 

particles with diameters predominantly in the range 20-60 nm progressively increased with 

decreasing of powder size of the parent BCH. In this sense, the predominance of non-spherical 

shape nanocrystals can be understood as a direct consequence of the surface area exposure. 

Smaller particles intrinsically have higher surface/bulk ratio being more susceptible to 

acidolysis. Such behavior leads to form particles with nanocrystal geometry also with higher 

surface/bulk ratio as possible, i.e. spherical shape. This concept consequently explains the 

tendency of decreasing the amount of spherical particles obtained from higher average particle 

sizes of BCH, once nanowhiskers or needle-like shape actually present a typical geometry with 

intrinsically lower surface/bulk ratio than the spherical shape. Indeed, the particle length and 
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width distribution mainly reveal the influence regarding the relative contribution of these 

distinct shapes on the average dimension. 

 

Figure 32 - AFM images of CWHL (a), CWHI (b) and CWHS (c) samples and corresponding histograms showing 

the length, width and aspect ratio distributions. 

 

 

3.3.4.2. Structural and morphological features 

 

The 13C CPMAS spectra of BCHL is shown in Fig. 33a as a β-chitin representative 

spectrum profile. The 𝐷𝐴̅̅ ̅̅
𝐶𝑃 (Eq. (7)) of BCH and CWH samples are listed in Table 8 and, as 

observed, the average content of GlcNAc units remained almost unchanged after carrying out 

the acidolysis. In contrast, the significant decrease of �̅�𝑣 shows that the hydrolysis of glycosidic 

bonds resulted in remarkable depolymerization, as confirmed by 𝐷𝑃̅̅ ̅̅
𝑣 values (Table 8). The �̅�𝑣 

of BCH are ≥ 106 g mol-1, whereas the acidolysis led to �̅�𝑣 ≈ 104 g mol-1 in the case of CWH. 

Moreover, it should be considered a meaningful effect from average powder size 

(granulometry) to the acid accessibility on glycosidic linkages. As the powder size decreases, 

the more effective is the cleavage of BCH polymeric chains. In this sense, �̅�𝑣 of CWHL, CWHI 

and CWHS reached over 1.21, 1.08 and 0.70 % of the �̅�𝑣 value obtained from BCHL, BCHI 
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and BCHS, respectively. It is important to notice that the grinding procedure also affects the 

�̅�𝑣, which is explained by the elevated temperature friction reached between the blades inside 

the mill (DELEZUK; PAVINATTO; CAMPANA-FILHO, 2019). 

 

Figure 333 - 13C CPMAS spectra of β-chitin (a), parent chitin samples BCHL, BCHI and BCHS (b) and the 

corresponding freeze-dried samples CWHL (c), CWHI (d) and CWHS (e). 

 

 

As revealed by the 13C CPMAS spectra profile on Fig. 33b-e, some of the corresponding 

carbon signal assignments of BCH with the corresponding CWH samples achieved varied 

shape, which is mainly due to the acidolysis effect on the chain’s conformation 

(FACCHINATTO et al., 2020a). As shown in Fig. 33b, the signal shape assigned to C5-C3, 

C4, C2 and C1 of BCH samples is straight related to the local geometry from the intersheet 

spatial disposal. Noticeably, such conformational changes have no significant effect regarding 

the molar mass (FACCHINATTO et al., 2020a; HEUX et al., 2000; OTTØY; VÅRUM; 

SMIDSRØD, 1996). CWH samples (Fig. 33c-e) also reveal similar behavior in C5-C3, C6, C4 

and C1 signals if compared to the parent BCH. As the reactivity on heterogeneous medium is 

mediated by the accessibility of the soluble reagent to the swelled solid particles, the intersheet 

hydrogen bonds should be greatly affected, modifying the overall conformation. Thus, slight 

variations regarding C3 and C6 signals could be partially related to conformational changes in 
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such reactive site, since it is directly linked to hydroxyls groups, which are responsible for 

setting those intersheet bindings, partially disrupted during the acydolysis. Because more 

disorder chains are expected to be present in the surface of the internal structures, it is 

reasonable to infer that the smaller the powder size of parent chitin, the higher the surface area 

available for acid hydrolysis, as observed from BCHL to WCHL samples (Fig. 33c), BCHI to 

WCHI (Fig. 33d) and BCHS to CWHS samples (Fig. 33e) with respect to this related carbon 

signals. The acid reactivity on heterogeneous medium was mediated by solid particle 

accessibility, leading products with great morphological variability, as discussed in the previous 

section.  

 

Table 8 - Values of average degree of acetylation (𝐷𝐴̅̅ ̅̅
𝐶𝑃 ), viscosity average molecular weight (�̅�𝑣), viscosity 

average degree of polymerization (𝐷𝑃̅̅ ̅̅
𝑣), crystallinity index from 13C CPMAS spectra profiles (𝐶𝑟𝐼̅̅ ̅̅̅

𝐶𝑃), 

rigid/mobile intermediate motion parameters (𝑇2𝑟, 𝑇2𝑚 and 𝜐𝑚 and 𝑓𝑚) 

Samp. 𝑫𝑨̅̅ ̅̅
𝑪𝑷 

a 

(%) 

�̅�𝒗
b × 104  

(g mol-1) 

𝑫𝑷̅̅̅̅̅
𝒗

c ×102 𝑪𝒓𝑰̅̅ ̅̅ ̅
𝑪𝑷 

d 

(%) 

𝑻𝟐𝒓
e (µs) 𝑻𝟐𝒎

e 

(µs) 

𝝊𝒎
e 𝒇𝒎

e 

BCHL 89 ± 5 207 ± 14 104 ± 7 84 ± 2 18.4 ± 0.1 201 ± 4 1.40 ± 0.04 43 ± 1 

BCHI 91 ± 6 156 ± 3 78 ± 2 83 ± 2 17.7 ± 0.8 254 ± 3 1.27 ± 0.02 45.1 ± 0.7 

BCHS 91 ± 5 106 ± 4 53 ± 2  81 ± 1 19.4 ± 0.1 325 ± 7 1.05 ± 0.04 47.7 ± 0.2 

CWHL 87 ± 6 2.49 ± 0.05  1.26 ± 0.02 86 ± 3 19.2 ± 0.2 290 ± 1 1.00 ± 0.05 41.9 ± 05 

CWHI 88 ± 5 1.69 ± 0.10 0.85 ± 0.06 85 ± 3 20.2 ± 0.2 292 ± 1 1.03 ± 0.06 42.3 ± 0.7 

CWHS 88 ± 6 0.73 ± 0.04 0.37 ± 0.02 87 ± 3 20.9 ± 0.2 320 ± 2 1.00 ± 0.09 45.2 ± 0.4 

a Determined from 13C CPMAS spectra; 

b Determined from the [𝜂] values by using Mark-Houwink-Sakurada equation; 

c Calculated according to the values of �̅�𝑣 and 𝐷𝐴̅̅ ̅̅
𝐶𝑃 ; 

d  Crystallinity index calculated from C4 and C6 resonance signals of 13C CPMAS spectra profile 

e Rigid-part (𝑇2𝑟), mobile-part segments (𝑇2𝑚) and stretching parameter 𝜐𝑚 and mobile fraction parameter 𝑓𝑚, 

calculated by MSEFID signal. 

 

It was proposed on CHAPTER I the crystallinity index determination through the 

deconvolution procedure using  C4/C6 carbons signals from 13C CPMAS spectra (Fig. 34) 

(FACCHINATTO et al., 2020a). The short-range molecular ordering, quantitatively evaluated 

by means of 𝐶𝑟𝐼̅̅ ̅̅̅
𝐶𝑃, is shown in Table 8 for BCH and CWH samples. According to the study, 

the number of possible conformations between C4 and C6 are greatly affected by 𝐷𝐴̅̅ ̅̅
𝐶𝑃 wich 

proportionally increases with 𝐶𝑟𝐼̅̅ ̅̅̅
𝐶𝑃. However, such values stay nearly unchanged regarding the 

effect of depolymerization with constant 𝐷𝐴̅̅ ̅̅
𝐶𝑃 . These results partially explain the almost 

unchanged shape of C4 and C6 signals on 13C CPMAS spectra from CWH which respect to that 

from the parent BCH. Once the harsh acid conditions leave products with no meaningful 
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variability on 𝐷𝐴̅̅ ̅̅
𝐶𝑃 , the 𝐶𝑟𝐼̅̅ ̅̅̅

𝐶𝑃 were only slightly affected, showing just a small increase from 

BCHL to CWHL and BCHI to CWHI (Table 8). On the other hand, the short-range molecular 

ordering seems to be more affected by decreasing the BCH particle size, which is corroborated 

by the 𝐶𝑟𝐼̅̅ ̅̅̅
𝐶𝑃 increase from BCHS to CWHS. More specifically, the drop in the relative intensity 

of the signal attributed the C4 carbons may be seen as a suggestion of the presence of two 

regions with distinct conformational order. Indeed, the degree of conformation disorder is 

mostly reflected in the inhomogeneous broadening of the signals, but the change in the fraction 

of disordered chain among the samples would lead to a lower relative intensity. Thus, the 

particle size might be included as secondary effect that can lead to short-range changes on the 

molecular arrangement, while the 𝐷𝐴̅̅ ̅̅
𝐶𝑃 still holds the main influence on that. 

 

Figure 344 - Peak deconvolution method applied on 13C CPMAS spectra (𝑇𝐶 = 3000 μs) of BCHL (a), CWHL (b), 

BCHI (c), CWHI (d), BCHS (e) and CWHS (f) samples, allowing the quantification of 𝐶𝑟𝐼̅̅ ̅̅̅
𝐶𝑃. 

 

 

The relative mobility of molecular segments of BCH and CWH samples were evaluated 

by DIPSHIFT and MSEFID techniques (Fig. 35). DISHIFT is sensitive to motions  in molecular 

segments with rates higher than the C-H dipolar coupling (~ 10 kHz). This is achieved by curves 

that represent the modulation of the spectral amplitudes by the evolution of the 13C 

magnetization by the 1H-13C dipolar interaction (DEAZEVEDO et al., 2008; MUNOWITZ et 

al., 1981). The resulting 1H-13C dipolar curves from each molecular segment of BCHL are 

presented in Fig. 35a as a representative profile. When 𝑡1 = 𝑡𝑟 is reached during the evolution 

time, the static 1H-13C dipolar interaction is refocused, meaning that it does not contribute 
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directly to the signal reduction. However, the 13C T2 relaxation still produces an exponential 

attenuation of the signal, lowering the amplitude at 𝑡1 = 𝑡𝑟. The shorter is 𝑇2, the lower is the 

amplitude achieved. 13C 𝑇2 relaxation in these systems is majorly produced by fluctuation on 

the 1H-13C dipolar interaction in the kHz frequency scales, so chemical groups that experiences 

lower interaction have longer 13C T2. This is the case of CH3, because of the fast C3 rotations, 

and C=O, because of the absence of directly bonded 1H, which explain the behavior of the 

DIPSHIFT curves at 𝑡1 = 𝑡𝑟 (HONG et al., 2002; MUNOWITZ et al., 1981). The deepest 

amplitude from C1 to C6 are related to stronger 1H-13C dipolar interaction and thus restricted 

motion, while the lowest amplitude of carbonyl group means that there is no significative 1H-

13C dipolar coupling due the absence of 1H nuclei directly linked and only weakly interact with 

nearby hydrogens (FACCHINATTO et al., 2020a; SIMMONS et al., 2016) 

 

Figure 355 - DIPSHIFT curves of β-chitin (a). The normalized amplitude signals (S(𝑡1)/S(𝑡0)) were acquired 

during heteronuclear dipolar interaction free precession (𝑡1) of first rotor spin cycle (𝑡𝑟); MSEFID signal decays 

of BCHS, BCHI, BCHL (b), CWHS, CWHI and CWHL samples (c); relationship of MSEFID and DIPSHIFT 

experiments of lyophilized samples and its parent chitin (d-f). 

 

 

The MSEFID curves are associated to the signal arising from 1H nuclei and it can be 

separated into fast and slow signal decays, referred to rigid/mobile fractions of polymeric chains 

(MAUS; HERTLEIN; SAALWÄCHTER, 2006). The quantitative information extracted from 

each 1H NMR signal decay profile BCH and CWH is shown in Table 8. The rigid-part signal, 

𝑇2𝑟, typically decays within 20 µs, corresponding to to the Gaussian width associated the decay 

of the  1H magnetization (MAUS; HERTLEIN; SAALWÄCHTER, 2006). This was observed 
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for all samples, revealing that there is no significant molecular mobility on the glycosidic 

carbon, as similarly revealed by the DIPSHIFT curves (Table 8). In contrast, the major 

contribution on the mobile-part signal, 𝑇2𝑚, is partially ascribed to the 1H nuclei from methyl 

groups (CLEEMPUT et al., 1995) and those from residual water molecules, which is also in 

agreement with DIPSHIFT curve regarding the corresponding methyl carbon 

(FACCHINATTO et al., 2020b). Despite the 𝑇2𝑚 values slight increase from BCHL to BCHS, 

this parameter does not follow such tendency among CWH samples (Table 8). Similarly to our 

previous findings in CHAPTER II (FACCHINATTO et al., 2020b), it was not possible to 

quantify the average degree of acetylation neither the crystallinity index directly from 𝑇2𝑚 and 

𝑓𝑚 because both parameters simultaneously increase with the structural and morphological 

variability, including the less predominant influence of 1H nuclei from water molecules 

(residual of hydration). In this sense, the similarity observed in the mobile-part signal is 

modulated by the local chain packing, which means that the dynamic dependence of methyl 

hydrogens is slightly affected by intersheet packing and the fast rotation on C3 axis might be 

influenced by the surrounding spatial freedom of the powdered BCH particle. However, the 1H 

density estimated locally is biased by signal distortions due to the echo acquisition and, 

consequently, in this case such experiments are not sensible enough to predict the 

morphological specificities of CWH samples.  

In addition, it is worth to mention that MSEFID were performed at 25 ºC because chitin/ 

chitosan are sensitive to temperature changes. Studies show that after submitting powdered 

chitin and/or chitosan to a thermal treatment, permanent changes occur in the morphology, thus 

affecting its crystallinity (FOCHER et al., 1990; OGAWA; YUI; MIYA, 1992). It is important 

to notice that the crystallinity and degree of acetylation were previous determined for the whole 

set of samples in the way that the morphology were carefully controlled and avoided as much 

as possible the influence of external variables, such as temperature. Hence, this feature was 

mostly dependent upon degree of acetylation (FACCHINATTO et al., 2020a). Indeed, a further 

study of microstructure modification with temperature can be done, but we though the best 

decision to show the viability of the proposed approach would be its feasibility in standard 

systems as the low cost, benchtop and room temperature spectrometers.  

The greater intersheet accessibility to small molecules and swelling behavior of β-chitin 

as compared to α-chitin facilitate the crystallite surfaces to be reached, partially hydrolyzed and 

transferred to the medium as water-soluble fractions. Such explanation fits with the results 

indicated on Table 9. Even though the amorphous phase is relatively easier to be accessed than 

the crystalline one, the strong oxidative medium also affected the crystallites reducing its 
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average dimensions and, consequently, the 𝐶𝑟𝐼 of CWH, both compared to the parent BCH. 

Thus, the long-range molecular ordering, obtained through XRD patterns, that regards to the 

chains packing are more affected if compared directly to the short-range ordering obtained 

through 13C CPMAS. Due to the tighter intersheet arrangement found on α-chitin, the 

amorphous domains are considerably easier to be reached and removed than the crystallite 

surfaces, leading to a relative increase of 𝐶𝑟𝐼 (GOODRICH; WINTER, 2007) or even a constant 

value if recrystallization occurs (FAN; SAITO; ISOGAI, 2008a). The peak deconvolution 

procedure performed on XRD patterns in order to calculate the crystal sizes on BHC and CWH 

samples are shown on APPENDIX B. 

 

Table 9 - Crystallinity index (𝐶𝑟𝐼2), apparent crystal dimension from hydrated peak at 2θ ≈ 8.2º (𝐿020) and 19.7º 

(𝐿110), temperatures and weight losses related to the thermal degradation of BCh and WCh samples. 

Samp. 
𝑪𝒓𝑰𝟐

a 

(%) 

𝑳𝟎𝟐𝟎
b 

(nm) 

𝑳𝟏𝟏𝟎
b 

(nm) 

Stage I (25 - 150 °C)  Stage II (200 – 400 °C) 

TMAX
c (ºC) WLd (%)  Tonset

e (ºC) WL (%) 

BCHL 71.2 4.66 3.28 86 9  307 51 

BCHI 71.4 4.66 3.20 82 5  303 56 

BCHS 61.1 4.63 3.05 82 5  295 62 

CWHL 58.9 3.71 2.75 71 11  265 53 

CWHI 48.8 3.43 2.24 71 11  245 57 

CWHS 44.1 2.73 2.04 72 6  239 58 

a Calculated considering the subtraction of amorphous contribution (𝐴𝑎𝑚) from the total diffraction pattern area (𝐴𝑡𝑜𝑡). 
b Calculated by using Scherrer equation on deconvoluted crystalline peaks of XRD patterns with Lorentzian functions.  
c TMAX = temperature of maximum weight loss. 
d WL = weight loss. 
e Tonset = onset temperature. 

