
 
 

ABSTRACT  

SARKER, PROTTASHA. Elucidating the Interaction Mechanisms and Rheological Properties of 

Biopolymer Systems: Towards Enhanced Performance and Sustainable Applications (Under the 

direction of Dr. Saad A. Khan and Dr. Orlando J. Rojas). 

            Understanding the interactions between biopolymers and other components is crucial for 

developing advanced materials with enhanced properties for biomedical, personal care, and food 

applications. By employing techniques such as rheology and isothermal titration calorimetry 

(ITC), we can gain insights into the fundamental interactions at the molecular level and their 

impact on macroscopic properties. This dissertation focuses on investigating various biopolymer-

based systems to optimize their performance and functionality. 

            In Chapter 2, we explore how the rheological properties of injectable collagen-based 

hydrogels changes by incorporating plant-based tannic acid (TA). We combined TA, both in 

solution and as needle-shaped microparticles, with collagen to study their sol-gel transitions from 

storage to body temperatures (4-37ÁC). Our observations revealed that hydrogels with TA 

microparticles exhibit a significant enhancement in elastic modulus compared to those with 

dissolved TA. Additionally, systems loaded with higher TA microparticle content demonstrated 

increased yield stress due to stronger interactions, which we verified using ITC and spectroscopy. 

We also assessed the cytocompatibility of these hydrogels, finding high cell viability and minimal 

cytotoxicity. 

           In Chapter 3, we investigate the pH-dependent interactions between collagen and TA 

particles. By adding TA particles at physiological pH to collagen at both acidic and neutral pH, we 

used rheology, ITC, turbidimetric analysis, and quartz crystal microbalance with dissipation 

monitoring (QCM-D) to assess their effects. Our results showed that TA particles provide stronger 



 
 

mechanical reinforcement to collagen at pH 4 compared to neutral pH. ITC confirmed these 

findings, revealing significant enthalpy changes indicative of enthalpy-driven interactions at acidic 

pH. We also explored the structural differences of the Col-TA complexes at varying pH conditions 

through turbidimetric analysis and QCM-D. 

            In Chapter 4, we delve into the interactions between chitin nanocrystals (ChNC) and 

surfactants with different head groups (anionic, cationic, nonionic) but the same hydrophobic tail 

(C12): sodium dodecyl sulfate (SDS), dodecyltrimethylammonium bromide (DTAB), and 

polyoxyethylene(23)lauryl ether (Brij-35). Using ITC and rheology, we examined how adsorption, 

self-assembly, and micellization affect ChNC-surfactant interactions. Our findings revealed 

anionic SDS shows complex interaction patterns with ChNC, driven by electrostatic attraction and 

micelle formation. Cationic DTAB interacts minimally, while non-ionic Brij-25 exhibits moderate 

interactions at low concentrations. ITC also highlights the effects of ChNC concentration on 

critical parameters critical aggregation concentration (CAC) and saturation concentration (C2). 

Dynamic rheology shows that molecular interactions lead to non-linear changes in the elastic 

modulus (G') with SDS addition, consistent with ITC findings. 

            Finally, in Chapter 5 we explore the interactions and rheological behavior of whey protein 

isolate (WPI) combined with galactomannans (guar gum and locust bean gum) under shear and 

thermal conditions. By conducting detailed rheological measurements, ITC, and confocal laser 

scanning microscopy, we revealed that adding galactomannans enhances the rheological properties 

of WPI, with significant increases in storage modulus (Gᾳ). Specifically, the addition of LBG 

resulted in improved properties with increasing shear, while GG maintained its influence 

irrespective of shear conditions. ITC results indicate minimal heat of binding, suggesting phase 

separation due to thermodynamic incompatibility.  
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CHAPTER 1 

Introduction 

1.1 Motivation 

            Biopolymers are naturally derived materials prized for their biocompatibility, 

biodegradability, and ability to form complex structures. These properties make them invaluable 

in biomedical applications, including drug delivery systems1, tissue engineering2, wound healing3, 

personal care4 and food applications5. However, to fully harness their potential, it is essential to 

combine biopolymers with other components to enhance their properties and functionalities.6 By 

understanding the fundamental interactions between these components, researchers can optimize 

the performance and design of biopolymer-based materials. Thermodynamics can provide crucial 

insights into the modes of these interactions7. Additionally, rheologyðthe study of the flow and 

deformation of matterðis critical in this research. Measuring the rheological properties of 

biopolymer systems reveals their mechanical behavior and stability, which is essential for their 

application in dynamic environments.8 This research aims to elucidate these interactions and 

rheological behaviors, meeting specific needs in healthcare, food technology, and beyond. 

            In this dissertation, we utilize rheology and isothermal titration calorimetry as primary tools 

to investigate three distinct hybrid systems: (1) injectable collagen-based hydrogels integrated with 

plant-derived tannic acid particles9,10, (2) chitin nanocrystals sourced from crab shells combined 

with surfactants having same hydrophobic tails (C12) but varying head group types (anionic, 

cationic, nonionic)11, and (3) dairy-based whey protein isolate paired with two types of 

galactomannans, namely guar gum and locust bean gum. The central aim of this dissertation is to 

deepen our understanding of how microscopic interactions influence macroscopic material 



2 
 

properties in these hybrid systems. Further details on each research topic are provided at the end 

of this chapter (Section 1.3) and elaborated upon in the individual dissertation chapters. 

1.2 Background 

            The subsequent sections in Chapter 1 offer brief overviews of material of interest and key 

concepts that are examined and employed throughout this dissertation. Nevertheless, each 

dissertation chapter is self-contained and can be read independently. 

1.2.1 Collagen and Tannic acid: Biomedical Applications 

            Collagen is a primary example of a biopolymer that has gained significant attention in 

biomedical applications. It is the most abundant protein in the extracellular matrix (ECM) of 

animals, providing structural support to tissues such as skin, bones, tendons, and cartilage. 12,13 

Collagen is comprised of amino acids, primarily glycine, proline, and hydroxyproline, which form 

long polypeptide chains. These chains are wound together in a triple-helix formation, a structure 

stabilized by hydrogen bonds and covalent cross-links. Multiple triple helices then assemble into 

collagen fibrils, which further bundle into collagen fibers (Figure 1.1a).14,15 This hierarchical 

structure gives collagen its remarkable tensile strength and stability. Due to its biocompatibility 

and ability to promote cell adhesion and proliferation, collagen is widely used in the development 

of injectable hydrogels for tissue regeneration and drug delivery systems.16,17 These hydrogels can 

mimic the natural ECM, providing a supportive scaffold for cell growth and tissue repair.18,19 

Additionally, collagen hydrogels can be engineered to release therapeutic agents in a controlled 

manner, enhancing their effectiveness in treating various medical conditions.20 
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Figure 1.1. (a) Hierarchical structure of collagen: from amino acids to triple helix to collagen 

fibers.21 (b) Various interactions of tannic acid molecules with other components. Adapted from 

Guo et al.22 

            Another important biomaterial used in biomedical applications is tannic acid. Tannic acid 

is a naturally occurring polyphenol with a structure consisting of multiple hydroxyl groups that 

can form different types of bonds with other molecules as shown in Figure 1.1b.23,24 This unique 

structure makes tannic acid an excellent candidate for enhancing the properties of biopolymers. In 

biomedical applications, tannic acid is valued for its antioxidant, anti-inflammatory, and 

antimicrobial properties. It can be incorporated into collagen hydrogels to improve their 

mechanical strength and stability, while also providing therapeutic benefits.25,26 For instance, the 

addition of tannic acid to collagen hydrogels can enhance their elastic modulus, making them more 

suitable for applications such as injectable scaffolds for tissue regeneration and drug delivery 

systems.27ï29 
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1.2.2 Chitin and Its Applications 

            Chitin is another biopolymer of significant interest due to its abundance, versatile 

functional properties, and advantageous characteristics such as structural superiority, 

biocompatibility, biodegradability, minimal toxicity, and inherent antibacterial properties.30 Chitin 

is a major component of the exoskeletons of crustaceans, such as crabs and shrimp, and is also 

found in the cell walls of fungi and certain algae.31,32 Chitin is extracted from crab shells through 

a process involving demineralization, deproteinization, and deacetylation, resulting in a purified 

form of the polymer.33 One notable form of chitin is chitin nanocrystals (ChNCs), which are 

derived by breaking down chitin into nano-sized crystalline particles through hydrolysis and 

sonication. Figure 1.2 illustrates the stages involved in deriving chitin nanocrystals from crab 

shells.34,35 These nanocrystals retain the beneficial properties of chitin but offer enhanced 

functionality due to their high surface area and unique mechanical properties.36,37 Chitin 

nanocrystals are used in biomedical applications, such as wound dressings and tissue engineering 

scaffolds38, where their antimicrobial properties and ability to promote cell growth are highly 

beneficial. Additionally, chitin nanocrystals find applications in personal care products39, where 

they can act as thickeners, stabilizers, and delivery agents for active ingredients.40,41 

Figure 1.2. Schematic illustration of the preparation of deacetylated chitin nanocrystals from 

crab shells. Adapted from Bai et al.34 
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1.2.3 Whey Protein and Galactomannans: Food Applications 

            Shifting the focus to food applications, whey protein is a prominent biopolymer widely 

used in the food industry due to its rich content of branched-chain essential amino acids. It 

primarily consists of ɓ-lactoglobulin (around 65%), Ŭ-lactalbumin (about 25%), bovine serum 

albumin (around 8%), lactoferrin (approximately 1%), and lactoperoxidase (roughly 0.5%).42,43 

Whey protein is a byproduct of cheese production, consisting of a mixture of globular proteins 

isolated from whey, the liquid part of milk that separates during cheese making.44,45 Its high-quality 

protein content and excellent solubility, gelation, and emulsification properties make it suitable for 

various food products such as beverages, nutritional supplements, and dairy products.46,47 Whey 

protein can also enhance the texture and nutritional profile of food products, making it a valuable 

ingredient in the food industry. 

 

Figure 1.3. Source and chemical structures of (a) guar gum and (b) locust bean gum. Reproduced 

from Popova et al.48 
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            In addition to whey protein, galactomannans such as guar gum and locust bean gum are 

important polysaccharides used in the food industry. Galactomannans share a base architecture but 

differ in their galactose to mannose (G/M) ratios. Guar gum (GG), derived from guar beans 

(Cyamopsis tetragonoloba), has a G/M ratio of about 1:2 (Figure 1.3a).49 Guar gum can be 

chemically modified through processes such as partial hydrolysis, etherification, esterification, and 

cross-linking to enhance its applications across various industries.50,51 Locust bean gum (LBG), 

obtained from the seed endosperm of the carob tree (Ceratonia siliqua), has a typical G/M ratio of 

1:4 (figure 1.3b).52 This higher mannose content and lower galactose content distinguish LBG 

from GG.53,54 Both GG and LBG are suitable for a wide range of applications, especially in the 

food and pharmaceutical industries, due to their versatility in modifying the properties of aqueous 

environments, thickening, stabilizing, emulsifying, and forming gels and films. Moreover, their 

biodegradability, non-toxicity, and biocompatibility make them ideal substitutes for synthetic 

materials.55,56 

1.2.4 Stimuli-Responsive Interaction and Gelation 

            Various external stimuli, such as pH, temperature, ionic strength, and the charge of 

components, can significantly alter the gelation and interactions of biopolymer-based systems.57,58 

These factors influence the physical and chemical environment of the biopolymers, leading to 

changes in their assembly, stability, and functional properties. pH affects the ionization states of 

the biopolymers, impacting their solubility and electrostatic interactions. At different pH levels, 

the degree of ionization of functional groups like carboxyl, amino, and hydroxyl groups changes, 

altering the interaction potential between biopolymers and other molecules.59,60 Temperature 

influences the kinetic energy and mobility of biopolymer chains, affecting the rate of molecular 

collisions and the activation energy required for gelation. Higher temperatures can increase 
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molecular motion, promoting interactions and facilitating gelation, while lower temperatures can 

reduce mobility and interaction rates.61 Ionic strength affects the screening of electrostatic 

interactions between charged biopolymers. High ionic strength can shield these interactions, 

reducing repulsive forces and potentially promoting aggregation or gelation. Conversely, low ionic 

strength can enhance electrostatic repulsions, stabilizing dispersed states.62 Charge of components 

determines the nature of electrostatic interactions between molecules. Oppositely charged 

molecules attract each other, facilitating binding and aggregation, while similar charges repel, 

hindering interactions.63 These factors collectively govern the behavior of biopolymer systems 

under different environmental conditions, making them crucial for designing materials with 

desired properties. 

            In our projects, several of these factors played pivotal roles. Temperature-sensitive gelation 

was a critical factor in the first project, where we investigated collagen-based hydrogels with tannic 

acid. The sol-gel transition was highly dependent on temperature, with significant changes in 

elastic modulus observed at body temperature compared to storage temperature.9 pH-sensitive 

interactions were central to the second project, where the mechanical reinforcement of collagen by 

tannic acid particles was studied at different pH levels. The interactions were stronger at acidic pH 

due to increased electrostatic interactions and hydrogen bonding.10 In the third project, the charge 

of the components was crucial, as we examined the interactions between chitin nanocrystals and 

surfactants with different head groups. The nature of the surfactant head groups (anionic, cationic, 

nonionic) significantly affected the interaction patterns.11 Finally, the fourth project focused on 

shear and temperature-responsive denaturation of whey protein isolate combined with 

galactomannans. The rheological properties of the system were influenced by both shear forces 

and temperature variations, affecting the protein's structural rearrangements and interactions with 
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galactomannans. These factors were instrumental in optimizing the functionality and performance 

of the biopolymer-based systems studied. 

1.2.5 Rheology: Characterizing Flow and Microstructure Properties 

            Rheology is a critical technique used to characterize the flow behavior and microstructural 

properties of materials. Rheological experiments can be categorized into two main types based on 

the type of shear deformation applied: steady shear and oscillatory shear. 

Steady Shear Flow Experiments: In steady shear flow experiments, the material is subjected to 

a continuous deformation over a range of shear rates (ɔ→), and the resulting shear stress (Ű) is 

measured.64 The viscosity (ɖ) at each shear rate is then calculated using the equation: 

Ű = ɖɾ 

For Newtonian fluids, viscosity remains constant regardless of the shear rate. However, non-

Newtonian fluids exhibit more complex behaviors, including shear-thinning9 (decreasing viscosity 

with increasing shear rate), shear-thickening65 (increasing viscosity with increasing shear rate), 

and yield stress66 (a stress threshold below which the material behaves as a solid). 

Dynamic Oscillatory Shear Experiments: In dynamic oscillatory shear experiments, a sinusoidal 

deformation (ɔ) is applied to the sample67, described by the equation: 

ɔ = ɔ0 sin (ɤt)                                                                                                                                      (1.1) 

where ɔ0 is the strain amplitude and ɤ is the oscillation frequency. This sinusoidal strain results in 

a corresponding sinusoidal stress (Ű) measured by the rheometer's torque sensor. The stress 

response is shifted by a phase angle (ŭ) and can be expressed as: 

Ű = Ű0 sin (ɤt+ŭ)                                                                                                                            (1.2) 
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where Ű0 is the stress amplitude. Using trigonometric identities, the stress waveform can be 

decomposed into two components: one in-phase and one out-of-phase with the applied strain: 

Ű = Ű0 cos(ŭ) sin(ɤt) + Ű0 sin(ŭ) cos(ɤt)                                                                                                    (1.3) 

From this decomposition, we define key material functions: the elastic or storage modulus (Gǋ) 

and the viscous or loss modulus (Gǋ') and tan ŭ, given by: 

Ű = ɔ0 [Gǋ sin(ɤt) + Gǋ' cos(ɤt)]                                                                                                      (1.4)                         

Gǋ = (Ű0/ ɔ0) cos(ŭ)                                                                                                                                             (1.5)                         

Gǋ' = (Ű0/ ɔ0) sin(ŭ)                                                                                                                           (1.6)                         

tan ŭ = Gǋ'/ Gǋ                                                                                                                                  (1.7)                         

The storage modulus (Gǋ) measures the energy stored in the material during one cycle of 

oscillation, indicating its elastic behavior. In contrast, the loss modulus (Gǋ') measures the energy 

dissipated as heat, indicating its viscous behavior.68 The expression tan ŭ, which is the ratio of the 

loss modulus to the storage modulus, serves as a measure of the material's viscoelasticity. 

            Various dynamic oscillatory experiments can be conducted, such as amplitude sweeps and 

frequency sweeps. In an amplitude sweep, the oscillation frequency is held constant while the 

strain amplitude is increased. At low strain amplitudes, the material exhibits linear viscoelastic 

behavior, where Gǋ and Gǋ' remain constant, defining the linear viscoelastic regime (LVE). 

Experiments within the LVE are referred to as small amplitude oscillatory shear (SAOS) 

experiments. For this dissertation, all rheology experiments were conducted using small amplitude 

oscillatory shear (SAOS) to ensure measurements were within the linear viscoelastic regime. 
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            Another frequently performed oscillatory experiment is a frequency sweep, where the 

strain amplitude is kept constant within the linear viscoelastic regime (LVE) while varying the 

oscillation frequency. This approach ensures that the measurement remains non-destructive, 

preserving the material's microstructure. The resulting Gǋ and Gǋ' curves as functions of frequency 

provide valuable insights into the material's properties. For an ideal solution, the loss modulus (Gǋ') 

is consistently greater than the storage modulus (Gǋ) across all frequencies, with Gǋ typically 

following a ɤĮ dependence and Gǋ' following a ɤ dependence. Conversely, in an ideal gel, the 

storage modulus (Gǋ) is greater than the loss modulus (Gǋ') throughout the frequency range, with 

both moduli showing no dependence on frequency.67 Figure 1.4 (a) and (b) shows the characteristic 

plots for ideal solutions and gels, respectively. In all of our projects, we performed frequency 

sweep experiments to characterize the hybrid hydrogels and complexes. 

Figure 1.4. (a) Elastic modulus (Gǋ) and loss modulus (Gǋǋ) as a function of frequency for an ideal 
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(a) solution and (b) gel, (c) Time dependent behavior of Gǋ and Gǋǋ at fixed frequency, (d) 

Oscillatory strain sweep data plotted as elastic stress (Gǋɔ) versus strain (ɔ), with the maximum of 

the curve indicating the yield stress. 

            Additional types of oscillatory experiments involve keeping both the strain amplitude and 

oscillation frequency constant, while varying time. The gelation time can be estimated from the 

points where the modulus curves (Gǋ and Gǋ') intersect on plots of Gǋ and Gǋ' versus time, as shown 

in Figure 1.4c.69 In our first project, we used these time-dependent oscillatory experiments to 

determine the gelation time of collagen-tannic acid-based hydrogels.  

           In one of our projects, we employed the elastic stress method to determine the yield stress 

of collagen-tannic acid particle-based hydrogels. Yield stress is defined as the minimum stress 

required to initiate permanent deformation in a material.70 To determine this, an oscillatory strain 

sweep is performed, where the strain amplitude is gradually increased while maintaining a constant 

oscillation frequency. During this experiment, both the storage modulus (Gǋ) and loss modulus 

(Gǋ') are measured. The elastic stress (Gǋɔ) is then plotted as a function of strain (ɔ). The yield 

stress corresponds to the maximum value of this curve, indicating the point at which the material 

transitions from elastic to plastic behavior.71 Figure 1.4d illustrates this process, where the peak of 

the elastic stress curve marks the yield stress. 

1.2.6 Isothermal Titration Calorimetry: Characterizing Thermodynamic Interactions         

           Isothermal Titration Calorimetry (ITC) is a powerful analytical technique used to study the 

thermodynamics of molecular interactions in solution.72 Understanding these interactions is crucial 

in various fields such as biochemistry, pharmaceuticals, and material science, as they provide 

insights into the binding mechanisms and stability of complexes. In the context of this dissertation, 

ITC is essential for characterizing the interactions between biopolymers and various components, 
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such as collagen with tannic acid, chitin nanocrystals with surfactants, and whey proteins with 

galactomannans. By providing a detailed thermodynamic profile, ITC helps optimize the 

formulation and functionality of these biopolymer-based systems. 

 

Figure 1.5. (a) Schematic diagram of the ITC setup and (b) Change in power versus experiment 

time for exothermic and endothermic heat events. Adapted from Archer et al.73 

            ITC measures the heat change associated with molecular interactions as one solution is 

titrated into another. The instrument consists of an adiabatic shield housing two cells: a sample cell 

containing the biomolecule of interest and a reference cell filled with the solvent in which the 

biomolecule is dispersed, as illustrated in Figure 1.5a.73 During the experiment, the titrant is 

incrementally injected into the sample cell using an injection syringe. The heat released or 

absorbed during each injection is recorded, allowing the determination of binding parameters.74 

The basic principle of ITC is to maintain a constant temperature in both cells using a feedback 

system that adjusts the power applied to the cells. The difference in power needed to keep the 

temperature constant in the sample cell, compared to the reference cell, is proportional to the heat 

change due to the interaction.7,71 In the case of an exothermic reaction, the system reduces the 
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power applied to the sample cell. Conversely, during an endothermic reaction, additional power is 

applied to maintain the temperature, as depicted in Figure 1.5b. 

 

Figure 1.6. Representative (a) raw heat peaks for consecutive injections and (b) resulting ITC 

isotherm. Adapted from Archer et al.73 

            As described, the heat absorbed or released due to the interaction between two components 

during each successive injection is recorded as a function of time as shown in Figure 1.6a. The 

raw isotherm data is then integrated, where the area under each peak represents the heat change 

for each injection. These data points are plotted against the molar ratio of titrant to titrate, resulting 

in the ITC isotherm (Figure 1.6b). To obtain the corrected heat, the heat of dilution caused by 

interactions between the titrant and solvent, as well as the solvent and titrate, is subtracted from 

the measured heat, as shown in Equation 1.8. The corrected heat data is then fitted to the 

corresponding binding model. A non-linear regression involving Equations 1.9, 1.10 and 1.11 is 

performed to estimate the thermodynamic parameters (Ka, N, and ȹH) associated with binding. 

Subsequently, using Equations 1.12 and 1.13, the thermodynamic parameters ȹG and ȹS are 

determined.71,75,76 
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ὗ  = ὗ  ī ὗ  īὗ   (1.8) 

 ὑ  (1.9) 

 ὸὭὸὶὥὲὸὸὭὸὶὥὲὸὸὭὸὶὥὸὩὔ— (1.10) 

 ὗ ὸὭὸὶὥὸὩὠ ῳὌὔ—   (1.11)         

                                                               ῳὋ  ὙὝὰὲὑ                                                                       (1.12) 

                                                              ῳὋ  ῳὌ ὝῳὛ                                                       (1.13)                         

            Here, Ka is the binding affinity constant, N it the number of titrant that bind to a single 

titrate molecule, ɗ is the fraction of sites occupied by titrant, [titrant] is the free titrant 

concentration, [titrant]t and [titrate]t are the total concentration of titrant and titrate respectively, 

Vcell is the sample cell volume, R is the universal gas constant and T is the absolute temperature. 

The thermodynamic parameters (ȹH, ȹS and ȹG) extracted from ITC provide valuable insights 

into the nature of molecular interactions: 

Change in Enthalpy (ȹH): This parameter indicates whether the interaction is endothermic or 

exothermic. A negative ȹH (exothermic reaction) suggests that the interaction releases heat, often 

associated with the formation of favorable non-covalent interactions such as hydrogen bonds or 

van der Waals forces. A positive ȹH (endothermic reaction) indicates that heat is absorbed, which 

may occur during the disruption of structured water molecules around the binding sites.77 

Change in Entropy (ȹS): The entropy change reflects the degree of disorder or randomness in 

the system. A positive ȹS indicates an increase in disorder, often resulting from the release of 

water molecules or ions from the binding interface. A negative ȹS suggests a decrease in disorder, 

which might arise from the conformational restrictions in the biomolecules upon binding.78,79 
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Change in Gibbs Free Energy (ȹG): This parameter provides information about the spontaneity 

of the interaction. A negative ȹG indicates a spontaneous interaction, meaning that the binding 

process is thermodynamically favorable. The magnitude of ȹG also provides insight into the 

overall stability of the complex formed.80 

1.3 Dissertation Scope 

            The overall goal of this dissertation is to explore and understand the interactions between 

various biopolymers and other components to develop advanced materials with enhanced 

mechanical and functional properties. By employing a combination of rheology and isothermal 

titration calorimetry (ITC), we aim to provide detailed insights into the molecular mechanisms 

underlying these interactions and their impact on the macroscopic properties of the resulting 

materials, focusing on four distinct research thrusts. 

            In chapter 2, we examine how incorporating tannic acid (TA) into collagen-based 

hydrogels can enhance their mechanical strength and add therapeutic benefits. We explored the 

sol-gel transitions of these hydrogels over a temperature range (4-37°C), comparing the effects of 

TA in solution form and as needle-shaped microparticles. The findings revealed that TA 

microparticles significantly improve the elastic modulus and yield stress of the hydrogels. 

Spectroscopy and ITC analyses elucidated the interactions between TA and collagen. The resulting 

hydrogels demonstrated high cell viability, making them suitable for tissue engineering and 

regenerative applications.9 Chapter 3 focuses on the pH-dependent interactions between collagen 

and TA particles. By studying these interactions at both acidic (pH 4) and neutral (pH 7) 

conditions, we assessed their impact on the mechanical properties of the hydrogels. Rheological 

tests showed stronger reinforcement at acidic pH, attributed to increased electrostatic interactions 

and hydrogen bonding, which were confirmed by ITC. Turbidimetric analysis and quartz crystal 
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microbalance with dissipation monitoring (QCM-D) provided insights into the structural variations 

of the Col-TA complexes formed at different pH levels, offering ways to tune material properties 

through pH adjustments.10 

            In chapter 4, we delve into the interactions between chitin nanocrystals (ChNC) and 

surfactants with different head groups (anionic, cationic, nonionic) but the same hydrophobic tail 

(C12). Through ITC and rheological studies, we investigated how adsorption, self-assembly, and 

micellization affect these interactions. The results indicated that the surfactant head group plays a 

significant role in interaction dynamics: anionic SDS showed complex interaction patterns, 

cationic DTAB exhibited minimal interaction, and non-ionic Brij-35 displayed moderate 

interaction at low concentrations. Dynamic rheological analysis shows non-linear changes in the 

elastic modulus (G') with SDS addition, consistent with ITC findings. These findings are crucial 

for designing nanocomposites with tailored properties.11  

           Chapter 5 explores the interactions and rheological behavior of whey protein isolate (WPI) 

combined with galactomannans (guar gum and locust bean gum) under shear and thermal 

conditions. Using detailed rheological measurements, ITC, and confocal laser scanning 

microscopy, we analyzed the thermodynamic and mechanical interactions. The study showed that 

adding galactomannans enhances the rheological properties of WPI, significantly increasing 

storage modulus (Gᾳ). Specifically, locust bean gum improved properties under shear, while guar 

gum's influence remained consistent regardless of shear conditions. ITC results revealed minimal 

heat of binding, suggesting thermodynamic incompatibility and phase separation. Finally, 

Chapter 6, the concluding chapter, summarizes the key findings and provides recommendations 

for future research. 
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2.1 Abstract 

            Injectable collagen-based hydrogels offer great promise for tissue engineering and 

regeneration, but their use is limited by poor mechanical strength. Herein, we incorporate tannic 

acid (TA) to tailor the rheology of the corresponding hydrogels while simultaneously adding the 

therapeutic benefits inherent to this polyphenolic component. TA in solution form and needle-

shaped TA microparticles are combined with collagen and the respective systems studied for their 

time-dependent sol-gel transitions (from storage to body temperatures, 4-37oC) as a function of 

TA concentration. Compared to systems incorporating TA microparticles, those with dissolved 

TA, applied at similar concentration, generate a less significant enhancement of elastic modulus. 