 

The crystal sizes of (020)h and (110)h reflections corresponding to 010 and 100 planes of 

diffraction spots located in 2θ ≈ 8.2º and 19.7º peaks (Fig. 36), respectively, also decreased 

after acid hydrolysis (Table 9), being similar to the case described in previous study (FAN; 

SAITO; ISOGAI, 2008b). However, the overall decrease of crystallinity and crystal sizes of 

CWH is dependent on the average particle size of powdered BCH. Thus, the smaller the size, 

the greater the access to the crystallites that are transferred to the bulk solution. Consequently, 

crystallite dimensions 𝐿020 and 𝐿110 are reduced from CWHL to CWHS, as indicated in Table 

9. 
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Figure 366 - X-ray diffraction patterns of BCh and WCh samples. 

 

 

TGA was mainly used for the purpose of quantifying the residual hydration and the 

thermal stability of BCH and CWH samples through thermal decomposition curves, showed in 

Fig. 37. The TG main events can be visualized from two stages, which are assigned and listed 

in Table 9. In the first thermal decomposition stage (25-150 ºC), the weight loss is attributed to 

the loosely bound water molecules that ranged from ~ 5 to 9 % in BCHS to BCHL (Fig. 37a), 

while the stage I of CWH samples also reveals similar tendency, ranging from ~ 6 to 11 % in 

CWHS to CWHL (Fig. 37b). Our preliminary intention was to correlate the average percentage 

of water in each chitin structure, and to recognize if there was some dependence between them. 

In this sense, our findings indicate that the content of water molecules didn’t show huge 

changes. This tendency might be explained by the hydrated crystallites (Table 9), whose sizes 

reveal to be proportional to the retained water molecules content. It is important to notice that 

as the amount of water molecules doesn’t changed drastically (Table 9), the 1H NMR signal 

decay profile (Fig. 35) are similarly affected in all cases in average, which is in accordance to 

CHAPTER II (FACCHINATTO et al., 2020b).   

In the second thermal decomposition stage (200-400 ºC), the Tonset is mainly attributed to 

the elimination of volatiles resulted from chitin structure decomposition (BRITTO; 

CAMPANA-FILHO; ASSIS, 2011). This second event is largely affected by chitin framework, 

leading to higher heat absorption, and thus its thermal stability, as molecular weight and 
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crystallinity of the samples increased, like observed through �̅�𝑣 and 𝐶𝑟𝐼 values, respectively 

(Table 8) (FACCHINATTO et al., 2019; SANTOS; BUKZEM; CAMPANA-FILHO, 2016). 

 

Figure 37 - TG (a) and DTG (b) curves of BCH and CWH samples. 

 

 

3.3.4.3. Surface charge and functional groups 

 

The quantitative determination of surface composition and comparison between BCH and 

CWH samples were carried out by using XPS analysis (Fig. 38). The following description of 

peak deconvolution analysis has considered the experimental assignments with respect to 

theoretical atomic 1s binding energies with deviations from ideal C, N and O stoichiometry 

(KOSTOV et al., 2018). As shown in Fig. 38a-c, the spectra deconvolution allowed the carbon 

signals of C 1s orbital electrons to be classified into three distinct peak regions with bonding 

energies at 283.4, 284.3 and 286.5 eV, assigned as C1*, C2* and C3*, respectively. This fitting 

procedure revealed that C1* deconvoluted area attributed to C-C (sp3) and C=C (sp2) increases 

from BCH to the corresponding CWH sample, regarding the C2 (C-N/C-C) and C3 (C-O/C=O) 

signals (Table 10), which indicates the aliphatic surface replacement with hydrophobic 
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functional groups (WANG et al., 2012). Such result suggests that the significative stability 

enhancement of CWH nanostructures, confirmed by the zeta potential values (Table 10) on 

colloidal aqueous suspension, are successfully achieved by non-collapsed hydrophobic 

segments taking into account that high acetylated chitin samples usually aggregates itself into 

insoluble particles on aqueous medium. Additionally, the proportional increase of C1* area from 

BCHL to BCHS also suggests that the hydrophobic content is continuously exposed by 

lowering the average particle size and increasing the surface area. 

 

Figure 38 - X-ray photoelectron spectroscopy of C1* 1s binding energies from BCH to CWH samples (a-c). N 1s 

(b) and O 1s (c) of BCHL showed as a representative spectrum profile. 

 

 

The representative spectra of N 1s binding energy is shown in Fig. 38d. No significative 

difference was found with respect to the surface exposure of acetyl segments. According to 

previous studies, it is expected a dominant contribution of NHCOCH3 group at 398.3 eV 

compared to NH2 at 399.6 eV with significative less intense signal due to the higher content 

GlcNAc units (OH et al., 2013). The binding energy assigned to NH2 was found shifted ~0.5 

eV among BCH and WCH samples, which is possible attributed to NH3
+ remaining structures 

(JIANG et al., 1997; TAKETA et al., 2018). Similarly, Fig. 38d shows representative spectra 

of O 1s binding energy which is also in agreement with reported spectra profiles (JIANG et al., 

1997; KOSTOV et al., 2018).  
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Table 10 - Distribution of surface functional groups of C 1s signal and relative concentrations of carbon (C1 s), 

nitrogen (N 1s) and oxygen (O 1s) atoms. 

Sample 
C 1sa (%)  Atomic concentrationse (%)  

ζ (mV) 
C1*b C2*c C3*d  C 1s N 1s O 1s  

BCHL 17.3 56.0 26.7  40.6 7.0 52.4  - 

BCHI 25.6 51.1 23.3  42.9 6.4 50.7  - 

BCHS 29.9 47.5 22.6  43.7 6.4 49.9  - 

CWHL 31.9 47.2 20.9  44.8 5.5 49.7  29.2 ± 1.6 

CWHI 33.4 45.0 21.6  44.8 5.9 49.2  29.4 ± 2.0 

CWHS 33.6 45.7 20.6  44.1 5.9 50.0  31.3 ± 3.0 

a Deconvoluted regions from surface functional groups of C 1s signal, calculated by peak deconvolution of XPS 

spectra 

b C-C (sp3) and C=C (sp2). 
c C-O-C, C-OH, C-N-C, C-NH2 and C-O-C=O. 
d C=O, O-C-O, N-C-O, N-C=O and N=C-O. 
e Surface relative proportion of C 1s, N 1s (NHCOCH3 and NH2) and O 1s (HO-CH2, HO-C and C-O-C from 

glycosidic bonds and glucopyranose rings). 

 

3.3.4.4. Rheological and relaxation behavior  

 

The rheological behavior of CWH aqueous suspensions (Fig. 39a-c) and the 𝑇2 relaxation 

time as function of temperature (Fig. 39d) are highlighted in the following discussion. The 

curves of dynamic viscosity (𝜂) versus shear rate (�̇�) (Fig. 39a) show a decreasing viscosity 

with increasing shear stress, which characterizes a shear-thinning behavior that undergo from a 

random particle distribution to an organized orientation with the flow direction with increasing 

shear rate, achieving maximum plastic deformation at high shear rate values. According to 

previous studies (JOÃO et al., 2017; LI; REVOL; MARCHESSAULT, 1996), the flow 

properties of CWH suspensions, under influence of shear stress, has changed with respect to 

the concentration tested. Considering that the rheological measurements in the present study 

were carried out in high concentrated regime (Cp = 20 wt %), the flow curves differs from the 

expected behavior of rod-like particles, that predominate at lower concentrations (< 9 wt %) 

and also exhibit a second Newtonian plateau resulting from the parallel alignment with the flow 

at high shear stress. Indeed, as the concentration increases, the influence of ellipsoid anisotropic 

domains in the biphasic region also increases (LEE; BRANT, 2002). Consequently, in this study 

the shear flow profiles are mainly dependent on the CWH length, width and aspect ratio at 

higher concentrations.  
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Figure 399 - Rheological behavior of CWH suspensions verified through shear flow curves (a), frequency sweep 

(c) and temperature sweep measurements (c). The T2 relaxation time was measured using CPMG technique as 

function of temperature (d). 

 

 

The slower flow gradient presented by CWHS suspension (Fig. 39a) resulted in linear 

shear-thinning regime. This behavior typically remains from small particles that tumbling out 

with fast motion (faster stress response) (ACIERNO; COLLYER, 1996), which is possibly 

related to increased content of spherical nanoparticles, as well as reduced values of crystallite 

dimensions (Table 9) and molecular weight (Table 8). Analogously, CWHL and CWHI that are 

predominantly composed by needle-like nanocrystals with higher average sizes, showed faster 

flow gradient, which is in agreement to higher crystallite dimensions and molecular weights. 

Differently from CWHS flow profile, it is also observed a non-linear flow regime for CWHL 

and CWHI suspensions that are commonly described as three-regime flow curve, showing a 

shear-thinning behavior separated by a small increasing-viscosity over intermediate rates (10 s-

1). This behavior is related to the increasing influence of anisotropic phase and indicates the 

formation of liquid crystalline domains (BERCEA; NAVARD, 2000; JOÃO et al., 2017; LI; 

REVOL; MARCHESSAULT, 1996). 
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The oscillatory sweep curves of CWH aqueous suspensions are shown in Fig. 39b-c. 

Almost no dependence of CWHL and CWHI on angular frequency is observed and the elastic 

shear modulus (𝐺′) values overcomes the viscous one (𝐺′′) at the range explored (Fig. 39b). 

This viscoelastic behavior is attributed to a gel-like formation that is characterized by a rigid 

network. In contrast, the CWHS suspension reveals a liquid-like behavior (𝐺′′ > 𝐺′) until reach 

~ 16 rad s-1 that indicates a transition to a solid-like one (𝐺′ > 𝐺′′) at higher frequencies, obeying 

the relation 𝐺′ ≈ 𝜔2 and 𝐺′′ ≈ 𝜔. These results show that the rheological measurements are 

affected by the hydrodynamics properties and structural parameters relationships such as 

particle geometry, according to previous studies (ISHII; SAITO; ISOGAI, 2011; TATSUMI; 

ISHIOKA; MATSUMOTO, 2002). These authors had demonstrated that the gel-like network 

structures are associated to strong attractive interactions and mainly ascribed to high aspect 

ratios of entangled fibrous particles, although rod-like particles suggest the formation of 

semiflexible network with a similar angular frequency profile achieved by CWHS suspension 

(Fig. 39b). Thus, it is possible to infer that the presence of whiskers displaying higher lengths 

implies in higher anisotropic phase contribution, which were found in the cases of the CWHL 

and CWHI suspensions, while the reduced presence of needle-like structures had shown greater 

impact on rheological behavior of CWHS suspension. Although the aspect ratio distribution, 

showed in Fig. 32, is not clearly distinguishable among the CWH samples, the rheological 

measurements assured that the nematic behavior prevails when anisotropic particles 

predominates, meaning that such a behavior is lesser important the higher the presence of 

spherical particles (REVOL; MARCHESSAULT, 1993). 

Both moduli of CWHI and CWHL exhibit weak temperature dependence in the analyzed 

interval (Fig. 39c) due the fact that the particle vibrations and short-range rotational motions 

are largely restricted in these crystalline suspensions, as consequence of the fibrous network 

entanglements. Indeed, a thermo-induced rearrangement is only observed at higher 

temperatures (> 70 ºC), in which the heat energy favored the formation of new physical 

interaction connections. In the case of CWHS suspension, a slight and continuous drop of elastic 

modulus values starting over 50 ºC is a rheological behavior possibly associated with a 

plasticizing effect, that is typically observed in semicrystalline nanocomposites reinforced with 

chitin whiskers, such as poly(vinyl alcohol) (JUNKASEM et al., 2010), poly(esther-urethane) 

(ZENG et al., 2010) and phosphatidylcholine (NIKIFORIDIS; SCHOLTEN, 2015) at similar 

temperature range, but also found at higher values (> 200 ºC), for poly(caprolactone) (MORIN; 

DUFRESNE, 2002) and poly(styrene-co-butyl acrylate) (PAILLET; DUFRESNE, 2001). The 

significant elastic modulus drop reported in these studies is ascribed to a relaxation process 
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resulting from an anelastic manifestation of the glass-rubber transition, being this tensile 

property mainly function of chitin nanostructure concentration. In this present study, such 

anelastic relaxation process is manifested according to CWH nanostructure characteristics.  

Despite there is no evidence of anelastic relaxation process on CWHI and CWHL through 

rheological measurements, the 𝑇2 relaxation time as function of temperature (Fig. 39d) suggests 

that such thermal-dependence mobility is also found in all analyzed suspensions. Differently 

from the transversal constant time parameter obtained in MSEFID measurement, the 𝑇2 of 

colloidal suspensions measure by CPMG provided reliable information about solvent 

interactions by means of its hydrogens on the surrounding environment (COOPER et al., 2013). 

Thus, the 𝑇2 reduction with increasing the temperature, which also fits in the described 

temperature interval of anelastic relaxation process, suggests an anisotropic motion of water 

molecules bonded at the polymeric particles surface, in response of a new intra- and inter-chain 

associations. As consequence, the water mobility is reduced leading the 𝑇2 relaxation time also 

to reduce (SIERRA-MARTÍN et al., 2005). 

 

3.3.5. Conclusions 

 

The β-chitin whiskers (CWH) were successfully prepared from different β-chitin (BCH) 

size fractions, ranging from d < 125 mm (S) to d > 425 mm (L), preserving the average degree 

of acetylation and showing straight structural and morphological dependence. According to zeta 

potential and XPS analyses, all CWH samples were stable on colloidal aqueous suspensions 

that was mainly attributed to the greater surface exposure of non-collapsed hydrophobic 

segments. Although needle-like crystals have predominated all over CWH samples, higher 

length, width and aspect ratio values were successfully achieved on CWHL while spherical 

nanoparticles were only found on CWHI and CWHS. Such influence is related to viscosity 

average molecular weights, crystallinity indexes and crystal dimensions values. Both structural 

and morphological relationship agree with flow gradient and viscoelastic behavior of CWH. In 

this sense, the rheological anisotropic response of liquid crystalline domains was evidenced on 

samples with strong network entanglement, i.e. CWHL and CWHI, while CWHS preserved a 

network with higher flexibility.  

The useful tendencies regarding the powdered particle size and acidolysis accessibility 

were accomplished by different SSNMR techniques. Hydroxyl substituents responsible for 

setting those intersheet interactions are probably related to changes on the shape C3/C6 signals 
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on 13C CPMAS spectra from BCH to CWH samples and became more expressive by lowering 

the powdered particle diameter. Additionally, the particle size might be included as secondary 

effect that can lead to short-range changes on the molecular arrangement, considering that 

𝐶𝑟𝐼̅̅ ̅̅̅
𝐶𝑃, calculated by C4/C6 signals deconvolution procedure, slight increases from BCH to 

CWH. The major contribution on the mobile-part signal on MSEFID signal decay profile, 𝑇2𝑚, 

is partially due to the 1H nuclei from methyl groups which was confirmed by 1H-13C dipolar 

interaction curve on DIPSHIFT experiment for the same methyl segment. The mobile 

component is modulated by the local chain packing BCH. However, the 1H NMR signal profile 

remains constant among CWH samples. No significative influence of water hydrogens on 1H 

NMR signal decay profile was found according to TG analysis, due to the attached and 

entrapped water molecules. In this sense, this study has shown that several features of chitin 

whiskers can be assessed by choosing properly the average powder size of parent chitin. 
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CHAPTER IV 

N-(2-hydroxy)-propyl-3-trimethylammonium, O-palmitoyl chitosan: Synthesis, 

physicochemical and biological properties 
 

Original source: International Journal of Biological Macromolecules, Elsevier  

(SILVA, D. S.; FACCHINATTO, W. M. et al., 2021) 

 

 

3.4.1. Novel synthetic strategy for improving desirable applications 

 

Many studies have been focused on the production of amphiphilic chitosan derivatives 

aiming to form self-assembled structures for the encapsulation and sustainable release of 

hydrophobic drugs (MOTIEI et al., 2017). In particular, a number of well-defined core-shell 

architectures have been proposed as micellar nanocarriers, in which the hydrophobic domains 

have improved the drug protection against degradation in physiological environments, whereas 

the presence of the hydrophilic domains successfully trick the immune system recognition, 

improving the drug residence time and preventing the rapid in vivo clearance (HUO et al., 2011; 

QU et al., 2009). Indeed, previous studies have demonstrated that attaching hydrophilic 

segments onto hydrophobically modified chitosan allowed the development of carriers 

exhibiting increased loading capacity that improved the drug stability (LI et al., 2009; 

WORAPHATPHADUNG et al., 2016).  

The sustainable release performance and bioavailability of drug delivery systems is 

enhanced through the adhesion onto mucus layer or to epithelial tissues. This property has been 

related to high cell uptake and prolonged therapeutic effects from different administration 

routes, resulting in cost-effective treatment. Nevertheless, the residence time and drug 

distribution are limited by the transmucosal ability, affecting the drug absorption efficiency 

under adequate levels (DAS NEVES et al., 2011). Despite the relevance of non-specific 

hydrophobic/ hydrophilic interactions, the strong electrostatic attraction between negatively 

charged regions from mucin glycoproteins and epithelial surfaces with the positively charged 

external layer of polymeric systems is a major contribution to improve the adhesion 

(ANDREWS; LAVERTY; JONES, 2009; SOSNIK; DAS NEVES; SARMENTO, 2014). In 

this sense, the advantageous polycationic character of chitosan naturally induces its 

mucoadhesivess (SOGIAS; WILLIAMS; KHUTORYANSKIY, 2008). However, due to its 

limited solubility, restricted to acidic media, further chemical modifications on chitosan have 

been proposed aiming to improve the potential for transmucosal applications, which justifies 
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the balance of amphiphilic character and charged surfaces for promising mucoadhesive 

materials. 