Premature gelation at low the temperature and associated colloidal arrest of the system is proposed 

as a main factor explaining this limited performance. A higher yield stress (elastic stress method) 

is determined for systems loaded with TA microparticles compared to the system with dissolved 

TA. These results are interpreted in terms of the underlying interactions of tannic acid with 

collagen, as probed by spectroscopy and isothermal titration calorimetry. Importantly, hydrogels 

containing TA microparticles show high cell viability (human dermal fibroblasts) and comparative 

cellular activity relative to collagen-only hydrogel. Overall, composite hydrogels incorporating 

TA microparticles demonstrate a new, simple and better-performance alternative to cell culturing 

and difficult implantation scenarios. 
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2.2 Introduction 

            One of the main challenges in the field of tissue engineering is to mimic the structural and 

functional properties of the native tissue. Hydrogels with their porous three-dimensional structure 

offer new opportunities in this and allied areas of tissue engineering, regenerative medicine, and 

drug delivery.1ï3 Hydrogels enable flow of sufficient water and nutrient through their highly porous 

networks for cellular activity which can imitate the natural tissue system of the body and allow for 

larger tissue penetration during the healing process.4 Previous endeavors in tissue regeneration 

include complicated organ transplantation or surgical implantation of prefabricated scaffolds for 

tissue repair which can be detrimental due to inappropriate modification of the defect site.2,5 

Researchers have overcome these limitations by introducing injectable hydrogels, which enable 

the self-healing capabilities of living bodies to regenerate damaged organs without external 

intervention. Through minimal invasive techniques, it is possible to form in situ scaffolding in the 

specific region of defective tissue to heal and support the tissue system.6,7 The injectable hydrogels 

polymerize in the defect site by classical reactions such as Michael addition, Schiff base reaction, 

photo-crosslinking, or pH/thermo-induced self-polymerization.8,9 Nevertheless, before 

application, it is important to choose a biocompatible and injectable material for scaffolding that 

simultaneously develops adequate mechanical functionalities and supports specific cell population 

after gelation.   

            Naturally derived collagen present in extracellular matrices has been widely used as an 

injectable hydrogel due to its abundance, hydrophilicity, biocompatibility, high porosity, and 

conduciveness to cell growth.10ï12 Pure collagen type I extracted from any tissue can often be 

reconstituted to form a self-standing hydrogel under neutral pH (~7.4) and physiological 

conditions (~37ÁC and isotonic).13 However, the efficacy of collagen hydrogels in challenging 



32 
 

applications becomes restricted for load-bearing applications due to its poor mechanical and 

rheological properties.14,15 The free functional groups present in collagen can be utilized in this 

context to crosslink with other moieties and to achieve the desired structural and rheological 

characteristics of adjacent tissues.16,17 Dynamic and flexible, non-covalent interactions such as 

hydrophobic interactions and hydrogen bonding are preferable for tissue regeneration since 

irreversible chemical cross-links may hinder long term reshaping of the hydrogel inside living 

organisms.18 While there are several options to consider, introduction of fillers to the hydrogel 

network is considered as more desirable to tune and control microstructural properties while 

providing better representation of the native tissues and imparting additional functionalities to the 

hydrogel.19ï21 To date, different types of carbon-, metallic- and ceramic-based nano/micro-

particles have been investigated, though many of these are facing challenges in satisfying 

biocompatibility, inflammatory and cytotoxicity concerns.22ï25  

            The use of tannic acid (TA) in tandem with collagen offers a unique opportunity to tailor 

the gelôs rheological properties while adding functionality. Found in different parts of plants 

(leaves, bark, roots), beverages (tea, coffee), fruits (grapes), and vegetables (mint, basil),26 tannic 

acid is a polyphenolic compound that imparts various therapeutic characteristics (antioxidant, 

antimicrobial, anti-inflammatory. and anti-mutagenic) if applied at preferred locations.27ï29 Due to 

its crosslinking ability through the presence of multiple hydroxyl and carboxylic groups30,31 and 

beneficial functionalities, tannic acid has been employed in a variety of applications from drug 

delivery and wound healing to 3D printing.32ï34 Recent efforts have been made in fabricating 

scaffolds with collagen, cross-linked with different concentrations of tannic acid either by cross-

mixing or by soaking the scaffold in TA solution.35ï37 Injectable collagen/TA beads have been 

developed by immersing collagen beads in TA solution before injection, where inclusion of TA 
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imparts anticancer property to the injectables.32,38 However, to the best of our knowledge, a 

detailed understanding of the rheological behavior of collagen/TA based hydrogels, critical in all 

these applications and in particular the sol-gel and time-dependent aspect of the injection 

procedure, remains unexplored. In this study, we focus on understanding the rheology of collagen 

systems incorporating tannic acid microparticles. The use of platelet-shaped fillers for making 

composite hydrogels in tissue regeneration has been gaining momentum as the high surface area 

of the particulates facilitates stronger interactions with neighboring polymer fibrils.39 Here, we 

take advantage of a simple method to synthesize TA microparticles of tailorable shapes and aspect 

ratios to produce platelet-shaped TA microparticles.40 Composite collagen-TA particle hydrogels 

of different weight ratios are examined rheologically as a function of time and temperature in an 

effort to mimic the various stages - before, during and after - injectability. In particular, we 

investigate how the presence of TA microparticles affected the complex viscosity, gelation kinetics, 

elastic modulus and yield stress of the collagen-based hydrogels. These results were coordinated 

with visual observations and cell viability studies to present a comprehensive account of the 

potential of these bio-based injectable composite hydrogels in biomedical therapeutics.  

2.3 Materials & Methods 

2.3.1 TA particles 

            Needle-like tannic acid (TA) particles were prepared by the oxidation of tannic acid 

solution at a controlled pH as previously described.40 Briefly, we added 1 M KOH (ACS reagent, 

Ó 85% pellets) to the tannic acid (Sigma-Aldrich, 1701.20 g/mol) solution to adjust the pH to 9 

with a final concentration of 2 wt%. An average aspect ratio of 1:8 was obtained by ensuring the 

continuous oxygenation of the tannic acid solution for 14 hours in an orbital shaker. These TA 

particles retain their shape and are non-dissolvable in an aqueous medium. 
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2.3.2 SEM Characterization 

            A field emission scanning electron microscope, FESEM (Verios FE1, operated at 1.5 kV) 

was used to characterize the morphology of the TA particles. For this purpose, we used a very 

dilute dispersion cast on silicon wafer and dried at room temperature. To impart conductivity to 

the particles, the silicon wafer was sputter-coated with a 4 nm layer of gold. 

2.3.3 Zeta Potential Measurement 

            To determine the stability (via zeta potential) of the tannic acid particles dispersed in an 

aqueous medium at different pH, we used a Zetasizer Nano ZSP (Malvern Instruments). 

Hydrochloric acid and sodium hydroxide were added to a dilute dispersion of TA particles (0.001 

wt%) for adjusting different pH values (2-9).  

2.3.4 Composite hydrogels 

            Collagen type 1 (referred to as collagen in all ensuing discussions) from bovine hide was 

obtained from Millipore Sigma having a concentration of 10 mg/ml. We transferred 300 µl of pure 

collagen (10 mg/ml) into a 1 ml luer-lock syringe. In another similar syringe, we added 50 µl of 

any one of the concentrations of TA particles (0.005 wt.%, 0.02 wt.%, 0.05 wt.% and 0.1 wt.%) 

each time along with 10X Dulbecco's Phosphate-Buffered Saline (DPBS), 0.1 N NaOH, phenol 

red and DI water to adjust the final pH around 7.2-7.6 after dual-syringe mixing. The final TA 

particle content in the hydrogels were 5, 20, 50 and 100 µg/ml respectively. We also conducted 

one set of experiments with 50 µl of 0.05 wt.% of dissolved TA (50 µg/ml) to compare the final 

properties of hydrogels prepared from the TA particles vs dissolved TA at a similar concentration. 

Dissolved TA refers to TA in solution obtained by dissolving TA powder procured from Sigma 

Aldrich. The temperature of all these materials was maintained at 4 °C until mixing. We joined 

both the syringes with a coupler and mixed the solutions vigorously for 10-15 times as illustrated 
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in Figure 2.1a. The final concentration of collagen type 1 in a pre-gel solution was 6 mg/ml. 

Appropriate mix and pH of the mixed solution were confirmed by observing the color change of 

the phenol red indicator, from red to light peach (Figure 2.1b,c). To obtain self-standing hydrogel, 

the temperature of the neutralized pre-gel solution was brought from 4°C to 37°C either by 

incubation or by ramping the temperature inside the rheometer depending on the mode of 

characterization. We named the final hydrogels as Col-only for base hydrogel with only collagen, 

Col-0.005-pTA, Col-0.02-pTA, Col-0.05-pTAp and Col-0.1-pTA for hydrogels having 50 µl TA 

particles at 0.005, 0.02, 0.05 and 0.1 wt.% in 300 µl collagen, respectively. Col-0.05-sTA indicated 

the hydrogel with collagen and 0.05 wt.% TA solution. Notably, ópô and ósô in the nomenclature 

stands for particulate and solution, respectively. 

2.3.5 Rheological Characterization  

            All rheological measurements were conducted using a Discovery Hybrid Rheometer-3 (TA 

Instruments, New Castle, DE). We selected a 40-mm sandblasted parallel plate geometry to avoid 

wall slip and maintained a sample gap of 200 µm for all samples. A solvent trap was used to avoid 

evaporation during all experiments. All samples were subjected to a pre-conditioning step prior to 

any experiments by applying a dynamic pre-shear at 0.1 rad/s for 10 s followed by an equilibration 

for 2 min. Initially, a frequency sweep was run at 4° C to examine the solution type behavior of 

the sample. As the temperature of the sample was increased from 4°C to 37°C in a short period of 

time (<30 sec), the progression of elastic (Gǋ) and viscous (Gǋǋ) moduli were monitored as a 

function of time at a constant frequency of 1 rad/s. The time sweep experiment was followed by 

an oscillatory frequency sweep experiment to investigate the gel characteristics of the samples. All 

experiments were conducted at 2.5% strain, which was well within the linear viscoelastic (LVE) 

regime. The yield stresses for all the samples were obtained by performing oscillatory amplitude 
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sweep experiments from 0.1 to 200% strain at 37°C at an angular frequency of 1 rad/s .The elastic 

method was then employed to pinpoint the yield stress wherein the elastic stress (Gǋ ‎) was plotted 

as a function of strain. The maximum on the elastic stress curve corresponded to the material yield 

stress. 41 A relative error of ±10% was confirmed for all the experiments conducted in triplicate.  

2.3.6 Visual Observations 

            Brilliant blue G dye was added to the pre-gel solution for ease of visualization. After proper 

mixing, the solution was transferred in one of the syringes with a 20-gauge needle attached to it. 

The sample was extruded into a vial containing PBS solution at 37°C to observe the hydrogel flow 

pattern in a body-like environment after injection. 42 To access the moldability of the hydrogels, a 

pre-gel solution was cast in a silicon mold and incubated at 37°C.  The integrity of the final 

hydrogel was tested by shaking the molded hydrogel. The printability of the composite hydrogel 

was also evaluated by printing the pre-gel solution manually through a 20-gauge needle attached 

syringe on a surface kept at 37°C. 

2.3.7 Confocal laser Scanning Microscopy (CLSM) 

            CLSM technique was used to visualize the orientation of TA particles embedded in the 

collagen matrix. Before imaging, the TA particles were dyed with Nile red. The collagen hydrogel 

loaded with dyed particles was then incubated at 37°C for an hour before the experiment. The 

imaging of the composite hydrogels was performed on a Leica SP8 CLSM using a 63× oil 

immersion objective with an excitation wavelength of 552 nm within an emission wavelength 

range of 570-600 nm.  



37 
 

2.3.8 Fourier Transform Infrared (FTIR) Spectroscopy  

           To explore the cross-linking behavior between different functional groups, present in the 

amino acid sequence of collagen and hydroxyl groups of polyphenolic TA, the composite 

hydrogels were analyzed by Fourier Transform Infrared Spectroscopy (FTIR). Before analyzing, 

the neutralized samples were casted on NaCl salt plate of real crystal IR sample card and was 

incubated at 37° for an hour. Nicolet 6700 FTIR spectrometer was used for analyzing samples with 

different compositions with wavelengths ranging from 4000 to 1000 cm-1.  