Several chitosan derivatives (WAYS; LAU; KHUTORYANSKIY, 2018) have been 

successfully designed to enhance the mucoadhesiveness and permeability of lipophilic drug 

through intestine (PRABAHARAN; GONG, 2008), buccal (LANGOTH et al., 2006) and 

vaginal mucosa (SANDRI et al., 2004). Among those promising platforms, N,N,N-trimethyl 

chitosan (TMC) has received considerable attention due to the presence of quaternized amino 

groups, which have permanent positive charges, resulting in higher water-solubility and 

improved mucoadhesiveness as compared to unmodified chitosan (NAZAR et al., 2011; 

SNYMAN; HAMMAN; KOTZE, 2003). TMC derivatives have achieved successful results in 

the transport rate of drugs and proteins across Caco-2 cell monolayers by decreasing the 

transepithelial electrical resistance (TEER) (KOTZÉ et al., 1997) and were effective on cellular 

uptake of loaded nanoparticles (SAYIN et al., 2009). However, its cytotoxicity has been 

evaluated as straightly dependent on the average degree of quaternization (𝐷𝑄̅̅ ̅̅ ), which 

expresses the average content of quaternized amino groups, and on the distribution of positive 

charges in the polymeric chains (JINTAPATTANAKIT et al., 2008; SAJOMSANG et al., 

2009). Similarly, the water-soluble quaternized derivative named as hydroxypropyltrimethyl 

ammonium chloride chitosan (HACC) was evaluated regarding its biological properties as a 

promising cationic microbiostatic agent, being effective against S. aureus, E. coli and C. 

albicans (QIN et al., 2004). The dependence of antibacterial and antifungal activities with 𝐷𝑄̅̅ ̅̅  

has also been studied, showing that higher inhibition capacity was developed by the higher 

content of quaternized amino groups (PENG et al., 2010; SHAGDAROVA et al., 2019). 

According to these authors, the HACC completely inhibited the growth of mycelial fungi when 

𝐷𝑄̅̅ ̅̅  = 53 % (SHAGDAROVA et al., 2019), while it was previously rated as slightly cytotoxic 

to osteogenic cells when 𝐷𝑄̅̅ ̅̅  = 44 % (PENG et al., 2010).  

A recent study on the synthesis of N-substituted HACC, named as QCat, reported the 

influence of reactions conditions on the derivative characteristics and properties, showing that 

it developed full water-solubility at 𝐷𝑄̅̅ ̅̅  > 40.0 % (SANTOS; BUKZEM; CAMPANA-FILHO, 

2016). These cationic derivatives of chitosan were blended with different amounts of poly(ε-

caprolactone) and electrospun to yield nonwovens displaying different morphology and 

physicochemical properties according to the 𝐷𝑄̅̅ ̅̅ . Moreover, such nonwovens were non-

cytotoxic toward neonatal human dermal fibroblast (HDFn) cells, except for that one composed 

by a highly quaternized cationic derivative (𝐷𝑄̅̅ ̅̅  = 71.1 %) (SANTOS et al., 2018).  
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Several studies have shown that hydrophobic derivatives of chitosan are suitable 

candidates for encapsulation of poorly water-soluble drugs targeted to cancer therapy 

(SHANMUGANATHAN et al., 2019). Accordingly, a recent study shown that the 3,6-O,O’-

dimyristoylchitosan with degree of substitution (𝐷𝑆̅̅ ̅̅ ) ranging as 6 % - 12% was effective in 

improving the solubility of paclitaxel (SILVA et al., 2017b) and camptothecin (SILVA et al., 

2017a), showing higher permeability on Caco-2 and HT29-MTX intestinal epithelial cells as 

compared to unmodified chitosan. Taking into account the physicochemical properties and 

biological activities of cationic and hydrophobic chitosan derivatives, an amphiphilic 

derivative, namely N-(2-hydroxy)-propyl-3-trimethylammonium, 3,6-O,O’-dimyristoyl 

chitosan, was used to encapsulate curcumin (SILVA et al., 2018). However, a detailed 

physicochemical and biological study has not been developed regarding the major effects on its 

hydrodynamics, mucoadhesiveness and cytotoxicity profile on variable degrees of 

quaternization. 

In this context, the CHAPTER IV focus on the synthesis of positively-charged 

amphiphilic chitosan derivative, named N-(2-hydroxy)-propyl-3-trimethylammonium, O-

palmitoyl chitosan (DPCat), in different reaction conditions to result in derivatives containing 

different contents of positive charges. This work focuses on the synthesis of DPCat and their 

structural characterization by using high resolution 1H, solid-state 13C/15N NMR and FTIR 

spectroscopy. The polymers were characterized according to its mobile-part 1H signal decay 

profile acquired by TD-NMR relaxometry experiments (FACCHINATTO et al., 2020b), 

thermogravimetric profile (TGA) and wettability recorded by means of optical contact angle. 

The solution properties, such as water solubility, zeta potential, average size and critical 

aggregation concentration, are also discussed. The biological activities of derivatives were 

evaluated through mucoadhesiveness assessment, mucin interaction assays and cytotoxicity 

tests against healthy cell line Balb/C 3T3, human prostate cancer (DU145) and liver cancer 

(HepG2/C3A) cell lines. 

 

3.4.2. Materials and Methods 

 

3.4.2.1. Synthesis of O-palmitoyl chitosan 

 

The O-palmitoyl chitosan derivative (DPCh) was synthesized by reacting Ch (ChC from 

CHAPTER I) with palmitoyl chloride in presence of MeSO3H as previously reported (SILVA 
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et al., 2017b). Briefly, 1.0 g of Ch sample was dissolved in 25.0 mL of MeSO3H upon stirring 

for 1 h at room temperature. Following, palmitoyl chloride was then added to Ch solution at 

molar ratio 13:1 and the reaction medium was kept under mechanical stirring for 1 h at room 

temperature. About 500 mL of distilled water at 4°C was added to the reaction medium and the 

resulting suspension was neutralized with aqueous NaHCO3 5 % (w/v), centrifuged, and the 

precipitate was thoroughly washed with distilled water. The product was submitted to Soxhlet-

extraction for 12 h with chloroform, dried in a vacuum oven at 25 ºC for 24 h and named as 

DPCh. The following description of the synthesis’s steps used to produce the chitosan 

derivatives is schematically presented in Fig. 40. 

 

Figure 40 – Schematic illustration of step-by-step synthesis of amphiphilic chitosan derivative. 

 

Source: Own authorship 
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3.4.2.2. Synthesis of N-(2-hydroxy)-propyl-3-trimethylammonium, O-palmitoyl 

chitosan 

 

The quaternization of 3,6-O,O’-dipalmitoyl chitosan (DPCh) was carried out based on 

the method proposed by RUIHUA et al. (2012). In brief, 1.0 g of DPCh was dissolved in 60 

mL of aqueous acetic acid 1 % (v/v) and GTMAC was added dropwise to the polymer solution. 

Two molar ratios of GTMAC:DPCh were employed, namely 3.4:1 to 5.7:1, to result in DPCat 

derivatives possessing different average degrees of quaternization. The reaction was carried out 

for 8 h at 80 °C and then an excess of acetone was added to the reaction medium to result in the 

precipitation of the derivative, which was filtered and then submitted to Soxhlet-extraction for 

6 h with acetone, as described by FACCHINATTO et al. (2016). The resulting DPCat 

derivatives (Fig. 40) were dried at 30 °C for 12 h and stored under reduced humidity until 

further use.  

 

3.4.3. Characterizations 

 

3.4.3.1. Fourier transform infrared (FTIR) spectroscopy 

 

Infrared spectra were recorded on an IRAffinity-1 Shimadzu® spectrometer. The 

powdered samples and KBr were previously dried in vacuum over 60 ºC for 8 h, then mixed at 

1:100 of mass ratio (sample:KBr) and compressed into pellet form. The IR spectra were 

acquired in the range of 4000–400 cm−1 by accumulating at least 32 scans with resolution of 4 

cm−1. 

 

3.4.3.2. High-resolution NMR: solution 1H, solid-state 13C and 15N CPMAS 

 

The 1H NMR spectra were acquired using a Bruker® Avance III spectrometer (ν = 600 

MHz for 1H nuclei), as already described in CHAPTER I. The average degree of substitution 

(𝐷𝑆̅̅ ̅̅ ) of DPCh was calculated according to Eq. (9) (SILVA et al., 2017b):  

 

𝐷𝑆̅̅ ̅̅  (%) = (
𝐼𝐶𝐻3

3⁄

𝐼𝐻2−𝐻6
/6 

) × 100 (9) 
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where, 𝐼𝐶𝐻3
 is the signal integral of methyl hydrogens assigned to palmitoyl substituent (≈ 0.8 

ppm), while 𝐼𝐻2−𝐻6
 is the signal integral of hydrogens from glucopyranose ring. The average 

degree of quaternization (𝐷𝑄̅̅ ̅̅ ) of DPCat was calculated according to Eq. (10) (DESBRIÈRES; 

MARTINEZ; RINAUDO, 1996). 

 

𝐷𝑄̅̅ ̅̅  (%) = (
𝐼𝐻1′

𝐼𝐻1′  +  𝐼𝐻1
) × 100 (10) 

 

where, 𝐼𝐻1′   is the signal integral of the anomeric hydrogen from N-substituted GlcN units (≈ 

5.5 ppm) while 𝐼𝐻1 is the signal integral of the anomeric hydrogen bonded to unsubstituted 

GlcN units (≈ 5.0 ppm). 

Solid-state 13C and 15N CPMAS experiments were performed on a Bruker® Avance 400 

spectrometer using a Bruker 4-mm magical angle spinning (MAS) at 12 kHz in a double-

resonance probe-head ν = 100.5 MHz (13C), 40.5 MHz (15N) and 400.0 MHz (1H). The 

experiments were performed using 90º pulse of of 4.0 µs (13C), 5.5 µs (15N) and 2.5 µs (1H) 

were applied for the spin-lock cross-polarization transfer, with last delay of 5.0 s, 3.0 ms of 

contact time, 70 kHz for Spinal-16 1H (SINHA et al., 2005) decoupling  and recycle delay of 5 

s. The chemical shift of 13C and 15N CPMAS spectra were calibrated with the external standards 

hexamethylbenzene (HMB) and glycine (Gly), respectively. The 𝐷𝑄̅̅ ̅̅  of DPCat was estimated 

by fitting Voight functions on 15N spectra, using PeakFitTM (v. 4.12) software for peak 

deconvolution processing.  

 

3.4.3.3. Conductometric titration  

 

The average degree of quaternization (𝐷𝑄̅̅ ̅̅ ) of DPCat was also determined by dosing the 

Cl− counter-ions titrated with standardized 0.017 mol L−1 aqueous AgNO3 solution (CHO et al., 

2006). Thus, 0.1 g of DPCat sample was dissolved in 100 mL of deionized water and the 

solution conductivity was measured using a Handylab LF1 conductivimeter (Schott- Gerate®, 

Germany) as function of AgNO3 solution added at 25 ± 0.01 ºC. The 𝐷𝑄̅̅ ̅̅  of DPCat was 

calculated from the titration curves according to Eq. (11) (SANTOS; BUKZEM; CAMPANA-

FILHO, 2016). 
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𝐷𝑄̅̅ ̅̅  (%) = (
1.7 × 10−5 𝑉𝐴𝑔𝑁𝑂3

((𝑚 − (1.7 × 10−5 𝑉𝐴𝑔𝑁𝑂3
× 113.0) (203.0 × 𝐷𝐴̅̅ ̅̅ ) + (161.0 × (1 − 𝐷𝐴̅̅ ̅̅ ))⁄ )(1 − 𝐷𝐴̅̅ ̅̅ )

) × 100 (11) 

 

where, 𝑉𝐴𝑔𝑁𝑂3
 (mL) is the volume of standard solution added to reach the equivalent point; m 

(g) is the amount of dried DPCat; 113.0, 203.0 and 161.0 g mol-1 are the molar mass of GTMAC, 

GlcNAc and GlcN units, respectively. The 𝐷𝑄̅̅ ̅̅  obtained through this method considers the 

previous determination of 𝐷𝐴̅̅ ̅̅  from 1H NMR spectrum. 

 

3.4.3.4. Aqueous solubility 

 

The aqueous solubility of Ch and derivatives as function of pH was estimated from 

transmittance (T%) measurements of polymer solution using a UV/Vis spectrophotometer 

(Shimadzu®, UV 3600) at  = 600 nm (FACCHINATTO et al., 2019; KUBOTA et al., 2000). 

Thus, the samples were dissolved in HCl 0.1 mol L−1 to result in Cp = 1.0 mg mL-1 and the 

transmittance (T%) was sequentially recorded after the dropwise addition of NaOH 0.1 mol L−1 

solution. A given sample was considered insoluble when T (%) < 70%, taking the HCl solution 

transmittance as reference. 

 

3.4.3.5. Optical contact angle measurements  

 

The contact angles measurements were conducted applying water droplets with a micro 

syringe attached to the apparatus OCA15, Dataphysics Instruments® Co. Ltd, Germany, on the 

surface of the polymers comprised into pellets (TABRIZ et al., 2019). Thus, the hydrophilicity/ 

hydrophobicity nature of the polymers was analyzed through a high-performance CCD camera 

that captured the 1 to 3 seconds as soon as the water droplet (~ 5 μL) was placed on the surface 

of the polymeric substrate. The average of different contact angles was calculated by means of 

both sides of the drop.  

 

3.4.3.6. Critical aggregation concentration (CAC) 

 

The CAC of DPCh and DPCat derivatives was determined on a Consort® C863 

conductometer (Spain), through measurements of solution conductivity in acetic acid 0.1 mol 

L−1 (KHAN; SHAH, 2008; SILVA et al., 2018). Thus, the conductivity of these polymer 
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solutions was recorded as function of concentration 𝐶𝑃 ranged from 10−6 mg mL-1 to 1.0 mg 

mL-1 under continuous stirring at 25 ºC. 

 

3.4.3.7. Dynamic and electrophoretic light scattering (DLS and ELS) 

 

The average surface charge and hydrodynamic size of Ch and derivatives were recorded 

using a Zetasizer Nano ZS (Malvern Instruments®, Worcestershire, UK) equipped with laser 

beam of He-Ne at 633 nm through measurements of zeta potential and dynamic light scattering 

(DLS), respectively. The samples were dissolved in HCl 0.1 mol L−1 to result in 𝐶𝑃 = 1.0 mg 

mL-1 and then diluted 1 to 100 times in NaCl 10-2 mol L-1 (FACCHINATTO, 2016). The pH of 

the polymer solution was adjusted with NaOH 0.1 mol L−1 solution added dropwise. The 

acquisition of data was automatically repeated multiple times until reach a stable profile upon 

the pH variation.  

 

3.4.3.8. Mucoadhesion assessment 

 

The mucoadhesiveness of Ch and derivatives was evaluated using porcine gastric mucin 

(PGM) as the mucosal model  (BONI et al., 2018) in a TA-XT plus texture analyser (Stable 

Micro Systems, Surrey, UK). The biological tissue was carefully cleaned, cut, hydrated with 

phosphate buffer (pH 7.4) at 37 °C and fastened to the analyser platform. The samples were 

attached to the upper movable cylindrical probe (diameter 10.0 mm), using double side adhesive 

tape (Scotch®, 3M™). The measurement was triggered to begin when the upper probe started 

to record the resistance force of mucosal tissue. The contact was kept for 120 s with no force 

applied during this time, then the detachment force (N) was registered by raising the probe at 

constant speed of 0.5 mm s-1. 

 

3.4.3.9. In vitro mucin interaction assay 

 

The interaction between the mucin surface and samples at Cp values above CAC was 

performed under healthy and tumour conditions of simulated gastrointestinal fluid, based on 

previous study (ANDREANI et al., 2015). Thus, the PGM was dispersed in aqueous solutions 

and the pH was adjusted through dropwise additions of HCl 0.1 mol L−1 and NaOH 0.1 mol 

L−1. Following, 300 μL of DPCat solutions (pH = 7.0) were added to 900 μL of PGM solution 
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with stock solution of 100, 150 and 250 μg mL-1, which was homogenized and incubated for 1 

h at 37 °C. The average hydrodynamic size and zeta potential of the polymers were determined 

in Zetasizer Nano ZS (Malvern Instruments®, Worcestershire, UK) and the results were 

compared to the condition without PGM. The analyses were performed in triplicate for each 

polymer and concentration. 

 

3.4.3.10. In vitro cytotoxicity assay 

 

Human prostate cancer (DU145), liver cancer (HepG2/C3A) and mouse fibroblast 

(Balb/C 3T3 clone A31) cell lines were cultivated in flasks at 5% CO2 atmosphere incubator 

and 90% humidity using DMEM medium (Cultilab, Campinas, Brazil), supplemented with 3.5 

mg mL-1 of glucose, 1.5 mg mL-1 of NaHCO3, 10% (v/v) of FBS and 1% (v/v) of 

penicillin/streptomycin solution (SAIDEL et al., 2017). Cell passage was performed using a 

trypsin/EDTA 1% (m/v) solution and the resulted pellet was formed by centrifugation and 

resuspended in the medium. Cell viability experiments were carried out using MTT colorimetric 

assay (SAIDEL et al., 2017). Briefly, 100 µL of cell suspension (105 cells mL-1) was transferred 

to 96-wells plates and incubated for 24 h in 5% CO2 atmosphere incubator and 90% humidity. 