2.3.9 Isothermal Titration Calorimetry (ITC) 

           To analyze the interaction between collagen type 1 and tannic acid particles at 25°C, an 

isothermal titration calorimeter (NanoITC, TA Instruments, USA) was used. ITC experiments 

were conducted having collagen (0.5 mg/ml) in the sample cell and three different concentrations 

of TA particles (0.005 wt%, 0.01 wt% and 0.02 wt%) in the syringe for titration. 20 injections of 

2.5 µl aliquots of TA particles were sequentially injected into the sample cell under a stirring rate 

of 300 rpm. To maintain a thermodynamic equilibrium between each injection, an interval time of 

250 s was chosen.43  

2.3.10 Cell Culture 

           Primary normal human dermal fibroblasts (NHDF-Ads) (CC-2511, Lonza, Walkersville, 

USA) were cultured according to the manufacturerôs instructions. Briefly, NHDF-Ads were 

cultured on tissue culture plastic treated flasks at an initial seeding density of 3,000 cells/cm2 using 

DMEM with GlutaMAX, 10% fetal bovine serum, and 1% penicillin and streptomycin as a growth 

medium. Cells were maintained at 37ÁC, 5% CO2, and 90% humidity. Media was replaced every 

two days, and at 70-80% confluence NHDF-Ads were passaged using 0.25% trypsin-EDTA (Life 

Technologies, Carlsbad, CA) at 37ÁC for 5 minutes, neutralized with growth media, and seeded 
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onto tissue culture plastic treated flasks. NHDF-Ads from passage 8-9 were used for 

cytocompatibility experiments.  

2.3.11 Cytocompatibility Studies 

           Cell viability was assessed using the LIVE/DEAD assay by following the manufacturerôs 

instructions. Briefly, NHDF-Ads (passage 8-9) were seeded on top of tannic acid particle loaded 

collagen hydrogels (Col-only, Col-0.005-pTA, Col-0.02-pTA, Col-0.05-pTAp and Col-0.1-pTAs) 

(50,000 cells/ sample, 3 replicates/sample, 2 experiments, 6 replicates in total, in a 12-well plate). 

After 48 hours in culture, the samples were stained using the LIVE/DEAD Viability/Cytotoxicity 

Assay (Life Technologies) according to the manufacturerôs instructions. The media was aspirated 

from the wells and washed 3 times with PBS. Subsequently, the LIVE/DEAD reagents were added 

and incubated for 20 minutes before replacing with growth media and imaging. The samples were 

imaged using an Olympus fluorescence microscope at 20 Ĭ magnification and counted using FIJI 

image processing software.44  

           Metabolic activity of NHDF-Ads (passage 9) seeded on hydrogels prepared as described 

above was assessed using the MTT Cell Proliferation Assay Kit (ABcam, Waltham, MA) (6,000 

cells/ sample, 8 replicates/sample, 2 experiments, 16 replicate in total, in a 96-well plate) at 48 

hours in culture according to the manufacturerôs instructions. The growth media was aspirated 

from the wells and 50 ÕL of serum and phenol red-free media was added with 50 ÕL of the MTT 

reagent solution. Following a 3-hour incubation at 37ÁC, the solution was carefully aspirated and 

150 ÕL of MTT solvent was added and the plate shaken for 15 minutes prior to absorbance reading. 

The absorbance measurements were taken at 590 nm on the Infinite M PLEX plate reader (Tecan, 

Mªnnedorf, Switzerland). The percentage of cellular activity compared to collagen was calculated 

with the following equation as an absorbance at 590 nm obtained from the MTT assay:  
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                                                                         100                                                              (2.1) 

Where C = the average absorbance reading taken from Col-only samples at 590 nm after 

background subtraction of a negative control (no cells), TA = average absorbance reading taken 

from each Col-pTA sample at 590 nm after background subtraction of a negative control (no cells). 

Results were plotted using the mean and standard error of the mean (SEM) of each sample.  
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Figure 2.1. (a) Collagen solution and neutralized TA particles/solution loaded in separate syringes 

connected with a coupler for rapid mixing at 4°C. Optical images of coupled syringes (b) before 

and (c) after mixing. (d) Loading of neutralized composite pre-gel solution. (e) Loaded sample in 

parallel plate geometry for rheological characterization. 
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2.4 Results and Discussion 

2.4.1 TA particles 

           Figure 2.2a shows scanning electron microscopy (SEM) images of the synthesized TA 

particles. The particles were prepared to have a needle-like shape with rough textured surfaces and 

average length and width of 1.7±0.4 µm and 0.20±0.02 µm, respectively. The potentiometric 

titration results for aqueous dispersion of TA particles (Figure A.1) show two inflection points at 

pH 4.8 and pH 10.10 which confirm the presence of carboxylic and hydroxyl/phenolic groups, 

respectively in TA particle dispersion. Our pKa data, 3.60 and 8.26 for respective carboxylic (2-

6) and hydroxyl/phenolic (8-10) groups also supports previous studies.45 A plot of the zeta 

potential as a function of pH of dilute dispersions of TA particles in DI water is shown in Figure 

2.2b. Since functional groups are present on the surface of TA particles, pH can alter the surface 

charge, resulting in particle aggregation. The zeta potential values of TA particles vary from -

9.61±0.76 mV to -37.3±0.40 mV as the pH changes from 2 to 9. The zeta potential becomes more 

negative as the pH increases, possibly due to the presence of the ïOH and -COOH functional 

groups on the TA particles. Sahiner and coworkers also observed a similar behavior where the 

surface charge on their tannic acid particles decreased with an increase in pH due to the ionization 

of the carboxylic and phenolic/hydroxyl groups.46 Conversely, as the negative surface charges start 

to become protonated by hydrogen ions in acidic conditions, the zeta potential value decreases.47 

Particles with zeta potential above +30 mV or below -30 mV are generally considered stable in the 

aqueous medium due to the electrostatic repulsion 48 We find the zeta potential values of TA 

particles are < -30 mV for pH > 7, indicating the dispersions to be stable in our desired pH range.  
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2.4.2 Injectability and hydrogel formation  

           Experiments were conducted to observe the sol-gel transition of the system. This is pertinent 

as our material should remain in liquid form prior to and through the injection delivery, but 

promptly gel upon exposure to the body temperature (37oC) at the defect site.19 A rapidly mixed 

sample of collagen and neutralized tannic acid particles/solution using the two-syringe device 

described earlier (Figure 2.1a) was transferred to a vial and a sample inversion test was conducted. 

Figure 2.2. (a) SEM images showing morphology of tannic acid particles. (b) Zeta potential 

measurements of tannic acid particles in water  
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The Col-0.1-pTA (where ópô refers to particulate TA) sample immediately poured down the wall 

of the vial suggesting that the sample preserved its liquid state at 4°C (Figure 2.3a). Another batch 

of the same sample was incubated in a vial for 15 min. at 37°C. After inversion, we observed the 

formation of a self-standing hydrogel (Figure 2.3b.). We also used the conditions and temperature 

of an in-vivo injection site by infusing the hydrogel into a PBS solution at 37oC. After discharging 

the injectable hydrogels in an aqueous environment, they should maintain their form and 

trajectory.42 Figure 2.3c shows that a neat collagen sample (6 mg/ml) spreads in the PBS medium 

after injection; by contrast, a composite sample (Col-0.1-pTA) in the media maintained the 

conformation after the injection (Figure 2.3d.).  

           Figure 2.3e shows the complex viscosity (h*) versus frequency profiles at 4oC for various 

collagen samples. The collagen alone (Col-only) and composite samples with low TA particle 

loading (Col-0.005-pTA and Col-0.02-pTA) exhibit a Newtonian plateau at low frequencies and 

shear-thinning behavior at increased frequencies, indicating solution-like characteristics, with no 

interconnected structures.49 Such solution-like features are desirable in delivering the system via a 

syringe to the desired site.50 However, we notice considerable increase in viscosity at low 

frequencies for samples Col-0.05-pTA and Col-0.1-pTA as well as disappearance of the 

Newtonian plateau indicating the initiation of internal structure formation. These results are 

consistent with the frequency (w)-dependent behavior of elastic (Gǋ) and viscous (Gò) moduli of 

all the samples shown in Figure A.2. The samples with a low TA particle concentration exhibit 

solution-like behavior, Gǋǋ>Gǋ, and both of the moduli are dependent on frequency.49 Interestingly, 

the slopes of the Gǋ and Gò versus w at low frequencies do not follow the conventional values for 

liquids, 2 and 1, respectively, indicating the occurrence of some degree of association.51,52 With 

increasing TA particle concentration, the moduli become flatter and almost parallel, suggesting 
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the approach of the gel point.49,53 For the sample Col-0.05-sTA with dissolved TA, we observe 

Gǋ>Gǋǋ which implies formation of a weak gel.53 The complex viscosity results for Col-0.05-sTA 

in Figure 2.3e are consistent in this regard, with ɖ* showing no Newtonian regime and a 

substantially higher value. We identified a ócriticalô concentration (Cc) of TA particles, namely, 

the concentration needed for the system to approximate the onset of network formation. Hence, 

we plotted the relative viscosity hrel (defined as the ratio of the sample viscosity to the solvent 

viscosity) as a function of TA particle concentration (inset of Figure 2.3e). For sample viscosity, 

we used the complex viscosity h* values at 0.1 rad/s whereas our solvent (water) had a viscosity 

10-3 Pa.s. We observe two distinct power-law regimes with their intersection providing an 

approximate Cc ~ 0.038 wt.%. 49,54 One can envision this concentration to be that at which 

associations start to develop. 51,52 This concentration however does not refer to the percolation 

concentration which has been elucidated further by the Van Gurp-Palmen plot and Cole-Cole plots 

in Figure A.3. Figure A.3a depicts the values of the phase angle ŭ for all the concentrations of TA 

particles to be above 45Á (threshold ŭ for percolation). Further, a Cole-Cole plot of Gǋ vs Gǋǋ (Figure 

A.3b) for all concentrations of TA particles also reflect a slope of 2 at low frequencies 

corresponding to a solution-like system.49 These results confirm the absence of a percolated 

network in the samples at 4°C. 
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Figure 2.3. (a) Inverted vial test showing liquid-like behavior of the collagen-TA particle sample 

(Col-0.1-pTA) at 4°C (b) Self-standing gel of same sample (Col-0.1-pTA) at 37°C. The streaming 

trajectory of (c) Col-only and (d) Col-0.1-pTA after injecting in PBS at 37°C. (e) Complex 

viscosity vs angular frequency at 4°C (data sets labeled and color-coded) for various samples 

including collagen-only with TA particles at various concentration, and collagen with dissolved 

TA. Inset shows relative viscosity (rel) data for varying TA particle concentration. The 

intersection of black lines is used to estimate Cc (f) Representative curves showing the gelation 

kinetics plotted in terms of the elastic (Gǋ) and viscous (Gǋǋ) modulus at 1 rad/s for Col-only, Col-
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0.05-pTA and Col-0.05-sTA (g) Moldability of Col-0.1-pTA. (h) Self-standing Col-0.1-pTA gel 

after vigorous shaking at 37°C PBS. (g) Manual 3D printing of Col-0.1-pTA hydrogel. 

           To understand the sol-gel transition in more detail, we conducted time sweep experiments 

with samples having different weight ratios of dissolved TA and TA particles. Samples originally 

at 4ÁC were placed in a rheometer at 37ÁC, and their Gǋ and Gǋǋ were monitored as a function of 

time.55 Figure 2.3f shows the evolution of Gǋ and Gǋǋ for collagen alone (Col-only), collagen with 

TA particles (Col-0.05-pTA) and collagen with dissolved TA (Col-0.05-sTA) over time. We see a 

slight dip in both moduli initially due to the rapid increase in temperature, from 4ÁC to 37ÁC 

(temperature ramp shown in red in Figure 2.3f). However, gelation preempts any further reduction 

in rheological parameters because of heating, and we observe both moduli to increase rapidly with 

time, by several orders of magnitude.  For Col-only and Col-0.05-pTA, Gǋǋ dominates over Gǋ 

initially showing a solution-type behavior at 4ÁC. As the temperature of both samples attain 37ÁC, 

their Gǋ evolves faster than Gǋǋ, crossing over and surpassing it. Eventually both moduli reach the 

same value with Gǋ dominating Gǋǋ reminiscent of gel formation. This self-assembly of collagen to 

form a gel is an endothermic process which becomes thermodynamically favorable as the 

movement and release of water molecules increase with the increased temperature. 56 The cross-

over point Gǋ = Gǋǋ observed in Figure 2.3f corresponds approximately to the gel time.57 Figure 

A.4 shows the behavior of other composite samples (Col-0.005-pTA, Col-0.02-pTA and Col-0.1-

pTA) all of which go through thermally-induced gelation with different cross-over points. Table 

2.1 shows the approximate gelation time for all the samples where we observe a decrease in gel 

time with increasing TA particle content. While collagen fibrils interact with each other to form 

networks, the addition of tannic acid expedites the process as the fibrils start interacting with the 

particles, resulting in faster gelation. 58 The approximate gel time for the Col-only sample is ~2.30 
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min while that for Col-0.05-pTA ~1.30 min. In contrast, a similar concentration of dissolved TA 

does not show a sol-gel transition or a crossover of Gǋ with Gǋǋ. This is because the sample is 

already a weak gel at the onset of the experiment at 4 , consistent with what we observe in our 

results in Figures 2.3e and A.2. From an injectability perspective, delayed gelation would 

compromise the adherence of the scaffolding material to a specific area of application due to its 

rapid clearance by the body fluid whereas fast gelation might create premature clotting forming an 

underdeveloped, weak gel.59,60 A collagen hydrogel with longer gelation time may diffuse out of 

the defective site before gelation, whereas addition of a small amount of dissolved TA added to the 

collagen forms an instantaneous gel and may prevent injection. TA particles could provide the 

finesse of tuning the gelation time required for the delivery of a sample at the desired site of 

application. 

Table 2.1. Approximate gelation time of hydrogels 

Material Approx. gelation time (min) 

Col-only 2.30 Ñ 0.45 

Col-0.005-pTA 1.76 Ñ 0.09 

Col-0.02-pTA 1.56 Ñ 0.21 

Col-0.05-pTA 1.30 Ñ 0.08 

Col-0.1-pTA 0.84 Ñ 0.15 

Col-0.05-sTA ī 

 

           Important aspects of injectable hydrogels to consider are shape conformation and 

retention.61 These become particularly relevant for injectables, as the gel should conform to the 

shape of the site injected and retain such shape even with bodily fluid motion around it. Several 

experiments were conducted to validate these considerations. First, a solution of Col-0.1-pTA was 
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injected into a silicon mold and incubated at 37ÁC for 30 min. Removal of the sample shows a gel 

having the shape of the mold (Figure 2.3g). Then, the molded gel was transferred into a vial 

containing PBS solution at 37ÁC and shaking showed no structural breakdown (Figure 2.3h), 

reflecting its robustness. Furthermore, like many other collagen-based systems, our composite 

hydrogels exhibit 3D printing capability.36,37,61 The pre-gel solution at 4ÁC was manually injected 

onto a heated surface heated at 37ÁC and a 3D form was obtained, Figure 2.3i. 

2.4.3 Gel Properties 

           We probed the viscoelastic properties of the equilibrated samples by examining their 

frequency-dependent behavior. Figure 2.4a exhibits an increase in the complex viscosity values 

for all samples by several orders of magnitude after transitioning from a solution at 4  to gel at 

37 . The samples exhibit a slope close to -1 and an absence of a Newtonian plateau at 37 , 

characteristic of gel-like materials.62 The frequency spectra of Gǋ and Gǋǋ of representative 

hydrogels in Figure 2.4b provide further evidence of the formation of sample-spanning gel 

network: all samples showing Gǋ > Gǋǋ for the entire frequency range and both moduli being 

independent of frequency even at lower frequencies.52,55 Figure 2.4b (inset) shows the loss tangent 

behavior of the hydrogels with changing frequencies where tan(ŭ) (defined as Gǋǋ/Gǋ). We find the 

loss tangent profiles of the composite hydrogels to show almost similar values for various 

concentrations of TA particles, which affirm an analogous increase in both elastic and viscous 

nature of the composite hydrogels. Similar behavior has been observed for other physical gel 

systems.52 The sample containing dissolved TA (Col-0.05-sTA), however, shows slightly lower 

loss tangent values compared to its TA particle analogs, suggesting dominance of elastic 

contributions over the viscous behavior.  Notably though, the sample containing dissolved TA (Col 

05-sTA) shows a lower final gel modulus Gǋ and slower gelation kinetics as compared to the 
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corresponding sample concentration with TA particles (Col-0.05-sTA versus Col-0.05-pTA). We 

discuss these further in the subsequent paragraph.  

 

Figure 2.4. (a) Complex viscosity vs angular frequency at 4ÁC and 37ÁC for various samples: 

collagen-only, collagen with different amounts of TA particles, and one sample of collagen with 

dissolved TA. (b) Frequency dependence of Gǋ and Gǋǋ of the same samples revealing gel-like 

features. Inset shows tan(ŭ) vs angular frequency (c) Gel modulus of the equilibrated samples at 

37oC shown in terms Gǋ) at 1 rad/s (d) Growth rate of Gǋ plotted in terms of slope of Gǋ versus time 

curve obtained immediately after moduli cross-over (data sets labeled and color-coded). 
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           Figure 2.4c reveals that the Gǋ values of the hydrogels increase as we incorporate more TA 

particles into the collagen matrix. In fact, we find the Gǋ of Col-0.1-pTA to be more than twice that 

of the Col-only sample. The higher Gǋ values confirm the formation of stronger gels possibly due 

to formation of physical linkages between the hydroxyl/phenolic and carboxylic functional groups 

on the surface of TA particles and the different functional groups present in the amino acid 

backbone of collagen through various non-covalent bonds such as hydrogel bonding and 

hydrophobic interactions.63 It is also possible that the TA particles stiffen the composite hydrogels 

by contributing their material property to the hydrogel. It has been suggested that the interaction 

between the polymer and filler particles aids in developing a highly dense layer of polymer 

surrounding the particle and forms a region of higher modulus adjacent to the particle.64 A larger 

number of TA particles would facilitate both of these interaction modes by providing more surface 

area available for interaction as well higher modulus entities for reinforcement. Our results are 

consistent with other hydrogel-particle systems where improvement in the elastic modulus has 

been observed due to the addition of particles. Stroeve and co-workers found that addition of 

laponite particles in PEG polymer results in improved elastic modulus values.25 Ghosh and his 

group found increased loading of glass-ceramic particulates shift the modulus of nano-cellulose 

by more than an order of magnitude.65 Yang and colleagues obtained a bio-based hydrogel-particle 

system based on carboxymethyl cellulose and cellulose nanocrystals with superior modulus values 

due to the reinforcement effect provided by the cellulose nanocrystals.66 

           The gelation kinetics as depicted in Figure 2.4d also follows a similar pattern wherein the 

growth rates of Gǋ with time are much faster for composite hydrogels compared to the Col-only. 

In this figure the growth kinetics is calculated from the slope of the Gǋ versus time curve 

immediately after the crossover point.67 A small caveat in the data is the lower growth rate with 
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the initial addition of a small amount of TA particles (Col-0.005-pTA). It is possible that the 

collagen fibrils become restrained by the insertion of the particles. Increasing the TA particle 

content leads to a higher extent of crosslinking between the particles and the polymer fibrils, 

thereby overcoming the initial restrictions created by the particles, and ramping up the evolution 

rate of Gǋ. The evolution rate of Gǋ can be correlated with the gelation time mentioned in Table 2.1 

plotting dGǋ/dt vs gelation time (Figure A.5). We observe an exponential relation between the two 

parameters where the gelation rate is slower for samples with longer gelation times and vice versa. 

Another point to note from Figure 2.4d is the significantly lower growth kinetics of the sample 

containing the dissolved TA (Col-0.05-sTA) versus the one with particulate TA (Col-0.05-pTA). 

The sample containing the dissolved TA is already in a weak gel state at 4ÁC; such partially formed 

structures self-assemble at a lower rate and also to a lower modulus value.  Similar observation of 

partially formed structures gelling to a weaker gel has been observed for colloidal systems. 52,68  

Finally, we attempt to study the gelation kinetics of collagen-based hydrogels using an empirical 

relation that has been used in the literature to fit the gelation curve of different biological entities 

which can self-assemble and form hydrogels due to thermal change. 69,70 

                                                   Gǋ(t)= Gǋsat {1-exp[-k(t-to)]}                                                   (2.2)       

Here Gǋsat is the saturated value of Gǋ, k is the gelation rate constant, to is the time when Gǋ starts 

increasing from the baseline and t is the time. In the mentioned equation, there are two unknowns 

Gǋsat and k. An initial value of Gǋsat was chosen to calculate the values k and the correlation 

coefficient, r. After multiple iterations, the values of Gǋsat and k which generated the maximum 

value of r were selected. Table 2.2 shows values of to, Gǋsat, k and r for all the samples where the r 

values show that the experimental data for the samples fitted well into the empirical equation. We 

observe an increasing trend of gelation rate constant (k) values with increasing concentration of 
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tannic acid particle consistent with our previous findings. Interestingly, the rate constant of the 

dissolved TA sample is the lowest, even lower than that of collagen alone. 

Table 2.2. Kinetic model parameters for the gelation of collagen-based composite hydrogels 

Sample to (min) Gǋsat  (Pa) K (min-1) r 

Col-only 3.60 285 0.94 Ñ 0.02 0.98 

Col-0.005-pTA 4.32 390 1.06 Ñ 0.04 0.97 

Col-0.02-pTA 3.10 425 1.13 Ñ 0.04 0.97 

Col-0.05-pTA 1.92 605 1.29 Ñ 0.09 0.93 

Col-0.1-pTA 1.82 675 1.31 Ñ 0.03 0.98 

Col-0.05-sTA 3.45 425 0.42 Ñ 0.01 0.98 

 

2.4.4 Yielding behavior 

           Oscillatory amplitude sweep experiments were performed to examine the change of the 

elastic modulus behavior of various samples with applied strain (Figure 2.5a). We identify three 

distinct regimes: (1) At low strain levels, we find the hydrogels to exhibit constant Gǋ values 

corresponding to the linear viscoelastic regime. In this strain regime, up to approximately 10%, 

the hydrogels remain unaltered. (2) At intermediate strain levels, we observe a distinct strain 

hardening for all samples. Most soft tissues containing collagen show strain hardening as the tissue 

stiffens when subjected to higher value of strain to protect its integrity.71 In fact, strain hardening 

is one of the most vital physiological activities which takes place due to the straightening of the 

fibers in semi-flexible networks.72 (3) Finally, at higher strain levels, we observe a sharp decline 
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in Gǋ corresponding to sample yielding and rupturing of collagen network as observed earlier by 

Sharma and his group. 73  

           To observe the role of particles on the strain hardening behavior of collagen, we replotted 

the strain dependence of the elastic moduli Gǋ of all the samples scaled by Gǋ(0), the corresponding 

elastic modulus of the samples at low strain (0.1%). 71 Figure 2.5b shows that inclusion of particles 

does not alter the intrinsic strain hardening property of the collagen network; however, we observe 

this to occur at lower strains compared to the collagen-only hydrogel, possibly because the 

particles somewhat restrict the mobility of the semi-flexible entities. A higher degree of strain 

hardening is observed for the collagen hydrogels with particles compared to Col-only. Addition of 

particles create more cross-links in the hydrogel, which further stiffens the collagen scaffold 

helping in safeguarding its coherence at higher stain values.  
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Figure 2.5. (a) Representative strain sweeps. (b) Scaled elastic modulus vs.strain to compare the 

extent of strain hardening. (c) Oscillatory strain sweep data plotted as elastic stress (Gǋɔ) as a 

function of strain (ɔ) where the maximum of the curve corresponds to the yield stress. (d) Yield 

stress and yield strain as a function of particle concentration. (Data sets labeled and color-coded). 

           We pinpoint the yield stress of the samples corresponding to the minimum stress necessary 

for disrupting the networked structure of hydrogels74 in Figure 2.5c by replotting the strain sweep 

data of Figure 2.5a as the product of the elastic modulus (Gǋ) and absolute strain amplitude (elastic 

stress) as a function of strain. In this approach referred to as the ñelastic stressò method41, the 

maximum corresponds to the yield stress. We find the yield stress of the composite hydrogels to 
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be higher than that of the collagen-only one, possibly because of additional linkages provided by 

the particles. The yield stress increases with increasing particle concentration and demonstrates a 

power-law dependence with an exponent of 0.15 (Figure 2.5d). Such behavior has been observed 

for other systems where added interactions through addition of fillers required a high stress for 

sample yielding. 39,74,75 In contrast, incorporation of particles results in a reduction in the yield 

(maximum) strain (Figure 2.5c). Col-only has a yield strain of ~93% whereas addition of a small 

amount of TA particle (Col-0.005-pTA) decreases the yield strain to ~54%. However, further 

increasing the amount of TA particles results in a slight increase in yield strain and shows a power 

law behavior with an exponent of 0.07. (Figure 2.5d.) Such a behavior is interesting as most 

colloidal systems that demonstrate an increase in yield stress exhibit the opposite effect with 

respect to strain.52 Further studies are needed to decipher the mechanism behind this observation. 

2.4.5 Possible hydrogel interaction mechanism 

           To validate the hypothesis of particle networking, we undertook further studies to observe 

how the particles arrange within the hydrogels. Confocal imaging was done by using dyed TA 

particles as described in the experimental section. Figure 2.6a shows a translucent yellow solution 

of TA particles dispersed in water. Upon addition of Nile red dye, the dispersion instantaneously 

changed to an olive-colored solution due to the pigmentation of the TA particles. (Figure 2.6b.) 

The hydrophobic Nile red dye adheres on the surfaces of TA particles changing the color of the 

particle dispersion. The confocal images of the composite hydrogels containing dyed TA particles 

are shown in Figure 2.6c and 2.6d, respectively. The particles are well dispersed in Col-0.005-pTA 

and exhibit a lower particle density. The confocal image of Col-0.1-pTA reveals the presence of 

uniformly distributed pigmented particles with multiple length scales where some of them exhibit 
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dimensions larger than the synthesized particles, suggesting existence of particle association in the 

composite hydrogels.   

           It has been suggested earlier that one of the reasons for enhanced modulus of composite 

hydrogels is due to the formation of hydrogen bonds between the functional groups present in the 

polymer and the filler. To probe further into the hydrogen bonding interaction, Fourier Transform 

Infrared Spectroscopy (FTIR) for collagen with various weight ratios of TA particles was 

conducted. Figure 2.6e essentially shows four bands for all the samples. The absorption peaks at 

3330 cm-1 and 3084 cm-1 for collagen correspond to -OH and NH stretching in amide A and amide 

B groups, respectively. The collagen spectrum demonstrates two more distinct peaks around 1660 

cm-1 and 1555 cm-1 for the C=O stretching and C-N deformation in amide I and amide II 

respectively.76  None of the amide band positions are significantly altered after adding different 

ratios of TA particle-to-collagen matrix, suggesting that the collagen triple helix structure remains 

unaltered even after crosslinking.63 The widening of the amide bands present in the cross-linked 

samples, however, can be related to the extent of hydrogen bonding between collagen and TA 

particles. The broadening of the peaks suggests increased hydrogen bonding between collagen and 

the -OH groups of tannic acid.77 With increasing TA particle content in the collagen, their 

corresponding functional groups experience higher degrees of crosslinking, resulting in further 

widening of the peaks for all four bands. The possible hydrogen bonding between -NH, -OH, and 

C=O groups present in the amino acid backbone of the collagen and multiple -OH groups on TA 

particles are shown schematically in Figure 2.6f. 
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Figure 2.6. Tannic acid particle dispersion (a) before and (b) after dyeing. Confocal images of (c) 

Col-0.005-pTA and (d) Col-0.01-pTA hydrogel samples. (e) FTIR spectra of hydrogels. 