Then, the medium was removed and the DPCat samples were added at concentration Cp = 15, 

150 and 1,500 µg mL-1 and incubated for 72 h. After incubation, the supernatant was substituted 

by MTT solution (1.0 mg mL-1) and cells were incubated for 3 h. The MTT was removed and 

100 μL of DMSO was added for solubilization. The absorbance (570 nm) was measured using 

a plate reader (Synergy HT Multi-Mode Microplate Reader, BioTek® Instruments). Culture 

medium with DMSO 0.5 % (v/v) was used as negative control, while YM155 (1.0 µmol L-1) 

was used as positive control. Half-maximal cytotoxic concentration (CC50) values were 

calculated by log-logistic regression of viability vs. concentration data using Prism 8 

(GraphPad, San Diego, CA, USA). Two independent assays were conducted in quintuplicate.  

 

3.4.3.11. Statistical analysis 

 

The experiments were performed in triplicate and the results were expressed as mean ± 

standard deviation (SD). One-way ANOVA analysis was carried out and the significance level 

of different groups was set at probability of p < 0.05, determined by using Tukey’s comparison 

test on GraphPadPrismTM software (San Diego, CA, USA). 
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3.4.4. Results and Discussion 

3.4.4.1. Spectroscopy and relaxometry characterization 

 

The structural modifications resulting from the acylation of Ch to prepare DPCh and the 

quaternization of DPCh, which produced DPCat, are evidenced by comparing 1H NMR spectra 

of Ch (Fig. 41a) and its derivatives (Fig. 41b-d). The 1H NMR spectrum of Ch exhibits signals 

at 2.0 and 3.2 ppm, which are assigned to methyl hydrogens of GlcNAc units and to the hydrogen 

H2 of GlcN units, respectively, whereas the overlapped signals in the interval 3.5-4.0 ppm are 

attributed to hydrogens H2 of GlcNAc and H3-H6 from GlcNAc and GlcN units. The signal at 

4.8 ppm is related to the hydrogen bonded to the anomeric carbon C1 of GlcN and, due to the 

low average degree of acetylation (𝐷𝐴̅̅ ̅̅  ≈ 5.0 %), the H1 of GlcNAc is not observed 

(FACCHINATTO et al., 2019).  

The 1H NMR spectrum of DPCh (Fig. 41b) shows additional characteristic signals related 

to palmitoyl moieties at 1.2, 1.5 and 2.1 ppm corresponding the overlapped hydrogen signals 

of methylene carbons and two down-field shifted signals also assigned to methylene, 

respectively (BADAWY et al., 2005). The signal at 0.8 ppm, corresponding to the hydrogens 

of terminal methyl group, was used to determine the average degree of substitution (𝐷𝑆 ̅̅ ̅̅̅≈ 12.0 

%). The data show that the insertion of palmitoyl groups occurred mostly onto hydroxyl groups 

located at C3 and C6 carbons of the chitosan units, evidencing the predominant occurrence of 

O-acylation (GUTHRIE, 1978). Such predominance is also indirectly confirmed by the 

negligible hydrogen signal observed at 4.9 ppm, which is related to a modified chemical 

environment nearby C1 of substituted GlcN units (DESBRIÈRES; MARTINEZ; RINAUDO, 

1996). It is important to notice that even occurring partial N-acylation at short extension, it 

doesn’t cause meaningful disturbance on the final expected properties of this chitosan 

derivative, once the overall substituted sites still leads to a low 𝐷𝑆 ̅̅ ̅̅̅. In addition, it seems that 

even being possible, it is highly unlikely that a given GlcN residue would be favorable to 

become a reactive site for a second O-substitution instead of another one completely available, 

considering the steric hindrance from palmitoyl moieties and the fundamental thermodynamic 

issues that drives to the major formation of more stable products. In this sense, we agree that 

would be better to describe such substitution simply as O-palmitoyl. 
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Figure 41 - 1H NMR spectra of Ch (a), DPCh (b), DPCat35 (c) and DPCat80 (d) in D2O/HCl 1% (v/v) at 85 °C. 

 

 

The quaternization step is evidenced mainly by the occurrence of the additional signal in 

1H NMR spectra (Fig. 1c-d) of DPCat samples at 3.3 ppm, which is referred to methylene 

hydrogens of secondary amino group (-NHCH2-), confirming that the reaction occurred at the 

amino groups. Additionally, the quaternization is also probed through the sharp signal at 3.2 ppm 
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that is related to methyl hydrogens of quaternary ammonium group, -N+(CH3)3, which are 

overlapped with H2 of GlcN. The hydrogen signal of the anomeric carbon (C1) changed upon 

the chemical modifications at C2, which led to the arising signals at 5.0 and 4.6 ppm of 

substituted GlcN units (Fig. 41c-d) (FACCHINATTO et al., 2019; SANTOS; BUKZEM; 

CAMPANA-FILHO, 2016). The average degree of quaternization (𝐷𝑄 ̅̅ ̅̅ ̅) was determined from 

1H NMR spectra and assuming that the N-substitution predominated due to the higher 

nucleophilicity of amino groups in acid medium, preventing O-substitution (RUIHUA et al., 

2012) and then resulting in 𝐷𝑄 ̅̅ ̅̅ ̅ ≈ 35.0 % and  𝐷𝑄 ̅̅ ̅̅ ̅ ≈ 80.0 %. These values of 𝐷𝑄 ̅̅ ̅̅ ̅ were used to 

identify the samples as DPCat35 (Fig. 41c) and DPCat80 (Fig. 41d). Similar 𝐷𝑄̅̅ ̅̅  values were 

found by carrying out the conductometric titration of DPCat samples (Table 11). 

 

Table 11 - Average degrees of acetylation (𝐷𝐴̅̅ ̅̅ ), substitution (𝐷𝑆̅̅̅̅ ) and quaternization (𝐷𝑄̅̅ ̅̅ ) determined by 1H NMR 

𝐷𝑄̅̅ ̅̅  was also determined by 15N CPMAS and conductometric titration. 

Samples 𝑫𝑨̅̅ ̅̅  (%) 𝑫𝑺̅̅ ̅̅  (%) 

𝑫𝑸̅̅̅̅̅ (%) 

CAC ×10-6 (mg mL-1) 
1H NMR 15N CPMAS 

Conductometric 

titration 

Ch 5.0 - - - - n.d. 

DPCh 5.0 12.0 - - - 25,000 

DPCat35 5.0 12.0 35.0 41.2 36.5 6.8 

DPCat80 5.0 12.0 80.0 70.7 78.0 2.6 

 

The 13C CPMAS spectra of DPCat samples are shown in Fig. 42. As observed on 1H 

NMR spectra, it is also possible to infer, using the 13C CPMAS spectra, that the chitosan 

backbone is preserved after the quaternization of DPCh with significant modification in the 

carbon resonance signals at 73-50 ppm. However, mainly because of the signal overlapping and 

owing to the low signal-to-noise ratio of carbonyl signal (SILVA et al., 2017a), the 

quantifications are in some way affected in this experiment. Indeed, once the methyl groups 

from acetamido, palmitoyl and methyl groups from -N+(CH3)3 substituents are upfield shifted 

and also completely overlapped in 13C CPMAS spectrum (Fig. 42) the quantification of each 

group to the structure of DPCat derivatives is at least biased. Hence, we considered that even 

applying the deconvolution procedure, the proper distinction of every single contribution and 

quantification of 𝐷𝐴̅̅ ̅̅ , 𝐷𝑆̅̅ ̅̅  and 𝐷𝑄̅̅ ̅̅  would be doubtful, thus it was not performed.  

 The sharp and intense signal changes assigned to methyl carbons on -N+(CH3)3 groups 

at 56 ppm are related to the amount and highly mobile quaternized groups, but also to shorter 

relaxation times (T1) that leads to a less efficient cross polarization transfer between 1H and 13C 
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nuclei of methyl groups. In this case, during the recovery of magnetization, the higher mobility 

of these methyl groups induces a significant decrease of dipolar coupling with the surrounding 

environment (FACCHINATTO et al., 2020a, 2020b). This spin interaction dependence is the 

also the main responsible for signal broadening, as well as the local chain packing that is 

affected by the conformation and overall morphology of the polymer (CARDOZO et al., 2019; 

FACCHINATTO et al., 2020a). 

 

Figure 42 - 13C CPMAS spectra of DPCat80 (a) and DPCat35 (b) samples spinning at 12 kHz. 

 

 

The 15N CPMAS was also performed to DPCat derivatives. Each 15N NMR spectrum, 

presented on Fig. 43a-b, shows mainly three nitrogen resonance signals, considering that the 

nitrogen signal of acetamido moieties was not detected. As observed in Fig. 42, these spectra 

show a similar tendency assigned to nitrogen at -N+(CH3)3 group, with weak dipolar coupling 

also due to the higher mobility of such group (SHON et al., 1991), compared do -NH2 and -
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NHCH2-, that consequently leads to a sharper signal at 55 ppm. As -N+(CH3)3 has no protons 

directly bonded to 15N nuclei (weak dipolar interaction), and due to the high mobility of methyl 

groups directly linked, the magnetization recovery is straightly affected, making the cross-

polarization less efficient. Differently from the higher polarization transfer found in C-H 

bonding of -N+(CH3)3 as already mentioned, such interaction through N-C bonding allowed a 

better approach of  𝐷𝑄̅̅ ̅̅  (Table 11), considering the relative integral of -N+(CH3)3 estimated 

through the deconvolution procedure from the overlapped signals of -NHCH2 and -NH2 at 50-

20 ppm. As the gyromagnetic ratio value of 15N nuclei is considerably lower than 13C (γ15N
≪

γ13C
), the signal assigned to the 15N nuclei from acetamido groups, which comprises the lowest 

15N nuclei predominance, was underestimated because the one achieved similar order of 

magnitude of the noise arising from the spectrum baseline. However, and as indicated in Table 

11 and Fig. 43a-b, the other 15N nuclei are clearly distinguishable and were quantified applying 

the deconvolution procedure. One should point out that even being able to record the NH2 signal 

from GlcN, the content of this group is straightly related to the extension of N-substitution, i.e. 

presence of -N+(CH3)3 and NHCH2 segments, and the 𝐷𝑄̅̅ ̅̅  was only estimated because we 

considered the 𝐷𝐴̅̅ ̅̅  recorded from 1H NMR spectrum. Therefore, the reaction conditions 

explored to introduce the cationic substituents into the DPCh chains not only favored the 

formation of a secondary amine, but almost exclusively led to N-substitution.  

 

Figure 43 - 15N CPMAS spectra of DPCat35 (a) and DPCat80 (b) samples spinning at 12 kHz; FTIR spectra of Ch 

and derivatives (c). 
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The FTIR spectra of chitosan and derivatives (Fig. 43c) exhibited several bands in 

common such as the intense and broad band at 3700-3050 cm-1 assigned to the axial stretching 

of hydroxyl and amine groups, the weak band at 2900-2800 cm-1 related to methyl and 

methylene symmetric and asymmetric stretchings (CRUZ et al., 2013) and the bands centred at 

1129, 1070 and 1025 cm-1 corresponding to angular deformation and stretching of C-O bending, 

mainly from GlcN units (BRUGNEROTTO et al., 2001). The low intensity band at 1729 cm-1 

in DPCh and DPCat spectra is attributed to axial deformation of carbonyl ester from O-acyl 

substituent (SILVA et al., 2017b). The sharp band at 1486 cm-1 in the spectra of the DPCat is 

associated to C-H bending of -N+(CH3)3 group (CHO et al., 2006), and its relative intensity is 

in agreement with 𝐷𝑄̅̅ ̅̅  values (Table 11) as its contribution to the spectrum is higher in the one 

from DPCat80 as compared to DPCat35 spectrum. Significant modifications regarding the band 

at 1598 cm-1 assigned to N-H bending of primary amine and at 1652 cm-1, from C=O stretching 

of secondary amine, are observed in the spectra of the DPCat derivatives. Thus, the relatively 

higher intensity of the former band in the spectra DPCat35 compared to Ch and DPCh confirms 

the conversion of a primary to a secondary amine due to the occurrence of N-substitution 

(SILVA et al., 2018; XIAO et al., 2012). Indeed, no evidence of chemical modifications at 

hydroxyl groups was found, which is confirmed by the occurrence of characteristic bands in the 

interval 1160 cm-1 to 1120 cm-1 (HUANG et al., 2014; SANTOS; BUKZEM; CAMPANA-

FILHO, 2016). 

The main dynamic behavior of the polymers was also assessed by analyzing 1H NMR 

signal decay profiles (Fig. 43a), similarly to the procedure used in CHAPTER II and III. In 

brief, due to the sensitivity of dipolar interactions with respect to the spin dynamics of the 

polymeric side-chains and backbone in solid-state, each curve can be decomposed into a faster 

decay (tenths of microseconds) related to the rigid components with stronger dipolar 

interactions, and longer decay from chemical segments of higher mobility. Such differences 

ascribed in the whole signal decay profile have been applied to evaluate the semicrystallinity 

of polymers (MAUS; HERTLEIN; SAALWÄCHTER, 2006), and to estimate the content of 

certain mobile molecular segments (CLEEMPUT et al., 1995). The mobile-part signal of 1H 

NMR decay profile is mainly attributed to the methyl hydrogens in solid-state, which 

consequently leads to lesser heteronuclear dipolar coupling with the surrounding chemical 

environment (METZ; ZILIOX; SMITH, 1996). In this sense, for chitosan and derivatives, the 

observed 1H NMR signal decay can be directly assigned to methyl groups of GlcNAc and to 

the palmitoyl and trimethylammonium substituents of DPCh and DPCat, respectively 

(FACCHINATTO et al., 2020b). Taking into account the relative content of methyl groups in 
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each polymeric structure, the mobile-part signal (T2m) listed in Table 12 was proportional to 

𝐷𝐴̅̅ ̅̅ , 𝐷𝑆̅̅ ̅̅  and 𝐷𝑄̅̅ ̅̅ , showing higher contribution for increasing content of substituents that possess 

methyl groups. The rigid-part signal (T2r) and the shape parameter (va) were nearly constant, as 

observed for other polymeric structures (MAUS; HERTLEIN; SAALWÄCHTER, 2006) and 

for chitosan with variable 𝐷𝐴̅̅ ̅̅  (FACCHINATTO et al., 2020b), except for DPCat80 derivative 

that featured an unusually higher value of T2r. The mobile fraction parameter, fm showed an 

increasing trend, although quantitative assessment of 𝐷𝐴̅̅ ̅̅ , 𝐷𝑆̅̅ ̅̅  and 𝐷𝑄̅̅ ̅̅  was not possible because 

the estimation of local 1H density was distorted due to the echo acquisition (MAUS; 

HERTLEIN; SAALWÄCHTER, 2006). 

 

Figure 44 – 1H NMR signal decay profiles recorded by MSEFID pulse sequence (a), thermogravimetric and (b) 

and DTG curves of Ch, DPCh, DPCat35 and DPCat80 (c). 

 

 

Table 12 - Rigid/mobile components described as 𝑇2𝑟 and 𝑇2𝑚, respectively, the mobile fraction parameter (𝑓𝑚) 

and shape parameter (𝜐𝑎) and the weight losses (WL) related to different degradation steps of the polymers.  

a Calculated parameters from 1H NMR signal decay; 
b Weight loss (WL) recorded from stage I assigned in the thermogravimetric response curve 
c Onset temperature (𝑇𝑜𝑛𝑠𝑒𝑡) referred to the maximum heat before polymeric chains cleavage;  
d Weight loss (WL) recorded from stage II assigned in the thermogravimetric response curve.  

Samples 

1H NMR signal decay  
Stage I  

(25-150 ºC) 
 

Stage II  

(150-350 ºC) 

𝑻𝟐𝒓
a (µs) 𝑻𝟐𝒎

a (µs) 𝝊𝒎
a 𝒇𝒎

a  WLb (%)  𝑻𝒐𝒏𝒔𝒆𝒕
c (ºC) WLd (%) 

Ch 16.4 ± 0.1 130 ± 3 1.18 ± 0.03 9.6 ± 0.5  9.3  261.8 42.2 

DPCh 17.3 ± 0.1 133 ± 3 1.00 ± 0.02 18 ± 1  2.7  238.7 44.8 

DPCat35 23.9 ± 0.2 247 ± 6 1.00 ± 0.02 54 ± 2  9.8  216.9 26.5 

DPCat80 40.9 ± 0.8 638 ± 13 1.00 ± 0.02 73 ± 4  3.8  219.3 35.4 
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Two different stages of temperature-dependent weight loss (WL%), namely Stage I and 

Stage II (Table 12) could be observed in the response TG curve (Figure 44b-c). The Stage I is 

attributed to weakly adsorbed water, while the larger weight loss on the Stage II is likely due 

to the occurrence of oxidative reactions and consequent elimination of volatiles. Thermal 

stability (Tonset) successively decreased from chitosan to DPCat derivatives (Table 12). Indeed, 

as usually observed for other chemically-modified chitosans (FACCHINATTO et al., 2019; 

SANTOS; BUKZEM; CAMPANA-FILHO, 2016), for the successful binding be achieved on 

the reactive sites of chitosan, its necessary to cause an intersheet disruption, which induce to 

loss the former stability and compactness held by the hydrogen bonds network. The interchain 

long-range ordering is severely reduced, allowing the main and side chains to quicky response 

to furnished heat, once the faster chain motion is consequence of higher mobility freedom on 

lesser compact domains. Hence, as observed on Stage II (Figure 44b-c), such faster motion 

leads to an earlier cleavage and decomposition of main and side chains, markedly on lower 

Tonset (Table 12) as compared to unmodified chitosan. In this sense, it should be pointed out that 

the decrease of thermal stability on chitosan derivatives is straightly related to the intra- and 

interchain interactions.   

The major contribution of methyl groups was also indirectly confirmed by TG analysis. 

As the 1H NMR signal decay doesn’t properly inform which 1H nuclei it is related to, the solid-

state NMR analyses, namely Dipolar Chemical Shift Correlation (DIPSHIFT) experiment, has 

been previsouly performed (CHAPTER II) to fulfill this purpose (FACCHINATTO et al., 

2020b), once the normalized DIPSHIFT curves reflects the local average mobility from distinct 

structure segments. As result, the weaker dipolar 1H-13C interaction on methyl groups leads to 

DIPSHIFT curves with higher amplitude, which might be explained by the intrinsic fast rotation 

of the C-H bond around the CH3 C3 symmetry axis. It was also confirmed that all C1-C6 

carbons actually have no significant mobility and, consequently, none of each 1H nuclei directly 

linked. Hence, methyl hydrogens and those from water molecules, referred to the residual 

hydration assigned on Stage I of TGA curves, are the only relevant 1H nuclei involved in the 

mobile fraction of 1H NMR signal decay. Similarly to CHAPTER II achievements, the residual 

hydration didn’t change as much as the content of methyl groups among the samples, with 

means that the weakly adsorbed water doesn’t imply on significant effect on 1H NMR signal 

decay of chitosan and derivatives. 
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3.4.4.2. Solution properties and wettability 

 

As shown in Fig. 45a, the transmittance (T%) values were as high as 90 % for all polymer 

solutions in acid medium (pH ≤ 6), indicating that the presence of positive charges, due to 

ammonium groups (-NH3
+) pertaining to GlcN units and to quaternary ammonium substituents 

(-N+(CH3)3), favored the complete solubilization of the polymers. In the case of DPCh, there 

are none quaternary ammonium substituents and the presence of palmitoyl moieties leads to a 

stronger hydrophobic character, while the neutralization of a significant part of its ammonium 

groups at pH ≈ 6.0 decreases the polymer charge density, decreasing its solubility as well as the 

solution transmittance. In neutral and mainly in alkaline media, most of the ammonium groups 

of GlcN units are neutralized and the transmittance of the solutions of Ch and DPCh decreased 

sharply, as a consequence of polymer aggregation, leading to polymer insolubility (SORLIER 

et al., 2001). In contrast, the DPCat35 and DPCat80 derivatives were fully soluble in the range 

1 ≤ pH ≤ 12 as their solution transmittance were always very close to 100 %, which is attributed 

to their strong polycationic character due to the presence of numerous quaternary ammonium 

substituents, conferring a high content of positive charges to the polymer chains even in neutral 

and alkaline media.  

The effect of the solution pH on the polymer charge density was evaluated by carrying 

out measurements of zeta potential (Fig. 45b). In acid medium, all polymers exhibited 

electrostatic stability as zeta potential values were higher than +25 mV due to the high positive 

charge density conferred by cationic sites, i. e. the ammonium groups (-NH3
+) of GlcN units 

(FACCHINATTO, 2016) and the quaternary ammonium substituents (-N+(CH3)3). However, 

in alkaline medium a drastic decrease of zeta potential was observed in the case of DPCh as 

most of its ammonium groups are neutralized at pH ≈ 7.0, lowering the polymer charge density 

and its solubility, as already discussed. Such behavior suggests that even in acid medium the 

self-association of DPCh chains can be favored but the polymer remains soluble as long as 

enough positive charges, i. e. ammonium groups, are present in the polymer chains, assuring an 

extensive hydration. This discrete macromolecular association may be induced by the polymer 

segments of DPCh rich in palmitoyl moieties, constituting a hydrophobic core, while the 

hydrophilic shell, formed by polymer segments positively charged, prevents further 

aggregation. Although, when pH ≥ 7.0 the outer shell loses its positive charges and the polymer 

aggregation and insolubility are strongly favored.  
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Figure 45 - Aqueous solubility (a), zeta potential (b), specific conductivity as function of concentration of DPCh, 

DPCat35 and DPCat80 (d) and hydrodynamic size as function of pH. 

 

 

In contrast, the zeta potential of DPCat35 and DPCat80 (Fig. 45b) decrease mildly upon 

increasing solution pH and from pH ≥ 9.0 a plateau is attained at approximately +12 mV and 

+20mV, respectively, showing that the higher the content of quaternary ammonium substituents 

the higher the zeta potential. Indeed, such results confirm the key role of quaternary ammonium 

substituents concerning the improved water-solubility and electrostatic stability of the DPCat 

as they are responsible for maintaining a high polymer charge density regardless of the solution 

pH. Such an improved stability of DPCat is a very important characteristic concerning its 

potential use as a platform for oral drug administration as the pH changes from neutral to 

slightly basic in the gastrointestinal mucosa (DESESSO; JACOBSON, 2001). 

The macromolecular aggregation behavior of DPCh and DPCat derivatives was evaluated 

through the fast conductivity measurements of polymer solution as function of its concentration 

in aqueous medium (KHAN; SHAH, 2008). The specific conductivity versus polymer 

concentration curves (Fig. 45c) were treated to determine the critical aggregation concentration 

(CAC) of DPCh and DPCat derivatives (Table 11). The formation of a linear intersection 
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between two increasing tendencies as function of concentration (CAC) means that the recorded 

conductivity describes the changes in the polymer aggregation behavior, which are 

consequently held by the positively-charged moieties. Once the content the amphiphilic chains 

in the medium increases, the average distance among them goes down and the aggregation 

phenomenon takes place until reaches a critical concentration, when the medium becomes 

saturated with micelle-like structures. After that point, the fast conductivity increment occurs 

on a concentration interval in which the increased content of amphiphilic chains in the medium 

starts being less capable to thermodynamically stabilize itself into a micellar system (SILVA et 

al., 2017b). Thus, the excess of positively-charged moieties reflects on the higher conductivity 

because these charged groups are not held on the micellar out layer. Taking into account that 

the CAC achieved by DPCat derivatives are considerably lower than that of DPCh, it is 

reasonable to infer that the former is even more capable to form stable micelle-like structures 

at lower polymer concentration (FENG; DONG, 2006; HUO et al., 2011), while the latter 

continuously aggregates until reach higher concentrations, leading to structures in which much 

more amphiphilic chains are involved. Lower CAC is also advantageous to avoid physical  

dissociation (FENG; DONG, 2006). Such distinct behavior between these chitosan derivatives 

is deeply related to the quaternary ammonium substituents (-N+(CH3)3), as clearly evidenced 

by the specific conductivity values achieved (Fig. 45c). In this sense, as typically revealed by 

polyelectrolytes systems, the presence of positive charges is the main responsible for the 

electrostatic repulsion, consequently preventing the aggregation at high extension (SILVA et 

al., 2018; ŠTĚPÁNEK et al., 2001). As the content of positive charges increases, the 

electrostatic repulsion mostly reveals itself as the main driving mechanism to form micelle-like 

structures requiring considerably less content of amphiphilic chains, thus lowering the CAC of 

DPCat as compared to DPCh. Thus, owing to their very low CAC (2.6 x 10-6 mg mL-1 – 6.8 x 

10-6 mg mL-1), both DPCat derivatives are potentially more suitable for development of 

nanostructured micelles as compared to DPCh aiming the encapsulation and release of 

hydrophobic drugs compared to DPCh. 

The effect of solution pH on the average hydrodynamic size of DPCh and DPCat 

derivatives was evaluated by carrying out DLS measurements (Fig. 45d), which confirmed that 

these chitosan derivatives display very different behaviors that are strongly dependent on the 

chemical nature of their substituents. In acid medium (pH ≤ 6.0) the average hydrodynamic size 

of DPCh is much higher (700-1000 nm) than that of DPCat derivatives (150-350 nm), 

supporting the thesis that a moderate macromolecular association occurs in the former case, as 

already proposed. However, as the polymer solution attains pH ≈ 7.0 the DPCh chains lose most 
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of its positive charges, aggregation is strongly favored and the DLS measurements become very 

unstable. In the case of DPCat, in contrast, the high charge density prevents the occurrence of 

aggregation regardless of the solution pH.  

As already discussed, the quaternary ammonium groups from both DPCat derivatives 

allow reaching a considerable reduced CAC due to the electrostatic repulsion that prevents 

larger micellar-like structures to be formed, as compared to the ones from DPCh. Hence, and 

considering an equivalent amount of soluble species in a given polymer concentration, it should 

be pointed out that the micelles made from DPCat leads to lower average sizes of these 

structures, while those from DPCh are relatively oversized. This consideration was confirmed 

by the average hydrodynamic size achieved by each derivative (Fig. 45d) and confirmed by the 

monomodal size distribution profile showed in Fig. 46. This data recorded from DLS 

experiment at pH ≈ 2 reveals that the distribution of the volume of each particle and number of 

species agree with the scattering intensity profile for both derivatives, which means that the 

average hydrodynamic size is representative in the whole analyzed content. Moreover, these 

size distribution curves also confirm that stable and larger micelle-like structures of DPCh are 

formed, once the distribution curves are located at higher size distribution interval, while small 

structures formed by DPCat chains are shifted to lower size distribution interval. 

 

Figure 46 – Hydrodynamic size distribution of DPCh and DPCat35 derivatives recorded by DLS experiment. The 

results are presented as function of volume (a,d), number (b,e) and intensity (c,f).  
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The average hydrodynamic size values of DPCat derivatives, although varying in a 

relatively wide interval (120 nm – 420 nm) are inserted in a useful range concerning its potential 

application as a drug nanocarriers. Indeed, a drug platform presenting average size in the range 

200-500 nm is the preferential choice for enhanced diffusion while those presenting smaller 

sizes (150-200 nm) are chosen to avoid rapid clearance and enhanced permeation and retention 

effect (EPR), whereas higher sizes usually lead to a slower transportation through the mucus 

layer (DAS NEVES et al., 2011).  

The results of water contact angle recorded on the polymers compressed into pellets are 

shown in Fig. 47. This parameter provides important information about the chemical 

composition and microstructure through the wettability property on solid surfaces. Compared 

to the contact angle exhibited by Ch (82.2º) used as control (Fig. 47a), mainly attributed to the 

interaction between hydrophilic segments (amino and hydroxyl groups) with water molecules, 

the derivatives exhibited opposite behaviors between them as consequence of the 

hydrophilicity/hydrophobicity moisture ratio due to the relative changes on each 

functionalization step performed. As observed in Fig. 47b, the lesser wettability expected for 

DPCh derivative is confirmed by the ennhaced contact angle (109.8º) as consequence of the 

added content of palmitoyl substituents, thus revealing higher hydrophobicity with respect to 

the control behavior (SILVA et al., 2017b). However, the result recorded for DPCat35 (36.6º), 

showed in Fig. 47c, reveals an outstanding improvement of wettability behavior due to the 

addition of the quaternized ammonium, -N+(CH3)3, substituents (TABRIZ et al., 2019). Such 

group can highly enhance the hydrophilicity compared to the unmodified amino group because 

the permanent cationic charge induces a higher polarity which allows the interaction with more 

water molecules, also suppressing the overall contribution referred to the hydrophobic moieties. 

It was not possible to record the contact angle on DPCat80 pellet due to the faster wettability 

property (< 1 s), which agrees to the expected behavior once the content of cationic charges 

have been significantly enhanced compared to those exhibited by DPCat35. 
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Figure 47 - Water contact angles of Ch (a), DPCh (b) and DPCat35 (c) samples compressed into pellets 

 

 

3.4.4.3. Mucoadhesiveness and mucin interaction properties 

 

The detachment test has been carried out on potential mucoadhesive materials to estimate 

the maximal force required to detach them from a biological substrate (BONI et al., 2018). The 

complexity involved in the detachment force as a physical process is due to the mucoadhesive 

interaction and deformation properties that simultaneously occur in the interface between the 

material and the substrate (WAYS; LAU; KHUTORYANSKIY, 2018). In this study, the 

intestinal tissue was used as a model platform to mimic the physiological conditions in a 

simulated biological environment. The mucoadhesive capacity was estimated comparing 

indirect measures of the detachment force (N) applied individually, performed after carrying 

the mucoadhesion consolidation with equivalent contact stages, thus providing the maximum 

mucoadhesion force for each case (Fig. 48).   
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Figure 48 - Maximum mucoadhesion (detachment) force (N) of Ch, DPCh, DPCat35 and DPCat80 from porcine 

intestine, used as biological tissue model. The level of significance of p < 0.05 was determined applying the 

Tukey’s test. 

 

 

A comparative analysis of Ch and DPCh reveals that the hydrophobic content related to 

palmitoyl moieties has decreased the mucoadhesive strength onto mucus layer. In fact, both 

polymers possess amino groups, which renders the macromolecules positively-charged, thus 

making the electrostatic behaviour as the main driving force for mucosal adhesion interaction 

with negatively-charged components (SOGIAS; WILLIAMS; KHUTORYANSKIY, 2008; 

WAYS; LAU; KHUTORYANSKIY, 2018). The secondary linkages with mucus layer are 

promoted by lower potential energy that sustain the interaction at shorter distances, which is 

essentially due to the hydrophobic moieties in DPCh, compared to the long-range interactions 

achieved by charged segments. Therefore, the higher hydrophobicity of DPCh resulted in lower 

hydration degree as compared to Ch, hindering the interpenetration of polymeric chains in the 

consolidation step of mucoadhesion (ANDREWS; LAVERTY; JONES, 2009). The palmitoyl 

chains have been previous reported as chitosan substituents in which the mucoadhesive 

performance has been increased only by including the hydrophilic glycol segment 

(BONFERONI et al., 2010). The bioadhesion of palmitoyl glycol chitosan on buccal mucosa 

could be also enhanced by increasing the polymer hydrophobicity by attaining higher degrees 

of palmitoylation (MARTIN et al., 2002). Nevertheless, even with such an increased 

amphiphilic character the authors highlighted that this derivative develops insolubility, 

depending on the degree of substitution (BONFERONI et al., 2010; MARTIN et al., 2002) 

The introduction of quaternary ammonium group onto chitosan backbone has been 

associated to an increased permeability to hydration, stereochemical hindrance and 

mucoadhesiveness (RUIHUA et al., 2012; SONIA; SHARMA, 2011). Indeed, as shown in Fig. 

48, both DPCat derivatives have enhanced the adhesion to mucosa as compared to DPCh, which 
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emphasizes the importance of positively-charged surface to engage higher efficiency to this 

process. However, the maximum mucoadhesion (detachment) force for DPCat35 was higher 

than DPCat80, which could be associated to the increase of hydration capacity and absorption 

of large amounts of water molecules by increasing the content of -N+(CH3)3 groups. Similar 

results were obtained with N,N,N-trimethylchitosan derivative, in which permanent quaternary 

ammonium groups are also present (NAZAR et al., 2011; SNYMAN; HAMMAN; KOTZE, 

2003). In this case, the authors have observed an enhanced work of adhesion of TMC compared 

to unmodified chitosan with a degree of quaternization from 22.1 to 25.6 %, achieving lower 

performance at the interval between 48.8 – 61.3 % of quaternization. Indeed, the good 

mucoadhesive behavior is strongly related to higher levels of water-holding capacity 

(ANDREWS; LAVERTY; JONES, 2009). However, the excess of hydration, due to the 

increased electrostatic affinity of DPCat80 for water molecules and owing to its strong 

polycationic character, might hinder the penetration of polymer chains into mucus layer, thus 

decreasing the spreadability of polymer solution through the surface and, consequently, the 

mucoadhesiveness (ANDREWS; LAVERTY; JONES, 2009; NAZAR et al., 2011; SNYMAN; 

HAMMAN; KOTZE, 2003).  

It is worth to mentioning that values of maximum detachment force for DPCat35 

derivative did not differ significantly when compared to unmodified chitosan. In this sense, the 

apparent constant mucoadhesive property with respect to Ch has to be understood as a recovered 

property, once DPCat35 and DPCat80 were produced from a hydrophobically-modified 

chitosan, DPCh, that showed lower mucoadhesiveness. Thus, the permanent charged structure 

achieved by the second derivatization performed in this study reveals as an advantageous over 

the previous ones, due to the useful properties added and also recovered.  