Absorption peaks at 3330 cm-1, 3084 cm-1, 1660 cm-1 and 1555 cm-1 demonstrates -OH, NH, 

C=O stretching and C-N deformation in amide A, amide B, amide I and amide II respectively (data 

sets labeled and color-coded) (f) Possible hydrogen bond interactions between primary amino acid 
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sequence of collagen type 1 and multiple hydroxyl groups on TA particles. (g) Isothermal Titration 

Calorimetry (ITC) data for the titration by stepwise injection of different concentrations of TA 

particles (0.02 wt%, 0.01 wt%, 0.005 wt%) into collagen. 

           To provide further insight on the interaction between collagen and TA particles, we 

conducted isothermal titration calorimetry (ITC) experiments. Figure 2.6g shows prominent 

exothermic peaks when titrating TA particles against collagen solution whereas the dilution 

experiments (Figure A.6) reveal small heat changes, confirming minimal dilution effect.  The 

presence of exothermic peaks suggests the formation of hydrogen bonding between functional 

groups of collagen and TA particles, akin to what is observed in other biological systems.78,79 

Increasing the concentration of TA particles results in larger exothermic peaks, inferring higher 

extent of interaction via hydrogen bonding,80,81 consistent with the increased Gǋ observed in our 

rheology experiments. Future work using ITC will focus on a more fundamental thermodynamic 

interpretation of the interactions between collagen and tannic acid.82,83 

2.4.6 Cytocompatibility of hydrogels 

           Transitioning our composite hydrogels to biological application necessitates the evaluation 

of cytocompatibility.  A live/dead assay using a model cell line of human dermal fibroblast (hDFs) 

was carried out to assess the cellular viability after 48 h in culture in the composite tannic acid 

particle-collagen hydrogels. While cells grown on Col-only hydrogels exhibited 100 (Ñ 0.19) % 

viability, a high cell viability of >94% was observed for all pTA-Col hydrogels, independent on 

tannic acid particle concentration, 95.40 (Ñ1.86), 96.1 (Ñ 2.03), 96.83 (Ñ1.64), and 94.08 (Ñ2.04) 

% for Col-0.005-pTA, Col-0.02-pTA, Col-0.05-pTAp and Col-0.1-pTA, respectively. (Figure 

2.7a,b) These results are consistent with the work carried out by Kim et al. who reported no 

dependence on cell viability of preosteoblasts grown in Col-pTA hydrogels at 0.1, 0.25, 0.5, 1 
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wt.%. for 3D printing applications.37 Additionally, the same group calculated cell viabilities of 

90% for 1ï3 wt.% TA utilizing human adipose tissue-derived stem cells (hASCs) in their collagen-

pTA crosslinked bioinks.36 

 

Figure 2.7. (a) Live/dead images of dermal fibroblast cells cultured for 2 days on Col-only and 

collagen with different ratios of TA particles (b) Cell viability of dermal fibroblasts (c) Metabolic 

activity of dermal fibroblasts cultured for 2 days on hydrogels as assessed by MTT assay at an 

absorbance of 590 nm. (d) Comparison of results from cell viability and metabolic activity assays. 

Data is represented as a percent normalized to results from Col-only samples. 

           While the live/dead results give a binary understanding of the fibroblastsô viability during 

culture, further insights into the possible phenotypical changes of the cells in response to the 

hydrogel can be attained by measuring the cellsô metabolic activity. A colorimetric MTT assay was 

performed after 48 hours in culture to measure the NAD(P)H-dependent reduction potential of a 

tetrazolium dye to a formazin product, used as a marker of healthy and metabolically active cells.84  

Metabolic activity was normalized to absorbances at 590 nm measured for cells grown on Col-
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only and observed as 100 (Ñ17.69), 82.19 (Ñ15.62), 87.40 (Ñ 7.16), 67.75 (Ñ 5.40), and 50.63 

(Ñ10.64) % for Col-only, Col-0.005-pTA, Col-0.02-pTA, Col-0.05-pTAp and Col-0.1-pTA, 

respectively (Figure 2.7c). Cell viability up to 60% can be considered as cyto-compatible based on 

ISO 10993-5. 85,86 From that perspective, compared to Col-only, most of the hydrogels containing 

TA particles are cytocompatible; the cellular metabolic activity become sensitive for the Col-0.1-

pTA sample. 46,87,88 The results from the live/dead and MTT results taken together indicate 

promising cell viability that remains constant with pTA concentration but show some drop in the 

metabolic activity with increasing concentration of pTA (Figure 2.7d). The latter behavior suggest 

that the cells are reacting to the increase in pTA by altering their metabolism given that there is no 

increase in dead cells at those concentrations. The phenotypical changes of hDFs in the presence 

of pTA remain a topic that needs further elucidation.   

2.4 Conclusions 

           This study used a facile approach to control the rheological properties of collagen-based 

hydrogels by integrating needle-shaped tannic acid particles and dissolved tannic acid at different 

loadings. Samples were initially examined in terms of the complex viscosity at 4°C to understand 

pre-gel vis a vis óinjectabilityô at storage condition. Subsequently, the variation of gelation time 

and kinetics for different samples were assessed when transitioning from 4°C, the storage 

condition, to 37°C, the physiological condition. We find significant advantages of adding TA 

microparticles to collagen compared to the dissolved counterpart, for instance, as far as the 

rheological profile of the hydrogels and their injectability. Such effects are explained in terms of 

hydrogel cross-linking kinetics and microstructure and, ultimately, show hydrogels with enhanced 

modulus and yield stress. Collagen combined with dissolved TA showed premature 

gelation/aggregation even at 4°C. This impaired injection and led to a lower final gel modulus. By 
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contrast, when used at similar concentrations, the TA microparticles prevailed over these 

limitations. FTIR spectroscopy and ITC data showed that hydrogen bonding interactions were the 

main factors behind the superior rheological properties of the composite hydrogels. 

Cytocompatibility studies conducted with human dermal fibroblasts cultured on Col-pTA 

hydrogels showed high live cell counts, comparable with those grown on Col-only, and confirmed 

minimal cytotoxicity at low TA microparticle loadings. Overall, we introduce a new platform for 

future rheological studies of promising hydrogels, which can be implanted through minimal 

invasiveness and with great promise for tissue engineering.  
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3.1 Abstract 

            Biomaterials such as collagen and tannic acid (TA) particles are of interest in the 

development of advanced hybrid biobased systems due to their beneficial therapeutic 

functionalities and distinctive structural properties. The presence of numerous functional groups 

makes both TA and collagen pH responsive, enabling them to interact via non-covalent interactions 

and offer tunable macroscopic properties. The effect of pH on the interactions between collagen 

and TA particles are explored by adding TA particles at physiological pH to collagen at both acidic 

and neutral pH. Rheology, isothermal titration calorimetry (ITC), turbidimetric analysis and quartz 

crystal microbalance with dissipation monitoring (QCM-D) are used to study the effects. Rheology 

results show significant increase in elastic modulus with an increase in collagen concentration. 

However, TA particles at physiological pH provide stronger mechanical reinforcement to collagen 

at pH 4 than collagen at pH 7 due to the formation of a higher extent of electrostatic interaction 

and hydrogen bonding. ITC results confirm this hypothesis, with larger changes in enthalpy, |ȹH| 

observed when collagen is at acidic pH and |ȹH| > |TȹS| indicating enthalpy-driven Col-TA 

interactions. Turbidimetric analysis and QCM-D help to identify structural differences of the Col-

TA complexes and their formation at both pH conditions. 
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3.2 Introduction 

            Biomaterials possess structural and functional attributes that fit the demands of the 

biological world. Various biomedical applications such as tissue regeneration, drug delivery and 

wound healing require biomaterials to satisfy specific criteria related to biocompatibility, 

biodegradability, mechanical versatility, cellular responsiveness, and therapeutic benefits.1ï3 

Achieving related requirements is almost impossible for a single biomaterial and so, over the years, 

researchers have taken advantage of the possible materials synergies to design innovative 

biomolecular complexes.4 Consider collagen (Col), a natural biopolymer present in abundance in 

the extracellular matrices of animal tissues, which has been extensively explored for biomedical 

applications.5,6 Although reconstituted collagen fibrils have the ability to mimic the native tissue 

and have shown promise in wound healing and tissue regeneration, they often exhibit poor 

mechanical integrity.7 By incorporating other biomolecules into collagen matrices, mechanical 

strength can be enhanced through non-covalent interactions involving functional groups present 

on the collagen backbone and the complementary biomolecules (hydrogen bonding, electrostatic 

attraction, and hydrophobic interactions, among others). This allows for greater control over the 

rheological properties of the overall system.8ï11 Understanding the underlying interaction 

mechanisms at play, therefore, becomes a prerequisite for formulating bio-based systems with 

desirable properties.12  

            Tannic acid (TA) is a plant-based polyphenol widely used in biomedical applications as a 

filler to biopolymers due to its inherent therapeutic properties13ï15, innate anti-carcinogenicity16,17 

and mechanical reinforcement potential.18 The presence of multiple phenolic/hydroxyl and 

carbonyl functionalities on TA make it an ideal candidate to participate in non-covalent interactions 

with the amino acid moieties of collagen that control the mechanical properties of the Col-TA 
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complex.19,20 TA-reinforced collagen has been used for developing scaffolds and injectable 

hydrogels with enhanced mechanical properties and desired curative functionalities for tissue 

regeneration and wound healing.21ï24 In our preceding study, we demonstrated how the 

incorporation of platelet-shaped particulate TA in the collagen matrix can tune the Col-TA 

microstructure by providing better injectability compared to TA colloidal suspension and can offer 

substantial mechanical reinforcement to collagen-based hydrogels.18 25,26 for instance, those 

relevant to therapeutic drugs targeting organs in advanced carrier-mediated drug delivery 27ï29 

Therefore, knowledge of the binding strength and the type of interactions that exist between 

collagen and TA functional groups under different conditions is crucial to achieve tunable and 

desirable properties of the Col-TA complex. 

            Tunable mechanical attributes such as rheology, injectability, and extruding ability of Col-

TA hydrogels can be achieved through control over the pH, ionic strength, temperature, or 

concentration which in turn regulate the extent of intermolecular interactions.19 In particular, both 

collagen and TA are highly pH-responsive.30,31 At physiological pH, TA exists in a partially 

deprotonated state with both neutral and ionized hydroxyl species that can participate in hydrogen 

bonding and electrostatic interactions to stabilize biomolecular complexes.20 For collagen, 

transition of pH from physiological to acidic conditions results in an increase in the number of 

protonated amino acid residues that potentially result in stronger electrostatic interactions.32 

Therefore, the overall interaction strength and relative contributions of hydrogen bonding and 

electrostatic forces are expected to be pH-dependent in Col-TA complexes. Although researchers 

have used the pH-dependent behavior of collagen and TA to modulate hydrogel properties such as 

swelling, controlled drug release or viscoelasticity 31,33, the Col-TA binding interactions and 

reinforcement of collagen by TA particles have not been explored. 
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            Herein, we investigate the pH-dependent Col-TA rheology and binding interaction strength 

across three Col: TA molar ratios when collagen at pH 4 and pH 7 is reinforced with needle-shaped 

TA particles at physiological pH. We establish a qualitative relationship between the mechanical 

reinforcement of TA particles, measured through rheological characterization, and the enthalpy-

driven interactions determined through isothermal titration calorimetry (ITC). Enthalpy-driven 

Col-TA binding, facilitated by hydrogen and electrostatic interactions, is stronger under acidic 

conditions than at physiological pH, resulting in a larger increase in elastic moduli of Col-TA 

complexes. To quantify the influence of electrostatic interactions on the pH-dependent mechanical 

reinforcement of TA, we characterized Col-TA rheology in the presence of a salt. Additionally, 

turbidimetric analysis provided insights into the Col-TA complex formation and quartz crystal 

microbalance with dissipation monitoring (QCM-D) demonstrated the pH-dependent structural 

changes associated with Col-TA complexation. The multifaceted approach of our work provides 

the underlying information critical to understanding intermolecular interactions under different pH 

conditions, which can be regulated to control the rheology, swelling, drug release and binding 

profiles of biomolecular complexes for several biomedical applications 

3.3 Materials and Methods 

            Bovine collagen type 1 (10 mg/ml) and tannic acid (ACS reagent, 1701.20 g/mol) were 

provided by Millipore Sigma. Tannic acid (TA) particles with needle-like shape (Figure B1) were 

synthesized from TA solution following protocol described by Kämäräinen et al. 34 In brief, we 

oxidized 2 wt% TA solution at pH 9 adjusted by KOH under continuous stirring. The TA particle 

suspension was obtained after 14 h of oxygenation. Hydrochloric acid (HCl) and sodium hydroxide 

(NaOH) were used to adjust the pH of all samples. The nomenclature, Col (pH 4) only and Col 

(pH 7) only refer to reference collagen solutions at pH 4 and pH 7, respectively. Col (pH 4)  ╖  TA 
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(pH 7) and Col (pH 7)  ╖  TA (pH 7) represent samples where TA particles at pH 7 were combined 

with collagen solution at pH 4 and pH 7, respectively. 