Mucin is formed by high molecular weight glycoproteins (106-107 Da) that are constituted 

by approximately 75% of oligosaccharides O-linked with proteins (BAFNA; KAUR; BATRA, 

2010). The concentration of mucin has been related to the malignancy of several types of 

tumours, once cancer cells are responsible for high levels of mucins that are largely produced 

in acid microenvironment. Healthy and tumour tissues typically show similar intracellular pH, 

however the acidification of surrounding extracellular content has been associated to advanced 

tumour stages, which results in  pH ≈ 5.5. (DANHIER; FERON; PRÉAT, 2010). In this sense, 

considering that the interactions between a chitosan-based system with mucins are favoured in 

a slightly acid to neutral pH (SILVA et al., 2012), the self-assembly behavior of DPCat 

derivatives was investigated in pH 7.4 and 5.5 for simulating physiological and tumor 

microenvironment systems, respectively, in the presence of mucin. 
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As shown in Fig. 49, the hydrodynamic size increases with increasing mucin 

concentration. This behavior is mainly due to the electrostatic attractions involving the negative 

charges of carboxylate groups of the sialic acid on mucin and the positively-charged DPCat, 

which results in the adsorption of mucin on the polymeric surface. This adsorption phenomenon 

is enhanced in pH 5.5 (Fig. 49a) at equivalent mucin concentration measured in physiological 

medium (Fig. 49b), due to the presence of numerous ionized sialic acid residues (ANDREANI 

et al., 2015) and protonated amino groups of chitosan, as well as the permanent positive charges 

present in DPCat derivatives, leading to a stronger electrostatic attraction and favoring the 

formation of ionic complexes. As consequence, the charged double layer of such macrostructure 

decreases with mucin concentration, continuously leaving positively-charged groups less 

available on the surface and thus reducing the zeta potential values. Therefore, the DPCat 

mucoadhesiveness seems to be more efficient in acid medium, which highlights the major 

influence of electrostatic force in the consolidation of mucoadhesion process, being especially 

useful to target anti-cancer drugs in the acid microenvionment of tumoral sites (WAYS; LAU; 

KHUTORYANSKIY, 2018). 

 

Figure 499 - Average hydrodynamic size (bars) and zeta potential (dots) of DPCat35 (grey) and DPCat80 (black) 

at pH 5.5 (a) and 7.4 (b). 

 

 

3.4.4.4. Cytotoxicity assay using healthy and tumor cells 

 

The cell viability screening, aimed for safety administrations of DPCat derivatives, was 

performed to evaluate the cytotoxicity in vitro for HepG2/C3A and DU 145 as cancer epithelial 

cell lines from liver and prostate, respectively. It was conducted the same assay to a cell line of 

mouse fibroblast (Balb/C 3T3 clone A31) as healthy model line widely used to assess the toxic 

response for novel and known chemicals (SAIDEL et al., 2017). The results indicate that 
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DPCat35 is considerably more safe than DPCat80 as evidenced through the concentration-

response curves (Fig. 50), which confirmed the lower cytotoxicity of DPCat35 as compared to 

DPCat80 to all cell lines, the latter being 13 times more cytotoxic for Balb/C 3T3. Such 

distinguished behavior is also evidenced in Table 13, according to CC50, once DPCat35 didn’t 

reach 50% of cell death for DU 145 or HepgG2/C3A cells at the concentration interval tested. 

 

Figure 50 - Concentration-response curves with DPCat35 (a) and DPCat80 (b) samples against Balb/C, DU 145 

and HepG2/C3A cell lines. The screening of the samples using three cell lines to acess the cytotoxicity has been 

taken after 72h incubation. The viability of the negative control (untreated cells) was considered 100%, while the 

positive control with sepantronium bromide led to cell death (viability near 0%). Continuous lines represent log-

logistic regression curves. 

 

 

Table 13 - Quantitative data from the concentration-response curves for samples and cell lines used to access the 

cytotoxicity after 72 h incubation. 

Cell line 

DPCat35 

CC50 ± SD (µg mL-1) 

R2/Sy.x 

DPCat80 

CC50 ± SD (µg mL-1) 

R2/Sy.x 

Balb/C 3T3 
295 ± 21 

0.963/5.760 

22 ± 2 

0.985/4.810 

DU 145 
NA 50 ± 17 

0.956/8.540 

HepG2/C3A 
NA 277 ± 34 

0.934/8.760 

 

CC50: concentration necessary to reduce cell viability by 50% (half-maximal cytotoxic concentration); standard 

deviation (SD); non-linear fitting (R2); standard error of the fitting (Sy.x). NA = inactive. 

 

Our previous findings have revealed that hydrophobically-modified chitosan derivatives 

don’t exhibit significant cytotoxicity against other cancer cell lines (SILVA et al., 2017b, 

2017a), similarly revealed by DPCh, that showed inactive behavior (N.A.) in the initial cell 

viability screening array (15-1,500 µg mL-1) for all cell lines tested. Hence, in this study, the 
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major effects regarding the cell viability remain from positively-charged substituents. In fact, 

according to literature, quaternized chitosan derivatives have been associated to an increased 

cytotoxicity against different cell lines, which has been also related to the average content of 

permanent-charged groups available in the structure (JINTAPATTANAKIT et al., 2008; 

SAJOMSANG et al., 2009; SANTOS et al., 2018; XIAO et al., 2012). Drastically cell viability 

changes have been found when 𝐷𝑄̅̅ ̅̅  increases from 28.1 to 43.7 % (XIAO et al., 2012) or from 

30 to 82 % (SAJOMSANG et al., 2009). In these studies, at lower 𝐷𝑄̅̅ ̅̅ , the CC50 values ranged 

as 150-500 µg mL-1, while at higher 𝐷𝑄̅̅ ̅̅ , the cell lines almost die at concentration higher than 

50 µg mL-1. Moreover, we have found previously that quaternized chitosan derivative, namely 

N-(2-hydroxy)-propyl-3-trimethylammonium, 3,6-O,O’-dimyristoyl chitosan, DMCat, 

successfully improved the in vitro cell viability of curcumin-loaded nanoparticles toward 

Caco2/HT29-MTX cell lines compared to free curcumin, however empty nanoparticles 

exhibited CC50 ~ 50 µg mL-1 at  𝐷𝑄̅̅ ̅̅  = 35 % against both cell lines (SILVA et al., 2018). In this 

sense, such results corroborate that DPCat35 derivative display similar or even higher cell 

viability as compared to other positively-charged chitosan approaches and has greatly improved 

the cell viability as compared to DMCat. Thus, DPCat35 has shown outstanding potential for 

further biomedical applications, especially for the development of nanosystems of drug 

delivery, in which the main concern is usually to hide hydrophobically drugs against the 

immune system recognition and to improve its efficiency, instead of adding some intrinsic and 

expressive cytotoxic effect with CC50 values at the same log of magnitude to those generally 

presented by antitumoral drugs (SILVA et al., 2017b, 2017a, 2018). 

 

3.4.5. Conclusions  

 

The conditions employed in the derivatizations aimed to introduce new functional groups 

in the chitosan backbone resulted predominantly in O-substitution when introducing palmitoyl 

groups to result in DPCh (𝐷𝑆̅̅ ̅̅  ≈ 12.0 %), a hydrophobic derivative, and in N-substitution when 

introducing the quaternized moieties to DPCh to result in DPCat. The latter is an amphiphilic 

derivative displaying full water solubility at a wide pH range, the quaternization reaction being 

carried out at different reaction conditions to result in derivatives DPCat35 (𝐷𝑄 ̅̅ ̅̅ ̅≈ 35 %) and 

DPCat80 (𝐷𝑄 ̅̅ ̅̅ ̅≈ 80 %). The main structure of DPCat35 was confirmed by carrying out TD-

NMR experiments and TG analysis. While the hydrodynamic size of DPCat derivatives ranged 

as 100 - 320 nm, a useful range for promising polymeric platforms to be used as drug 
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nanocarriers, the quaternary ammonium groups of such polymers enabled the exposure of a 

positively-charged surface, which maintains the electrostatic stability regardless of the solution 

pH as observed through zeta potential measurements. Such behavior displays a desirable feature 

for interaction with glycoproteins. Indeed, the positively-charged DPCat surface revealed to be 

the driving force that sustains the electrostatic attraction with the negatively-charged mucin 

moieties. In this sense, the mucoadhesive detachment test of DPCat35 showed increased 

adhesive interaction with the biological tissue model compared to DPCh and DPCat80. The 

DPCat35 was lesser cytotoxic against the healthy cell line model Balb/C 3T3 than DPCa80 and 

also showed inactivity against cancer cell lines DU 145 and HepG2/C3A. This cytotoxic profile 

is in agreement with similar already reported derivatives in which the cell viability is largely 

reduced by increasing the 𝐷𝑄̅̅ ̅̅  values. Therefore, the overall properties of DPCat35 make it a 

promising candidate for applications as a drug nanocarrier as compared to DPCat80. 
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CHAPTER V 

Clotrimazole-loaded N-(2-hydroxy)-propyl-3-trimethylammonium, O-palmitoyl 

chitosan nanoparticles for topical treatment of vulvovaginal candidiasis 
 

Original source: Acta Biomaterialia, Elsevier (FACCHINATTO, W. M. et al., 2021) 

 

 

3.5.1. Smart polymers against infectious disease 

 

Vulvovaginal candidiasis (VVC) is a common genital infection affecting one in every 

four women at least once during their lifetime (SOBEL, 2007). The disease is particularly 

prevalent in women of reproductive age and can be quite variable in severity, ranging from 

sporadic cases featuring mild local symptomatology that are readily solved by oral or topical 

treatment, to a chronic or recurrent infection that can be hard to manage with currently available 

drugs. Azoles have been the drug class of choice for treatment of VVC, but some challenges 

remain. For example, oral azoles (triazoles) are widely used, although topical azoles 

(imidazoles) can be as effective and avoid systemic side-effects (DAS NEVES et al., 2008). 

Azole-resistance is also an emerging issue, which can be particularly troublesome due to the 

relatively scarce availability of alternatives (WHALEY et al., 2017). 

From a biopharmaceutical perspective, the use of topical azoles is also limited by the 

relatively unchanged panorama regarding vaginal formulation approaches that have been 

available to clinicians and women for managing VVC. Treatment with conventional products 

– mostly in the form of suppositories, creams or gels – is often associated with poor intravaginal 

retention and distribution, which restricts local drug availability and, thus, its efficacy (DAS 

NEVES et al., 2008). Leakage and messiness associated to the use of standard drug dosage 

forms further affect the willingness of women to fully adhere to treatment (PALMEIRA-DE-

OLIVEIRA et al., 2015). Different formulations and drug delivery approaches have been 

proposed over the years for the vaginal administration of imidazoles (namely its most 

representative compound clotrimazole (CLT)), including the use of nanotechnology-based 

solutions. Nanosystems hold the potential to increase drug residence by promoting 

mucoadhesion, controlling drug release, reducing drug-associated toxicity or even enhancing 

the interactions between drug and pathogens (VANIĆ; ŠKALKO-BASNET, 2013). For 

instance, Santos et al. (SANTOS et al., 2013, 2014b) developed mucoadhesive CLT-loaded 

Eudragit® RS 100 capsules and showed their ability to provide sustained drug release and 

inhibit Candida spp. in vitro. In another study, Jøraholmen et al. (JØRAHOLMEN et al., 2014) 
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showed that coating CLT-loaded nano-liposomes with chitosan enhanced the ability of the drug 

to be retained in ex vivo vaginal mucosa. A similar effect was recently reported by Soriano-

Ruiz et al. (SORIANO-RUIZ et al., 2019) when using nanoemulsions to deliver CLT, as 

compared with commercial references. Gaurav et al. (GAURAV et al., 2015) proposed an 

interesting hybrid nanocomplex comprising albumin-stabilized silver nanoparticles (NPs) 

coated with CLT included into β-cyclodextrin. Interestingly, this study showed the synergistic 

effect between CLT and silver NPs, which was able to reverse the drug-resistance profile in a 

limited number of Candida spp. strains. 

Chitosan and its derivatives have attracted great interest for various biomedical 

applications owing to their typical mucoadhesiveness, biocompatibility and biodegradability, 

and have been widely used for the production of NPs for drug delivery purposes (NASKAR; 

SHARMA; KUOTSU, 2019; PAVINATTO et al., 2017). The use of such nanocarriers for 

vaginal use has been documented, particularly for enhancing drug residence upon 

administration (MENG; STURGIS; YOUAN, 2011) or promoting mucosal permeation 

(SANDRI et al., 2004). Thiloted chitosan nanoparticles were successfully applied for enhance 

tenofovir activity, showing non-cytotoxicity to vaginal floral species (MENG; STURGIS; 

YOUAN, 2011), while 5-methyl-pyrrolidinone chitosan has enhanced the mucoadhesive 

property and acyclovir permeation in vaginal environment (SANDRI et al., 2004). Additionally, 

chitosan-coated liposomes formulations were successfully effective against vaginal infections 

(JØRAHOLMEN et al., 2020). An additional interesting feature of chitosan-based NPs is their 

reported activity against both planktonic cells and biofilms of Candida albicans (DE 

CARVALHO et al., 2019; ING et al., 2012). However, chitosan and most of its derivatives are 

hydrophilic in nature and may not be suitable for incorporating highly hydrophobic drugs such 

as CLT (log P = 5.44; water solubility = 0.56 mg/L) (SAADATFAR et al., 2018).  

In order to address this issue, in our previous work, an amphiphilic chitosan derivative 

was synthesized and exhibited self-assembly aspect in water as well as high loading capacity 

of lipophilic drugs (SILVA et al., 2017a). In particular, two derivatives displayed additional 

properties that could support their biomedical use: N-(2-hydroxy)-propyl-3-

trimethylammonium, O,O’-dimyristoyl chitosan exhibited low cytotoxicity and the ability to 

promote cell permeation (SILVA et al., 2018), while the permanent-charged amphiphilic 

chitosan derivative, DPCat (CHAPTER IV), improved mucoadhesiveness (SILVA et al., 2021). 

The latter derivative also exhibited cytotoxicity that was dependent on its average degree of 

quaternization (𝐷𝑄̅̅ ̅̅ ) (SILVA et al., 2021). Additionally, such cationic amphiphilic chitosan 

derivatives are soluble over a broad range of pH, contrasting with the low solubility of chitosan 



138 

 

at pH values around six (SILVA et al., 2018, 2021). Furthermore, a previous study suggested 

that hydroxypropyltrimethylammonium chloride chitosan, a cationic derivative with 

permanent-charged ammonium groups, not only featured pH-independent solubility, but also 

showed improved antifungal activity as compared to chitosan (QIN; LI; GUO, 2020). The 

antimicrobial effect has been typically well correlated with the average degree of quaternization 

(𝐷𝑄̅̅ ̅̅ ) such chitosan derivatives (QIN et al., 2004; SANTOS et al., 2018; SHAGDAROVA et 

al., 2019). 

The aim of this CHAPTER V is to further explore the range of biomedical applications 

of DPCat, namely by assessing its potential for preparing CLT-loaded NPs intended for the 

treatment of VVC. The NPs were characterized with respect to its hydrodynamic size and 

surface charge density through dynamic and electrophoretic light scattering (DLS and ELS) 

analysis, respectively, and compared with the particle dimensions and morphology recorded by 

transmission electron microscopy (TEM). NPs were characterized for relevant in vitro 

biological (cytotoxicity, anti-Candida activity and cell monolayer permeation/association) 

properties pertinent to vaginal drug delivery and antifungal therapy. The cytotoxicity to female 

genital epithelial cells and permeability to cell-monolayer models were carried out using HEC-

1-A endometrial cell line and Ca Ski cervical cell line, while the HeLa cervical cell line was 

additionally used only on cytotoxicity assays.  

 

3.5.2. Materials and Methods 

 

3.5.2.1. Preparation and characterization of NPs 

 

DPCat35 was selected for producing NPs due to its lower toxicity, as compared to 

DPCat80 (SILVA et al., 2021). NPs were prepared by ionic gelation in order to improve 

colloidal stability of the system in aqueous media (CALVO, P.; REMUNAN-LOPEZ, C.; 

VILA-JATO, J. L.; ALONSO, 1997). Briefly, 1.0 mL of TPP 1.0 mg mL-1 aqueous solution 

was slowly added to 5.0 mL of DPCat35 at 2.0 mg mL-1 in acetic acid 1.0% (v/v), and left under 

magnetic stirring (300 rpm) for 1 h at 25 ºC. Drug-loaded NPs (CLT-NPs) were obtained by 

dispersing one milligram of CLT in the TPP solution using 100 μL dimethyl sulfoxide (DMSO) 

as water miscible solvent of CLT. In either case, the resulting suspension of NPs was 

centrifuged at 1,500 rpm using Amicon® Ultra-15 filters with 100 kDa cut-off for 10 min at 4 
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ºC in order to remove the non-associated drug, washed trice and resuspended in deionized 

water.  

The hydrodynamic diameter and zeta potential of NPs were determined by dynamic and 

electrophoretic light scattering, respectively, using a Zetasizer Nano ZS (Malvern Instruments, 

Malvern, UK). The morphology of the NPs was observed by transmission electron microscopy 

(TEM) using a JEM 1400 microscope (JEOL, Tokyo, Japan). Both procedures are described in 

CHAPTER IV 

The amount of CLT (Acros Organics, New Jersey, NJ, USA) associated with NPs was 

determined by modifying a previously described HPLC-UV method (SOLICH et al., 2002). 

Chromatographic runs were performed by using a HPLC Merck-Hitachi 7000 equipment 

(Merck, NJ, USA) with a Xterra® column Symmetry® C18 (5 μm, 100 Å porosity, 150 × 3.0 

mm) from Waters (Milford, MA, USA) maintained at 25 ºC. The mobile phase was composed 

by acetonitrile/0.1 % (v/v) trifluoroacetic at a 40:60 volume ratio and was used at a flow rate of 

0.5 mL min-1. Sample injection volume was 10.0 μL and CLT was detected by UV at 254 nm, 

with a retention time of approximately 4.2 min. The drug was extracted under magnetic stirring 

(700 rpm) for 2 h and sonication for 30 min using a probe-type sonicator (Vibra-cell, Sonics 

Material INC. Danbury, CT, USA). Results of the amount of CLT recovered were used for the 

determination of association efficiency (AE%) and loading capacity (LC%), as described by 

Eq. (12) and (13). 

 

𝐴𝐸 (%) =  
𝐶𝐿𝑇𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝐶𝐿𝑇𝑡𝑜𝑡𝑎𝑙
× 100 (12) 

 

 

𝐿𝐶 (%) =  
𝐶𝐿𝑇𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑡𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑁𝑃𝑠
× 100 (13) 

 

 

3.5.3. Characterizations 

 

3.5.3.1. In vitro drug release 

 

In vitro release studies were conducted in two different media in order to simulate the 

acidic environment typical of healthy women during reproductive age (pH = 3.5-4.5) and the 
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near neutral conditions that can occur during non-Candida dysbiosis, menopause or in the 

presence of semen (pH > 5) (DAS NEVES et al., 2014). The former medium was simulated by 

using 0.3 mol L−1 acetic acid/0.2 mol L−1 sodium acetate buffer solution (pH = 4.3), while the 

previous one was mimicked using a phosphate buffered saline solution (PBS, pH = 6.8). 

Poloxamer 407 at a concentration of 1 % (w/v) was added to both media to ensure sink 

conditions. The experiments were carried out by placing 5 mL of CLT-NPs (corresponding to 

100 μg of CLT) inside a regenerated cellulose dialysis membrane tube (10 kDa MWCO cut-

off, Thermo Scientific, Waltham, MA, USA) and allowing it to incubate in 40 mL of release 

medium under orbital shaking (100 rpm) at 37 °C. Aliquots (1.0 mL) were collected periodically 

between 15 min and 48 h, and replaced with fresh release medium. The amount of CLT released 

in the incubation medium was quantified using UV spectrophotometry (Perkin Elmer, 

Waltham, MA, USA, Lambda 35) at 254 nm based on a previously prepared calibration curve. 

Experiments were performed in triplicate. 

 

3.5.3.2. In vitro susceptibility of Candida spp.  

 

The in vitro activity of CLT-NPs against Candida spp. strains was evaluated according 

to the M27-A4 broth microdilution reference method from CLSI (CLSI: CLINICAL AND 

LABORATORY STANDARDS INSTITUTE, 2017). Empty NPs, free CLT and polymers were 

also tested for comparison purposes. Fungi were initially grown on Sabouraud dextrose agar 

(SDA) at 37 ºC, 95% RH and 5% CO2 for 24 h (48 h in the case of C. parapsilosis strains) 

before experiments. Various Candida spp. ATCC reference strains and clinical vaginal isolates, 

listed in Table 14 were dispersed in a sterile saline solution and diluted in Roswell Park 

Memorial Institute (RPMI) 1640 medium supplemented with MOPS (pH = 7.0) at a final 

concentration of 0.5-2.5 × 103 cells mL-1 and further incubated with a 2-fold dilution series of 

CLT or tested NPs/materials in 96-well plates at 37 ºC for 48 h. The minimum inhibitory 

concentration (MIC) was then determined and defined as the lowest concentration of 

CLT/material for which no fungal growth is observed upon visual inspection. The minimal 

fungicidal concentration (MFC) – corresponding to the lowest concentration at which at least 

99% of the inoculum is killed – was also determined, as previously described (CANTÓN et al., 

2003). Briefly, 20 μL of cell suspension collected from each well featuring no apparent growth 

was plated onto SDA in duplicate and incubated for 24 h (48 h in the case of C. parapsilosis) 
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at 37º C. Each drug/material concentration was tested in triplicate in three independent 

experiments. 

 

Table 14 - Candida spp. strains used for testing the antifungal activity of CLT-NPs. ATCC strains and clinical 

samples used in this work were kindly provided from the Centre of Biological Engineering, University of Minho, 

Portugal. 

Origin Species Reference Isolation site 

ATCC C. albicans 90028 Blood 

 C. krusei 6258 Sputum (bronchomycosis) 

 C. glabrata 2001 Intestine (from feces) 

 C. tropicalis 750D-5 Not available 

 C. parapsilosis 22019 Intestine (celiac disease) 

Clinical isolate C. albicans 558234 Vagina 

 C. albicans 569322 Vagina 

 C. krusei CPA/H/04 Vagina 

 C. krusei CPA 4/104 Vagina 

 C. glabrata 534784 Vagina 

 C. tropicalis T2.2 Vagina 

 C. parapsilosis 513143 Vagina 

 

3.5.3.3. In vitro cytotoxixity assay.  

 

The toxicity of free CLT and CLT-NPs to epithelial cell lines of female genital tract 

origin, namely HEC-1-A endometrial cells, Ca Ski cervical cells and HeLa cervical cells (all 

acquired from ATCC, Manassas, VA, USA), was determined using the resazurin reduction 

assay (PRÄBST et al., 2017). All cells were maintained in McCoy’s 5A medium (HEC-1-A 

cells), RPMI 1640 medium (Ca Ski cells) or DMEM (HeLa cells) supplemented with 10% (v/v) 

fetal bovine serum, 100 U mL-1 penicillin and 100 μg mL-1 streptomycin 100 μg mL-1 at 37°C, 

95% RH and 5% CO2. In brief, 5,000 cells per well were seeded in 96-well plates in appropriate 

medium and incubated for 24 h. Serial dilutions of free CLT and CLT-NPs were then added to 

cells, which were allowed to incubate for an additional 48 h. Plain medium and 1% (w/v) Triton 

X-100 were also tested as positive and negative controls, respectively. Cells were washed twice 

with PBS and again incubated with resazurin 10 μg mL-1 prepared in medium specific for each 

cell line for 3 h. Finally, 100 μL supernatant was transferred to an opaque 96-well plate and 

fluorescence was measured at 590/530 nm using a Synergy HT Multi-Mode plate reader 

(BioTek, Winooski, VT, USA). Each concentration was tested in quintuplicate in three 
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independent experiments. CC50 values for CLT-NPs and free CLT were calculated by log-

logistic regression of viability vs. concentration data using Prism 8 (GraphPad, San Diego, CA, 

USA). The selectivity index (SI) was also determined as the ratio between CC50 and MIC values 

of CLT-NPs or free CLT for a given human cell line and Candida spp. strain, respectively. 

Additionally, the relative selectivity index (RSI) was considered as the ratio between SI values 

for CLT-NPs and free CLT. 

 

3.5.3.4. In vitro drug permeability and cell association  

 

Two cell monolayer models based on either HEC-1-A cells or Ca Ski cells were generated 

and used to assess the ability of NPs to modulate drug permeation and cell association at the 

cervicovaginal epithelium, as previously described (DAS NEVES et al., 2013; DAS NEVES; 

SARMENTO, 2015). Briefly, cells were seeded on 12-well semipermeable polyester membrane 

supports (1 μm porosity; Millicell®, Merck Millipore, Tullagreen, Ireland) pre-coated with rat 

tail collagen type I (10 μg cm-2) at a density of 3105 cells cm-2. Cell monolayers were allowed 

to form upon incubation for 7 days at 37 °C, 95% RH and 5% CO2. Media were renewed every 

2–3 days and the TEER was periodically measured using an EVOM2 epithelial voltohmmeter 

(World Precision Instruments, Sarasota, FL, USA) equipped with chopstick electrodes. 

Permeability experiments were conducted using HBSS supplemented with 0.2% (w/v) 

poloxamer 407 as medium in both apical (0.5 mL) and basolateral (1.5 mL) compartments in 

order to maintain sink conditions. CLT-NPs or free CLT were dispersed in the apical 

compartment medium at a final concentration of 20 µg mL-1 (expressed in CLT content). 

DMSO at a concentration of 0.2 % (v/v) was used in the case of free CLT in order to facilitate 

dispersion in HBSS. Drug permeability across cell monolayers was assessed by periodically 

collecting 0.5 mL of medium from the basolateral compartment up to 4 h of incubation at 37 

°C under orbital shaking (100 rpm). Medium in the basolateral compartment was replaced after 

each collection and cell monolayer integrity during experiments was monitored by measuring 

TEER. Additionally, the membrane support containing cell monolayers was collected, washed 

briefly with PBS, incubated with acetonitrile, centrifuged (700 rpm, 15 min) and the supernatant 

collected for CLT extraction. All samples were analyzed spectrophotometrically at 254 nm for 

assessing drug content. The apparent permeability coefficient (Papp) across cell monolayers was 

calculated according to Eq. (14): 
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𝑃𝑎𝑝𝑝 (𝑐𝑚 𝑠−1) =  
∆𝑄

𝐴𝐶0𝑡
 (14) 

 

where ΔQ is the total amount of permeated CLT (μg), A the diffusion area (cm2), C0 the initial 

concentration of CLT in the donor compartment (μg cm-3) and t is the total experiment time (s) 

(DAS NEVES; SARMENTO, 2015). All experiments were performed in triplicate. 

Fig. 51 reveals a illustrative scheme of the in vitro biological assays conducted in this 

CHAPTER V. 

 

Figure 51 – Procedure scheme of the in vitro biological assays. 

 

Source: Own authorship. 

 

3.5.3.5. Statistical analysis 

 

Data are presented as mean ± standard deviation (SD) from three independent 

experiments, unless otherwise stated. Comparison of results for permeability experiments was 

performed by one-way ANOVA with Tukey’s post-hoc test using Prism 8. Values of p < 0.05 

were considered as denoting significance. 
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3.5.4. Results and Discussion 

 

3.5.4.1. Physicochemical properties and drug release performance of NPs 

 

The ionic gelation method was performed using DPCat35 derivative with TPP as 

crosslinker in order to yield a polymeric suspension with increased colloidal stability. The 

experimental conditions employed granted that the hydrodynamic sizes of empty NPs fits in a 

nanoscale distribution, similarly to the accomplished for low molecular weight chitosan with 

𝐷𝐴̅̅ ̅̅  < 10.0 %, as reported elsewhere (CALVO, P.; REMUNAN-LOPEZ, C.; VILA-JATO, J. 

L.; ALONSO, 1997; FAN et al., 2012). Such procedure was repeated for loading CLT lipophilic 

molecules resulting in the CLT-NPs with similar monomodal size distribution profile compared 

to the empty NPs (Fig. 52a). As indicated in Table 15, the average hydrodynamic size (Dh) also 

showed remarkably small PDI (< 0.2). This result indicates the great advantage of a physical 

crosslinking to assembly nanostructures with narrow distribution. Sizes ranged in 200 to 500 

nm are commonly preferential for enhanced diffusion through the mucus layer (DAS NEVES 

et al., 2011).  

 

Figure 522 - Hydrodynamic size distribution by intensity of of empty NPs and CLT-NPs (a); representative TEM 

images of CLT-NPs obtained at magnification 200 nm (b) and 100 nm (c). 

 

 

 

Table 15 - Average hydrodynamic size (𝐷ℎ), polydispersity index (PDI), zeta potential (ζ), AE% and LC% of 

NPs 

Nanoparticles 
Hydrodynamic 

diameter (nm) 
PDI 

Zeta potential 

(mV) 
AE% LC% 

Empty NPs 272 ± 13 0.16 ± 0.01 +26 ± 1 - - 

CLT-NPs 279 ± 19 0.18 + 0.01 +26 ± 2 84 ± 2 7 ± 2 
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Taking into account such reproductive size distribution between empty and loaded NPs 

and the higher EE (%) of nanoparticles initially loaded with 7 ± 2 % (w/w) of CLT (Table 15), 

it is reasonable to consider that the palmitoyl moieties are mostly hosted inside, being the main 

responsible for the hydrophobic interactions with the drug in the CLT-NPs core. In fact, the 

micellar-like disposal probably contributes to the colloidal stability until certain level, as 

noticed in previous studies (SILVA et al., 2017b, 2017a). These considerations regarding the 

general aspects of the CLT-NPs were confirmed through TEM images. As showed in Fig. 52b-

c, the spherical shape assigned to the dark spots can be associated to an assembled micellar-like 

structure, although with smaller sizes than the former swollen CLT-NPs suspension. This 

behavior relies directly to the drying process that allows the analysis to be performed, which 

consequently shrinks the nanoparticles into smaller sizes (BOOTZ; VOGEL; SCHUBERT, 

2004). 

The electrostatic stability of the nanoparticles suspensions was evaluated by means of 

zeta potential, which highlights the average charge density remaining on the nanoparticle 

surface. As showed in Table 15, both empty and loaded NPs achieved positive zeta potential 

values (> 25 mV), indicating that even in neutral medium the nanoparticles still have a positive 

out-layer mostly preserved due to the surface exposure of quaternary ammonium groups, -

N+(CH3)3, that exhibit permanent cationic charges. At pH ~ 7.0, the protonated ammonium 

groups from chitosan backbone are almost neutralized, which would lead to a completely 

surface discharge and aggregation of chains in the absence of -N+(CH3)3 groups, thus 

compromising the solubility and the overall nanocarrier performance. It is also important to 

notice that the introduction of CLT doesn’t affect the zeta potential value, which means that the 

content and distribution of positive charges remains nearly the same after encapsulation. The 

localized neutralization of positive charges due to the ionic crosslink with negatively-charged 

TPP molecules is negligible, since it left several -N+(CH3)3 groups available. In fact, this 

achievement reveals to be one of the main advantages of performing the ionic gelation 

procedure, because the resulted zeta potential values are comparable to those achieved by the 

DPCat35 derivative itself in neutral media, as showed in CHAPTER IV, leading to no 

significant disruption of charged sites. Such electrostatic behavior that stays constant regardless 

the pH is a useful feature for designing new nanocarriers, once the pH of vaginal tract can be 

temporally elevated during a yeast infection, thus affecting the absorption of certain drugs 

(BOSKEY et al., 1999; ENSIGN; CONE; HANES, 2014). 

Sequentially, the in vitro performance of CLT-NPs provides relevant information 

regarding their potential for vaginal drug delivery, namely in the context of VVC management. 
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One important property of nanocarriers relates to their ability to release active payload when 

placed in biorelevant aqueous media. Experiments were carried out under different pH in order 

to simulate different scenarios. Although VVC is not associated with changes to the acidic 

environment of the vagina, increasing pH may still be observed in cases of mixed infection or 

underlying dysbiosis (DAS NEVES et al., 2008). Drug release from CLT-NPs in acidic (pH = 

4.3) or near neutral (pH = 6.8) media values was similar (Fig. 53). The release of CLT was 

sustained up to around 24 h, and it was nearly complete after 48 h, which – alongside the 

mucoadhesive behavior typical of cationic chitosan derivatives (WAYS; LAU; 

KHUTORYANSKIY, 2018) – could be regarded as an interesting feature for providing 

prolonged mucosal drug residence and enhancing the treatment of VVC following vaginal 

administration. This is in contrast with the rapid dissolution of free CLT (approximately 80% 

over 4 h). Moreover, drug release from CLT-NPs was considerably slower than for previously 

developed CLT-loaded liposomes and microemulsions (BACHHAV; PATRAVALE, 2009; 

JØRAHOLMEN et al., 2014), and comparable to that of Eudragit® RS 100 nanocapsules 

(SANTOS et al., 2014b). 

 

Figure 53 – Experiments were conducted in acetate buffer (pH = 4.3) and PBS (pH = 6.8). Dissolution profiles of 

CLT are included for comparison purposes. 
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3.5.4.2. Susceptibility assay against Candida spp.  

 

We assessed the impact of incorporating CLT into NPs in its ability to inhibit fungal 

growth using the clinically relevant M27-A4 method from CLSI. Preliminary experiments were 

conducted in order to screen for any potential intrinsic activity of polymers (Ch, DPCat35 and 

DPCat80) and empty NPs. Indeed, chitosan and several of its derivatives have been reported as 

possessing considerable antifungal activity (ALBURQUENQUE et al., 2010; PALMEIRA-DE-

OLIVEIRA et al., 2010; PARK et al., 2008; TAYEL et al., 2010). However, chitosan was not 

able to inhibit the growth of different ATCC strains of Candida spp., while DPCat35, DPCat80 

and empty NPs featured only mild activity, as showed in Table 16. The lack of activity of 

chitosan up to 1,024 μg mL-1 is in line with MIC values typically found in the literature (GOY; 

BRITTO; ASSIS, 2009; VERLEE; MINCKE; STEVENS, 2017; VINSOVÁ; VAVRIKOVÁ, 

2011) while the minor improvement in activity of DPCat35 and DPCat80 could be attributed 

to the incorporation of trimethylammonium groups in the chitosan backbone, as previously 

reported in the literature (HOQUE et al., 2016; QIN et al., 2004; QIN; LI; GUO, 2020; 

SHAGDAROVA et al., 2019). A trend towards slightly better activity of empty NPs as 

compared to DPCat35 (Table 16) may be related to the combined antifungal properties of the 

polymer and TPP (PALMEIRA-DE-OLIVEIRA et al., 2011) and/or the enhance exposure of 

trimethylammonium groups at the surface of nanosystems (ING et al., 2012). 

 

Table 16 - MIC and MFC of chitosan, DPCat35, DPCat80 and empty NPs. Results presented in μg mL-1 (n = 3). 