3.3.1 Rheology 

            Col-TA suspensions of three different Col:TA molar ratios were prepared by altering the 

concentrations and pH of collagen solutions. 300 µl of pH-adjusted (pH 4, pH 7) collagen samples 

(2.16 mg/ml, 1.8 mg/ml and 1.34 mg/ml) and equal volume of TA particle suspension (0.67 mg/ml, 

pH 7) were transferred to two different Luer-lock syringes and mixed vigorously giving final 

Col:TA molar ratios of 0.025, 0.033 and 0.040, respectively. The final pH values of the Col (pH 

4)  ╖  TA (pH 7) complexes ranged from 5.46-5.75. To test the TA particle solubility after complex 

formation, we conducted a qualitative solubility test by redispersing TA particles into water at pH 

5.5 (within the pH range of Col (pH 4)  ╖  TA (pH 7) complexes) followed by a vortex shaking and 

60 seconds of centrifugation at 12 rpm.34 Figure B2 shows almost similar amount of TA particles 

have sedimented after centrifugation for water at pH 5.5 compared to DI water which infers TA 

particles were not solubilized post complex formation. We also prepared a set of samples with 

Col:TA ratio of 0.040 by adding 30 mM NaCl at both pH (pH 4, pH 7) conditions to investigate 

the effect of salt on the rheological properties of Col-TA complexes. We did not perform 

rheological experiments above physiological pH since collagen shows poor solubility in aqueous 

media at basic pH.   

            We performed all rheological characterizations at 25 °C using the Discovery Hybrid 

Rheometer-3 (TA Instruments, New Castle, DE). To avoid wall slip, experiments were conducted 

using a 40-mm sandblasted parallel plate geometry maintaining a gap of 200 µm. A dynamic pre-

shear at 0.1 rad/s for 10 s along with 2 min of equilibration was performed prior to actual 

experiments to maintain consistency across samples. A time sweep experiment was performed for 
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10 min at 1 rad/s to ensure uniform temperature throughout the sample. Time sweep was followed 

by an oscillatory frequency sweep between 0.1-100 rad/s at a constant 0.25% strain level to stay 

within the linear viscoelastic regime. All the experiments were performed in triplicate. 

3.3.2 Isothermal Titration Calorimetry (ITC) 

            Concentration and pH-dependent interactions between collagen and TA particles were 

investigated by an isothermal titration calorimeter (NanoITC, TA Instruments, USA). All 

experiments were conducted at 25 °C with 50 µl of TA particle suspension (0.413 mM, pH 7) 

titrated into 170 µl of pH adjusted (pH 4, pH 7) Col solution (0.0036 mM, 0.0047 mM, 0.0057 

mM) in the sample cell. The reference cell, which was housed with the sample cell in an adiabatic 

chamber, consisted of pH-adjusted DI water at the same pH as the collagen solution. Initial 

concentrations of the TA particle suspension and collagen solution were optimized to minimize 

signal-to-noise ratio and ensure that the ColïTA binding proceeded to saturation by the end of the 

last injection. The final Col:TA ratios at the end of the titrations were similar to those used in the 

rheological evaluations (Col:TA = 0.025, 0.033 and 0.040). Each titration consisted of 25 

sequential injections, each of 2 µl TA particle suspension. A 300-s injection interval was 

maintained to ensure thermodynamic equilibrium before each injection and a 350 rpm stirring 

speed was used in the sample cell. For each ColïTA titration, dilution thermograms were also 

collected for the titration of (i) water (pH 7) into pH-adjusted (pH 4, pH 7) collagen sample and, 

(ii) TA particle dispersion (pH 7) into pH-adjusted (pH 4, pH 7) water to account for the dilution 

effects of the TA particle suspension and pH-adjusted collagen with the solvent. Each titration was 

performed three times. 

            To examine the effect of Col:TA ratio and pH on the binding thermodynamics, the raw 

thermogram was integrated and the values of dilution heat were subtracted according to eq 3.1 to 
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obtain the corrected interactions heat that exclude any solvent-TA and collagenïsolvent 

interactions. The average corrected heat data were fitted with a single-site independent binding 

model. A non-linear regression involving eqs 3.2, 3.3 and 3.4 was performed in the Nano Analyze 

software (TA Instruments) to estimate the thermodynamic parameters (Ka, N and ȹH) associated 

with TA-Col binding.35ï37  

                              
( ) ( ( )corrected measured  TA Col dilution solvent Col ) dilution TA solventQ Q Q Q- - -= - -  (3.1) 

 
(1 )[ ]

aK
TA

q

q
=
-

 (3.2) 

 [ ] [ ] [ ] ( )t tTA TA Col Nq= +  (3.3) 

 [ ] ( )corrected t cellQ Col V H Nq= D  (3.4) 

Here, Ka is the binding affinity constant, N it the number of TA particles that bind to a single 

collagen molecule, ɗ is the fraction of sites occupied by TA particles, [TA] is the free TA particle 

concentration, [TA]t and [Col]t are the total concentration of TA particles and collagen respectively 

and Vcell is the sample cell volume (170 µL). Using ln aG RT KD =-  = ȹH TȹS, ȹG and ȹS were 

determined, where R is the universal gas constant and T is the absolute temperature.  

3.3.3 Turbidimetric Analysis 

            Turbidity analysis was employed to investigate the interactions between collagen and TA 

particles at different pH. UVïvis spectrophotometer (Genesys 10S , ThermoScientific) was used 

to measure the absorbance at 600 nm where collagen and TA particles do not show individual 

absorption peaks. We prepared a 0.5-mg/ml collagen solution at pH 4 and 7. Using a 10-mm 

cuvette, we initially measured the absorbance of the collagen solution with DI water, used as 

reference. Next, 50 µl of 1 mg/ml TA particle dispersion was added to the collagen solution, 

equilibrated for 5 min and the absorbance of the Col-TA complex was measured. Absorbance 
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values were recorded with subsequent additions of TA particle dispersion until the final 

concentration of TA particle reached 0.235 mg/ml. To subtract the absorbance associated with 

only the TA particles at 600 nm, we repeated the same experiment by adding similar quantities of 

TA particle dispersion to DI water. The final absorbance at 600 nm which we attribute to the 

interaction between collagen and TA particles was calculated using eq 3.5. 

                                    
,corrected Col TA measured water TA Col-waterA A A A- -= - -  (3.5) 

3.3.4 Quartz Crystal Microgravimetry  

            A Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) is a highly sensitive 

technique to understand adsorption processes in situ.38ï41 It consists of a quartz crystal resonator 

coated with a metal on each side that is used under an alternating potential, which induces 

vibrational oscillations on the crystal through the converse piezoelectric effect.39 QCM-D allows 

continuous monitoring of the simultaneous changes in the resonant frequency of the crystal (ȹf) 

and the energy dissipation (ȹD) during an adsorption event.38,39 ȹf relates to the mass and ȹD 

reveals information regarding the conformation and viscoelastic behavior of the adsorbed 

species.38,39,42 QCM-D was used to investigate the differences in the adsorption of TA particles on 

collagen at pH 4 and pH 7 and support the rheological and ITC observations. 

            Measurements were performed using a Q-Sense E4 platform (Biolin Scientific, Sweden) 

operating at 25 °C with a peristaltic pump under 0.1 ml/min continuous flow. Prior to the 

experiments, the AT-cut gold-coated QCM-D sensors (QSX 301) were successively sonicated for 

10 min each in acetone, 2-propanol and DI water followed by N2 drying. ȹf and ȹD were 

continuously recorded during the experiments at five overtones (n = 3, 5, 7, 9 and 11) in addition 

to the fundamental frequency (5 MHz). DI water was flown through the measurement chamber 

until a stable baseline was established. The QCM-D experiments with collagen at pH 4 and pH 7 
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were conducted in five stages: I. Initial baseline of water, II. Injection of 0.1 mg/ml collagen 

solution with adjusted pH in the chamber until saturation is reached, III. Rinsing with DI water, 

IV. Injection of 0.5 mg/ml TA particle dispersion at pH 7 until saturation and V. Final rinsing step 

with DI water to remove the loosely adsorbed species. 

3.4 Results and Discussion 

3.4.1  pH-dependent Rheology of Col-TA Complexes 

            Dynamic rheological experiments were conducted to observe the effect of collagen pH on 

the viscoelastic behavior of Col-TA complexes as a function of increased Col:TA molar ratio 

(0.025, 0.033 and 0.040). Figure 3.1(a-g) shows the frequency dependent behavior of Col-TA 

where collagen solutions at pH 4 and pH 7 were combined with TA particle dispersion at pH 7. To 

isolate the contributions originating from TA particles alone, we performed similar experiments 

with collagen in the absence of TA at pH 4 and pH 7, with similar solid content. The elastic (Gǋ) 

and viscous (Gò) moduli for all Col-TA complexes displayed frequency-independent behavior, 

with Gǋ > Gò throughout the entire frequency range (0.1-100 rad/s). This validates the formation 

of a sample spanning gel-type structure.43,44 Akin to our previous investigation, the elastic modulus 

of Col-TA complexes increased due to the incorporation of TA particles into the collagen colloidal 

system. The presence of different non-covalent interactions such as H-bonding, hydrophobic 

and/or electrostatic interactions are likely responsible for the reinforcement of collagen by TA 

particles.18 Additionally, the material property of TA particles contributed to the stiffening of the 

Col-TA composite system.18,45,46 In charged systems, such as our Col-TA, the extent of the 

different non-covalent interactions was expected to be pH-dependent and hence, affect the 

mechanical reinforcement potential even at the same Col: TA ratio. Therefore, we chose to delve 
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further into how the difference in collagen pH during mixing affects the elastic modulus 

improvement offered by TA particles.  

 

Figure 3.1. Oscillatory frequency-dependent behavior of elastic (Gǋ) and viscous (Gò) moduli for 

Col-TA systems at 25°C having Col:TA molar ratio of (a) 0.025, (b) 0.033 and (c) 0.040 with 

collagen at pH 4 and TA particle dispersion at pH 7 and Col:TA molar ratio of (d) 0.025, (e) 0.033 

and (f) 0.040 with collagen at pH 7 and TA particle dispersion at pH 7.  

            The impact of TA particles (increasing the Col:TA mole ratio) on the enhancement of 

mechanical properties of the Col-TA composite systems at different pH is shown in Figure 3.2. 

Here, ȹGǋ implies the difference between the Gǋ values (at 1 rad/s for the Col-TA complex and 

that of collagen without TA). For collagen only samples at both pH 4 and pH 7, Gǋ values change 

marginally with the increase in collagen concentration. However, we observed significant increase 
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in Gǋ with the increase in collagen concentration in the presence of TA particles. For the Col (pH 

4)  ╖  TA (pH 7) system, the relative increase in Gǋ due to TA addition (ȹGǋ) increased with the 

Col:TA ratio (ȹGǋ = 14.50 for 0.025, 42.44 P for 0.033 and 53.66 Pa for 0.040). Increasing the 

collagen concentration generated more entanglements within the structure with dense mesh 

networks and addition of TA particles contributed to additional interactions providing extra 

rigidity, which resulted in an increased modulus.47,48 A similar increasing trend was observed for 

the Col (pH 7) ╖  TA (pH 7) system. Interestingly, the magnitude of ȹGǋ was larger at each Col:TA 

ratio for the Col (pH 4)  ╖  TA (pH 7) complex compared to Col (pH 7)  ╖  TA (pH 7). At the highest 

Col:TA ratio of 0.040, the ȹGǋ for Col (pH 4)  ╖  TA (pH 7) was nearly twice that for Col (pH 7)  ╖  

TA (pH 7) (56.66 Pa versus 27.88 Pa). These differences demonstrate that TA particles offer strong 

mechanical reinforcement to collagen at pH 4 compared to pH 7. We hypothesize that the 

variations in the nature and extent of interactions between Col-TA, when collagen is at different 

pH (pH 4, pH 7), is likely responsible for the difference in Gǋ for Col-TA complexes.49ï51 

 

Figure 3.2. Gǋ at 1 rad/s for Col (pH 4)  ╖  TA (pH 7), Col (pH 4) only, Col (pH 7)  ╖  TA (pH 7) and 

Col (pH 7) only for Col: TA mole ratios of (a) 0.025, (b) 0.033 and (c) 0.040 at 25°C. 



87 
 

            Around pH 7 the phenolic/hydroxyl groups of TA particles are partially negatively 

charged.19,52 On the other hand, Nishiyama et al. found that in bovine collagen all amines remain 

in a protonated (positively charged) state at pH around 4.1.53 Therefore, the protonated amine 

groups of collagen (pH 4) can engage in electrostatic interactions with the partially ionized 

hydroxyl groups present on the surface of TA particles (pH 7) (Figure 3.3a). Previous studies have 

reported conjugation of negatively charged polyphenolic TA with biomaterials that possess 

positively charged nitrogen-based functional groups such as antibiotics, chitosan, polyethylene 

amine, proteins and many more via electrostatic interactions.54ï56 Apart from that, the carboxylic 

and hydroxyl groups of collagen can also participate in H-bonding with numerous non-ionized 

hydroxyl groups present on TA particles. When collagen is at physiological pH, the carboxylic 

groups dissociate giving rise to carboxylate ions (COO-), reducing the possibility of H-bonding 

and the protonated amine groups also decrease, disrupting the electrostatic interactions. (Figure 

3.3b).20,57 Additionally, the remaining pronated amine groups can be neutralized by COO- groups 

of adjacent collagen molecules. Thus, for Col (pH 4)  ╖  TA (pH 7), the extent of both electrostatic 

interaction and H-bonding may be appreciably higher compared to Col (pH 7)  ╖  TA (pH 7) which 

likely improve the mechanical reinforcement potential of TA particles for collagen at pH 4 rather 

than at pH 7. 