Strains 
Chitosan  DPCat35  DPCat80  Empty NPs 

MIC MFC  MIC MFC  MIC MFC  MIC MFC 

C. albicans 

ATCC 90028 
> 1024 > 1024  > 1024 > 1024  > 1024 > 1024  1024 >1024 

C. krusei  

ATCC 6258 
> 1024 > 1024  > 1024 > 1024  > 1024 > 1024  1024 1024 

C. glabrata 

ATCC 2001 
> 1024 > 1024  > 1024 > 1024  > 1024 > 1024  512 >1024 

C. tropicalis 

ATCC 750 
> 1024 > 1024  512 > 1024  256 > 1024  512 512 

C. parapsilosis 

ATCC 22019 
> 1024 > 1024  128 > 1024  128 > 1024  64 512 

 

The activity of free CLT and CLT-NPs was then tested against an expanded panel of 

ATCC strains and clinical isolates of Candida spp. using the M27-A4 method. MIC and MFC 
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results are presented in Table 17. In general, the association of CLT to NPs led to an apparent 

decrease in activity, with a typical 2- to 8-fold increase in the values of MIC. Still, MIC values 

were equal or lower than 8 μg mL-1 for 9 out of 12 strains/isolates and never above 32 μg mL-

1, which seems to assure enough potency for use in the management of VVC (RICHTER et al., 

2005). In the case of MFC, results were more variable and ranged from over 8-fold reduction 

(C. albicans 558234) to a 32-fold increase when comparing CLT-NPs to free CLT. 

Interestingly, MFC values for CLT-NPs never exceeded 64 μg mL-1, while free CLT was not 

able to fully inactivate two clinical isolates (C. albicans 558234 and C. glabrata 534784) even 

at the highest tested concentration.  

 

Table 17 - Anti-Candida activity of free CLT and CLT-NPs. Results are presented as MIC and MFC values against 

ATCC strains and vaginal isolates of Candida species. Results are presented in μg mL-1 of CLT (n = 3). The azole 

(FLC) resistance profile for each strain is also shown for reference and defined as susceptible (S; MIC ≤ 8 μg mL-

1); dose-dependent susceptibility (S-DD; MIC = 16-32 μg mL-1); or resistant (R; MIC ≥ 64 μg mL-1). 

Strains 
FLC 

susceptibility 

CLT  CLT-NPs 

MIC MFC  MIC MFC 

C. albicans ATCC 90028 S 1 4  8 32 

C. krusei ATCC 6258 S-DD 0.5 1  4 32 

C. glabrata ATCC 2001 S-DD 2 8  32 64 

C. tropicalis ATCC 750D-5 S 4 16  16 64 

C. parapsilosis ATCC 22019 S 1 4  4 8 

C. albicans 558234 R 4 > 256  8 32 

C. albicans 569322 R 2 4  2 16 

C. krusei CPA/H/04 R 1 4  8 32 

C. krusei CPA 4/104 S-DD 2 4  4 16 

C. glabrata 534784 S 2 > 256  8 32 

C. tropicalis T2.2 R 2 8  16 64 

C. parapsilosis 513143 S 1 > 16  4 8 

 

No correlation between susceptibility to CLT/CLT-NPs and fluconazole (FLC, Acros 

Organics) was apparent. Overall, the ability of NPs to provide prolonged release of CLT may 

be partially responsible for the increase in MIC values, since the available levels of drug that 

actually interact with yeast cells are decreased; however, given enough time for CLT to be fully 

released, the proposed nanosystem seems to be as effective as the free drug, if not more. Such 

ability to inactivate Candida spp. in the long run may be related with improved cell 

internalization of yeast cells as mediated by the nanocarrier (PENG et al., 2008). However, this 
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capability requires further investigation. From a practical point of view, these in vitro results 

suggest that higher doses of CLT-NPs may be necessary for effective treatment of VVC.  

 

3.5.4.3. Cytotoxicity and permeability to genital tract cell monolayers 

 

In order to attest the possible use of higher doses of CLT-NPs, we assessed their in vitro 

cytotoxicity against different cell lines of female genital tract origin. Cell viability was assessed 

using the resazurin reduction assay and viability vs. concentration plots (Fig. 54) were used to 

determine CC50 values. Curiously, CLT-NPs were shown to roughly reduce cytotoxicity by one 

log of magnitude as compared to free CLT. Mean values of CC50 for CLT-NPs were 261 ± 3 

μg mL-1, 245 ± 7 μg mL-1 and 359 ± 13 μg mL-1 for HEC-1-A, Ca Ski and HeLa cell lines, 

respectively, as compared to 37.6 ± 0.6 μg mL-1, 24.8 ± 0.3 μg mL-1 and 26.6 ± 0.3 μg mL-1 for 

free CLT. Again, the ability of nanocarriers to prolong drug release and reduce the levels of 

free CLT available for interacting with cells may be responsible for such an apparent decrease 

in toxicity. These results are in accordance to our previous observations for an antiretroviral 

drug featuring considerable intrinsic cytotoxicity: when associated to poloxamer-modified 

polycaprolactone NPs, CC50 against Ca Ski (DAS NEVES et al., 2013), HEC-1-A and HeLa 

(DAS NEVES et al., 2012) cells were considerably increased even if overall higher intracellular 

drug concentrations were achieved. 

 

Figure 54 - Cell viability of CLT-NPs and free CLT to HEC-1-A (a), Ca Ski (b) and HeLa (c) cell lines as a 

function of concentration (expressed in total CLT content). Values are reported as mean ± SD (n = 3). Continuous 

lines represent log-logistic regression curves. 

 

 

The combined analysis of MIC and CC50, expressed in terms of SI (Table 18), allows to 

better forecast whether CLT-NPs can be useful in the management of VVC, namely when 

compared to the performance of free CLT (RSI). Values of SI were generally higher for CLT-

NPs, the exception being C. glabrata ATCC 2001 for which CLT-NPs was slightly lower as 

compared to the free drug (RSI = 0.6-0.8). As for the remaining Candida spp. strains/isolates, 
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CLT-NPs performed as good as free CLT or even better. Improvement in SI for nanocarriers 

was particularly striking in the case of some clinical isolate, namely FLC-resistant C. albicans 

558234 (RSI = 3.6-6.4) and C. albicans 569322 (RSI = 7.1-12.9). These results appear to further 

support the potential of CLT-NPs for the treatment of Candida spp. involved in VVC. 

 

Table 18 - SI and RSI values for free CLT and CLT-NPs. RSI values denoting at least 2-fold reduction or 2-fold 

increase in SI of CLT-NPs as compared to the free drug are highlighted in red and blue, respectively.  

Strains 
SI (CLT) SI (CLT-NPs) RSI 

HEC-1-A Ca Ski HeLa HEC-1-A Ca Ski HeLa HEC-1-A Ca Ski HeLa 

C. albicans 

ATCC 90028 
37 24.8 26.9 33.1 31.5 43.3 0.9 1.3 1.6 

C. krusei  

ATCC 6258 
74 49.6 53.8 66.1 63.0 86.5 0.9 1.3 1.6 

C. glabrata 

ATCC 2001 
18.5 12.4 13.5 8.3 7.9 10.8 0.4 0.6 0.8 

C. tropicalis 

ATCC 750D-5 
9.3 6.2 6.7 16.5 15.8 21.6 1.8 2.5 3.2 

C. parapsilosis 

ATCC 22019 
37 24.8 26.9 66.1 63.0 86.5 1.8 2.5 3.2 

C. albicans 

558234 
9.3 6.2 6.7 33.1 31.5 43.3 3.6 5.1 6.4 

C. albicans 

569322 
18.5 12.4 13.5 132.3 126.1 173.1 7.1 10.2 12.9 

C. krusei 

CPA/H/04 
37 24.8 26.9 33.1 31.5 43.3 0.9 1.3 1.6 

C. krusei 

CPA 4/104 
18.5 12.4 13.5 66.1 63.0 86.5 3.6 5.1 6.4 

C. glabrata 

534784 
18.5 12.4 13.5 33.1 31.5 43.3 1.8 2.5 3.2 

C. tropicalis 

T2.2 
18.5 12.4 13.5 16.5 15.8 21.6 0.9 1.3 1.6 

C. parapsilosis 

513143 
37 24.8 26.9 66.1 63.0 86.5 1.8 2.5 3.2 

 

Finally, and in order to predict the interaction of CLT-NPs with the vaginal mucosa, we 

tested the permeability and cell association of CLT using relevant Ca Ski and HEC-1-A cell 

monolayers. These models are easy to use and standardize, and have been shown useful in 

previous studies for understanding the ability of different drugs and carriers/formulations to 

cross and accumulate in the cervicovaginal epithelium (DAS NEVES; SARMENTO, 2015; 

GORODESKI, 1998; GRAMMEN; AUGUSTIJNS; BROUWERS, 2012; LI et al., 2011; 
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ZHANG et al., 2015). It should also be noted that these in vitro models have well-recognized 

limitations such as lack of the stratified cell structure, absence of mucus and microbiota, 

presence of increased amounts of a static fluid with nearly neutral pH in the apical side, which 

should be considered when interpreting results (MACHADO et al., 2015). Permeability of CLT 

across both models are presented in Fig. 55a-b. Ca Ski cell monolayers were generally more 

permeable than HEC-1-A cell monolayers, in accordance with previous work testing a 

hydrophobic drug and its nanocarriers (DAS NEVES; SARMENTO, 2015). When considering 

each model individually, CLT-NPs presented overall higher drug permeability as compared to 

free CLT in both models. It is worth to emphasize that this effect was only observed when CLT 

was associated to NPs rather than simply mixed, which suggests that permeation is likely to be 

mediated by enhanced drug dissolution and/or cytoadhesion, while the disruption of cell 

monolayer integrity and promotion of paracellular transport probably plays a minor role (SIEW 

et al., 2012). Supporting this possibility is the fact that we have recently shown that DPCat35 

interacts strongly with porcine tissue and mucin, thus featuring high mucoadhesiveness (SILVA 

et al., 2021). Although the models used in this study do not produce mucus, such results reveal 

that NPs may be able to intimately adhere to epithelial surfaces. Also, TEER did not change 

significantly during all permeability experiments (data not shown), thus suggesting that the 

integrity of the cell monolayers was not affected. 

Calculated Papp values presented in Fig. 55c further highlight the significant enhancement 

of drug permeability as mediated by CLT-NPs (roughly 2-fold in both models). These 

observations may be of significance for the treatment of VVC. Clinical infection by Candida 

spp. is associated with the ability of budding yeasts (non-pathogenic) to undergo dimorphic 

transition and invade the underlying epithelium (NAGLIK et al., 2011). Thus, antifungal drugs 

such as CLT should penetrate sufficiently the mucosa in order to reach the deeper ends of 

invasive hyphae in order to be effective (WÄCHTLER; WILSON; HUBE, 2011). Drug 

association with cell monolayers was significantly higher when CLT was used in the free form, 

with or without the presence of empty NPs (Fig. 55d). Although we could not distinguish the 

fraction of CLT that was actually internalized by epithelial cells after 4 h, it is likely that these 

results reflect the deposition of the drug due to its use in the form of a suspension. 
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Figure 55 - Drug permeability and association to cell monolayers of free CLT and CLT-NPs. Cumulative drug 

permeability profile for free CLT, CLT-NPs and empty NPs physically mixed with CLT (NPs(+CLT)) across Ca 

Ski (a) and HEC-1-A (b) cell monolayers. Values of Papp values (c) and associated drug (d) with cell monolayers 

for free CLT, CLT-NPs and NPs (+CLT). Results are presented as mean ± SD (n = 3). (*) and (**) denote values 

of p < 0.05 and p < 0.01, respectively. 

 

 

3.5.5. Conclusions 

 

In this CHAPTER V, we successfully applied a permanent-charged amphiphilic chitosan 

derivative for producing CLT-loaded NPs, and assessed different in vitro properties relevant 

for their potential use in the treatment of VVC. Despite the amphiphilic nature of the polymer 

and the formation of self-assembled micelle-like nanostructures in water, varying out the TPP 

crosslinking was of key importance to produce stable nanocarriers. This association of CLT to 

NPs allowed obtaining a sustained release profile of the drug up to 24 h, which could be 

beneficial in terms of prolonging drug residence in vivo. The anti-Candida activity of CLT-NPs 

was generally lower than that of the free drug, but was counterbalanced by improved in vitro 

safety profiles. In fact, SI results were largely favorable to CLT-NPs, which could be translated 

into an improved therapeutic index as compared with free CLT. CLT-NPs also featured 



153 

 

promising behavior when tested in two different cell monolayer models, highlighting a potential 

role in improving tissue penetration by CLT and, presumably, better mucosal distribution and 

retention. However, complementary in vivo studies are needed in order to confirm such 

possibilities, and eventually allow the establishment of an in vitro-in vivo correlation. 
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4 FINAL REMARKS AND PERSPECTIVES 

 

The Chapters that compose this Thesis explored the use of different NMR, non-

spectroscopy and biological techniques and chitosan-based materials in order to cover 

promising research fields. The authentic format of this document makes it especially useful as 

a starting point for the development of different research segments. In this way, the following 

suggestions concerns about alternative studies that may broaden the focus and applicability of 

the materials and characterization used in each Chapter.  

An important property extensively addressed in works involving chitins, chitosans and 

derivatives refers to the degree of cross-linking. There is no consensus on the method of 

determination for those generally employing laborious procedures. For this reason, further 

studies may come to offer alternative methods for characterizing the degree of cross-linking via 

SSNMR, as addressed for the degree of acetylation and crystallinity. Chelation behavior and 

assymetric membranes formation may also be explored as function of these chitosan features. 

The effects on the average particle size of β-chitin whiskers can be investigated from new 

matrices polymeric composites, being solid-state and solution NMR possibly useful for further 

trend comparison. For instance, the incorporation of nanowhiskers and nanocrystals into new 

matrices by perfoming methodologies such as electrospinning and blowspinning. Moreover, 

such β-chitin nanowhiskers will be investigated as imunosensing platform, to explore the 

selectivity and sensitivity of different biomarkers. 

New bioactives may be associated into the amphiphilic matrices of chitosan derivatives, 

outlining the most diverse objectives related to the research field of sustained drug release. The 

in/ ex vivo profile of these materials may also be carried in partnership with specialized 

institutions. In addition, it would be very interesting if such material were further studied using 

organoids or mini-organs, maybe reaching a next level of sustainable and ethical scientific 

experimentation. 
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5 RESULTING PUBLISHED SCIENTIFIC ARTICLES 

 

During the Ph.D. development and until the date of this Thesis final subsmission, four 

articles specifically described as CHAPTERS I, II, IV and V, were published in peer-reviewed 

journals, as listed below.  

 

• Evaluation of chitosan crystallinity: A high-resolution solid-state NMR spectroscopy 

approach. Carbohydrate Polymers, v. 250, p. 116891-1-116891-14, 2020; 

• Fast-forward approach of time-domain NMR relaxometry for solid-state chemistry of 

chitosan. Carbohydrate Polymers, v. 256, p. 117576-1–117576-10, 2020; 

• N-(2-hydroxy)-propyl-3-trimethylammonium, O-palmitoyl chitosan: Synthesis, 

physicochemical and biological properties. International Journal of Biological 

Macromolecules, v. 178, p. 558-568, 2021; 

• Clotrimazole-loaded N-(2-hydroxy)-propyl-3-trimethylammonium, O-palmitoyl chitosan 

nanoparticles for topical treatment of vulvovaginal candidiasis. Acta Biomaterialia, v. 

125, p. 312-321, 2021. 

 

Additionally, other collaborative papers have been published, all using SSNMR as a tool 

for a wide-ranged characterization of chemically modified polymers: 

 

• Self-aggregates of 3,6-O,O’-dimyristoylchitosan derivative are effective in enhancing the 

solubility and intestinal permeability of camptothecin. Carbohydrate Polymers, v. 177, 

p. 178–186, 2017; 

• Bioproduction of N-acetyl-glucosamine from colloidal α-chitin using an enzyme cocktail 

produced by Aeromonas caviae CHZ306. World Journal of Microbiology and 

Biotechnology, v. 35, n. 8, p. 114, 2019; 

• Effect of amylolysis on the formation, the molecular, crystalline and thermal 

characteristics and the digestibility of retrograded starches. International Journal of 

Biological Macromolecules, v. 163, p. 1333–1343, 2020. 

• Production of carbon nanofibers from PAN and lignin by solution blow spinning. 

Journal of Polymer Research, v. 28, p. 237-249, 2021. 
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APPENDIX A 

 

Figure 56 - XRD resulted profile of αCh (a); βCh (b); Ch60 (c); Ch45 (d); Ch35 (e); Ch25 (f); Ch15 (g) and Ch5 (h) 

samples after the subtraction of amorphous contribution. The 𝐿020 and 𝐿110 values were obtained from 𝐹𝑊𝐻𝑀 by 

peak deconvolution.  
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Figure 57 - XRD resulted profile of USAD Ch1x (a); Ch2x (b); Ch3x (c) with respect to the resulted profile of 

depolymerized (3h and 6h) samples, after the subtraction of amorphous contribution. The 𝐿020 and 𝐿110 values were 

obtained from 𝐹𝑊𝐻𝑀 by peak deconvolution. 
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APPENDIX B 

 

 

Figure 58 - XRD resulted profile of BCHL and CWHL (a); BCHI and CWHI (b); BCHS and CWHS (c) samples 

after the subtraction of amorphous contribution. The 𝐿020 and 𝐿110 values were obtained from 𝐹𝑊𝐻𝑀 by peak 

deconvolution. 

 

 