88 
 

 

Figure 3.3. Schematic illustration of possible electrostatic interactions and H-bonding between 

functional groups of collagen at (a) pH 4 and (b) pH 7 with TA particles at pH 7. 

3.4.2 Thermodynamics of Col-TA interactions 

            To validate our hypothesis regarding the pH-controlled differences in the extent of 

electrostatic interaction and H-bonding for Col-TA complexes, we utilized ITC to decipher their 

nature and mechanism. ITC helps to identify the relative enthalpic (ȹH) and entropic contributions 

(ȹS) to the Gibbs free energy of binding (ȹG = ȹH TȹS) by extraction of the thermodynamic 

binding profile.35,58 The sign and magnitude of ȹG tells whether the interactions are favorable (ȹG 

< 0) or not. While favorable enthalpy (ȹH < 0) is indicative of specific intermolecular bonding, 

such as H-bonding, van der Waals forces, electrostatic interactions as well as covalent and ionic 

bonding, favorable entropy (ȹS > 0) suggests contributions of the hydrophobic effect to the 

binding mechanism.59 Therefore, by measuring the relative enthalpic and entropic contributions in 

Col-TA binding and prior knowledge of their structure, we tried to identify how changes in the 

Col: TA ratio and collagen pH affected the binding.  
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            We began by titrating TA particle dispersion at pH 7 into the pH-adjusted collagen solution 

at different concentrations, either at pH 4 or pH 7 (Figure 3.4a). Since the binding thermodynamic 

parameters are calculated with solvent interactions as a reference point in ITC, we first subtracted 

the solvent-based dilution heats (Figures 3.4b and B.3) from the measured heat values (Figures 4b 

and B.4) using eq 1 to obtain the corrected interaction heats representing only the Col-TA 

interactions (Figure 3.4c). The representative ITC raw thermograms of the titration of 0.413 mM 

TA particle dispersion at pH 7 into 0.0036 mM collagen at pH 4 and the associated dilution 

titrations are shown in Figure 3.4b. While collagen dilution exhibited negligible heat, dilution of 

the TA particle dispersion demonstrated endothermic heat peaks. TA exhibits hydrophobic regions 

due to the aromatic rings in its structure, which can cause it to form aggregates inside the titration 

syringe. On dilution, the disaggregation of the TA particles is likely responsible for the 

endothermic dilution profile.60,61 Titration of the TA dispersion into collagen exhibited a similar 

endothermic pathway; however, the heat peaks were lower in magnitude compared to the TA-

solvent dilution peaks, suggesting that the Col-TA interactions proceeded via an exothermic 

pathway and overcame the endothermic disintegration of TA agglomerates. This is further 

evidenced when the collagen concentration was raised from 0.0036 to 0.0057 mM, where the Col-

TA enthalpy peaks shifted from weakly endothermic to strongly exothermic (Figure B.4a). We 

performed similar analysis to obtain the corrected binding isotherms (Figures 3.4c and B.4) for 

Col (pH 4) ï TA (pH 7) and Col (pH 7) ï TA (pH 7) systems at three Col:TA ratios and fitted a 

single-site binding model 36,62 to extract the thermodynamic binding parameters (Figures 3.4d and 

3.5). 

 

 



90 
 

 

Figure 3.4. (a) Schematic of the ITC setup with collagen type 1 and TA particles as titrate and 

titrant, respectively. Representative titration of TA particles at pH 7 into collagen at pH 4 with 

final Col:TA ratio of 0.025 showing, (b) raw heat rate for step-wise injection of TA particles in 

collagen, TA particles in water (dilution) and water in collagen (dilution) as a function of time at 

25°C. (c) Integrated heat from TA-Col titration (points) and one-site binding model fit (line) as a 
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function of mole ratio (TA:Col). (d) Extracted thermodynamic parameters (ȹH, -TȹS, ȹG) of Col-

TA interactions. Here normalized enthalpy represents kJ/mol of TA particles.  Error bars represent 

standard errors obtained from model fitting. 

            All Col-TA interactions across three collagen concentrations were spontaneous, with 

similar favorability (ȹG = 28 to 37 kJ/mol) at both pH 4 and pH 7, Figure 3.5. The largely 

unchanged ȹG is expected since the underlying structure of collagen and TA particles remained 

the same and suggests a similar dominant binding mechanism under acidic and physiological 

conditions.63ï65 Comparing the relative enthalpic and entropic contributions, we see that |ȹH| > 

|TȹS| implying that the Col-TA interactions were purely enthalpy-driven, most likely through 

electrostatic interactions and H-bonding.62,66 In each case, the favorable enthalpic term (ȹH < 0) 

was accompanied by unfavorable entropic contributions (ȹS < 0) arising from the conformational 

restrictions of the bound Col-TA complex.67 Similar enthalpy-driven binding has been previously 

observed when different proteins, such as gelatin, bovine serum albumin, elastin and salivary 

protein, interact with polyphenols.27,61,68ï71  

            |ȹH| increased as the concentration of collagen increased at both pH 4 and pH 7 due to 

possible binding sites63 and hence, electrostatic interactions and H-bonding with the partially 

ionized TA particles (Figure 3.5). Comparing the |ȹH| for Col (pH 4) ï TA (pH 7) and Col (pH 7) 

ï TA (pH 7) systems, we find that the |ȹH| was appreciably larger when collagen was at acidic pH 

than at physiological pH, at each Col: TA molar ratio. We also see in Figure B.5 that the saturation 

TA:Col ratio, the ratio at which Col-TA heat peaks during titration equal that of the dilution heat 

peaks, was greater for Col (pH 4)  ╖  TA (pH 7)  (TA: Col  = 20 - 25) compared to Col (pH 7)  ╖  TA 

(pH 7) (TA: Col  = 10 - 15). Both of these results imply a greater extent of intermolecular 

interactions in the form of electrostatic interactions and H-bonding as well as more available 
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interaction sites that shifted the saturation to higher TA:Col ratio for Col (pH 4) ï TA (pH 7) 

compared to Col (pH 7) ï TA (pH 7). 61,69 

 

Figure 3.5. Thermodynamic parameters (ȹH, -TȹS, ȹG) of Col-TA complex formation where a 

TA particle dispersion (pH 7) was titrated into collagen solution at pH 4 and pH 7, respectively 

giving final Col:TA mole ratios of 0.025, 0.033, 0.040. Here normalized enthalpy represents 

kJ/mol of TA particles. Error bars represent standard errors obtained from model fitting. 

            Although ITC cannot deconvolute the individual contributions of electrostatics, H-bonding 

or energy required to overcome endothermic TA particle deagglomeration to the overall ȹH, our 

results provide definite evidence of stronger interactions of TA particles with collagen at pH 4 than 

at pH 7. Figure B.6 demonstrates good qualitative correlation between our rheological and ITC 

results as both the mechanical reinforcement ability of TA particles captured by ȹGǋ and the ȹH 

increased with Col:TA ratio and were larger under acidic pH. These results confirm our hypothesis 

that the higher degree of electrostatic interaction and H-bonding is responsible for the larger 

reinforcement of the rheological properties by TA particles for collagen at pH 4 than at pH 7. 
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3.4.3 Col-TA Complex formation at different pH 

            To further probe the formation of complexes between collagen and TA particles at different 

pH conditions, we performed turbidimetric analysis. The absorbance at 600 nm was chosen as the 

measure of Col-TA complex formation since no absorption peak was observed at this wavelength 

for either collagen or TA. Figure 3.6a presents the absorbance profiles for collagen at both pH 4 

and pH 7 when TA particle suspension at pH 7 was gradually added to the system. In order to 

account for the contribution in the absorbance profile from only Col-TA interaction, we subtracted 

the individual absorbances for collagen and TA particles at each point. The increase in the 

absorbance value due to the addition of TA particles implied the formation of electrostatic 

interactions between the protonated amine species of collagen and negatively charged phenolic 

hydroxyl groups of TA particles.72 Previous studies postulate that the interacting components attain 

charge neutrality at maximum turbidity.54,73 The maximum turbidity for Col-TA system with 

collagen at pH 7 and pH 4 occurred at TA particle concentration of 0.07 mg/ml and 0.185 mg/ml, 

respectively. 

 

Figure 3.6. (a) Absorbance profile of the Col-TA complex at 600 nm where TA particle dispersion 

at pH 7 was combined gradually to collagen at pH 4 and pH 7, respectively. (b) Optical images of 
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the samples taken 24 h after incorporation of 0.24 mg/ml TA particle dispersion at pH 7 into DI 

water, collagen at pH 4 and collagen at pH 7. 

            At pH 7 the less protonated amine groups of collagen became neutralized by the partially 

negatively charged functional groups of TA particles at lower TA concentration (0.07 mg/ml). 

Whereas, positively charged amine groups of collagen solution at pH 4 continued interacting 

electrostatically with negatively charged TA particles, shifting the neutralization point to higher 

TA concentrations. Although initially Col (pH 7)  ╖  TA (pH 7) showed higher absorbance than Col 

(pH 4)  ╖  TA (pH 7), after 0.15 mg/ml the absorbance profile for the former system started 

declining. The decrease in absorbance of Col (pH 7)  ╖  TA (pH 7) suggests the Col-TA complex 

precipitated out of solution with almost all interaction sites saturated. Figure 3.6b. shows the 

optical images of Col-TA complexes captured after 24 hours of turbidimetric experimentation. We 

observe that TA particles mixed with collagen at pH 7 resulted in phase separation forming a 

precipitate. A stable solution was observed for Col (pH 4)  ╖  TA (pH 7), which showed that the 

complex retained further capacity to associate with more TA particles.74,75 

Extent of Electrostatic Interaction in Col-TA Complexes at different pH 

            To investigate how the pH-dependent differences in the electrostatic interactions 

manifested in the macroscale rheological properties of the Col-TA complex, we conducted 

rheological experiments by adding NaCl salt to Col-TA complexes at both pH conditions. 

Monovalent salts promoted charge screening of counterions and shielded the electrostatic 

interaction between oppositely charges entities present in the system. 76 Rheological 

characterization has been previously implemented to find the impact of salt in deactivating the 

electrostatic interactions.77,78 For Col (pH 4)  ╖  TA (pH 7) with a Col: TA mole ratio of 0.040, we 
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observed that the Gǋ at 1 rad/s decreased to half of its original value due to the addition of NaCl 

salt (Figure 3.7). On the other hand, there was only a slight reduction in Gǋ for the Col-TA system 

at physiological pH. The profound decline in Gǋ for Col (pH 4)  ╖  TA (pH 7) confirms the presence 

of a higher degree of electrostatic interaction between oppositely charged ions where the addition 

of salt triggered the dissociation, lowering the overall modulus of the Col-TA complex.79,80 

Contrarily, fewer residual charges on collagen commenced a minor change in Gǋ at pH 7. Nezu et 

al. investigated the interaction between water-soluble collagen and poly(acrylic acid) via 

fluorescent spectroscopy and found that the presence of NaCl significantly changed the emission 

intensity at pH 3 in comparison to pH 7 and attributed this to the formation of strong electrostatic 

interactions between the oppositely charged entities under acidic conditions.81 Therefore, both the 

turbidimetric and rheological experiments under the influence of salt confirmed the predominance 

of electrostatic interactions in Col-TA complexes when acidic collagen was combined with TA 

particles which, in turn, improved the rheological properties of the Col-TA composite. 

 

Figure 3.7. Gǋ at 1 rad/s for Col-TA complex with mole ratio of 0.040, with and without the 

addition of NaCl at two different pH conditions (pH 4, pH 7) at 25°C. 
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3.4.4 pH-induced Structural Changes of Col-TA Complex 

            We utilized QCM-D to identify the structural differences of the Col-TA complex when 

collagen was at pH 4 compared to pH 7. Figures 8 and Figure B.7 show the changes in the 

normalized frequency (ȹfn = ȹf/n) and dissipation (ȹDn) as a function of time during the Col-TA 

adsorption process. For simplicity, we show only the third harmonic (n = 3) in Figure 3.8. A stable 

water baseline was first established in stage I, after which we introduced the collagen solution at 

pH 4 (Figure 3.8a) and pH 7 (Figure 3.8b) into the flow chamber. At both pH values, we observed 

a decrease in frequency corresponding to an increased adsorbed collagen mass, until reaching 

saturation. The value of |-ȹf3| was slightly larger for the collagen adlayer at pH 7 (60 Hz) compared 

to pH 4 (43.3 Hz) but both were accompanied by a similar increase in ȹD3  = 12.5  10
-6. The 

large dissipation values (ȹD > 1  10-6) indicated that collagen adlayers were non-rigid and 

possessed a significant viscoelastic component.39 Proteins such as gelatin and collagen 

demonstrate pH-dependent hydration due to their ability to complex with water molecules as well 

as physically entrap water in voids within their structure.57,82 This is evident in stage III where we 

flow water over the adsorbed collagen adlayer. Compared to pH 4, the collagen adlayer at pH 7 

hydrates significantly as indicated by the large |-ȹf3| (69 Hz for pH 7 versus 5.7 Hz for pH 4). The 

higher hydration at pH 7 was accompanied by a substantial increase in dissipation, suggesting a 

further increase in the adlayer softness. Interestingly, at pH 4 the hydration slightly decreased ȹD 

implying that the hydrated collagen underwent structural changes that increased the rigidity of the 

adsorbed layer. Ahmadian et al. observed similar pH-dependent gelatin hydration where at 

physiological pH, ionized COO- groups led to electrostatic repulsions that swelled the protein 

chains and entrapped water and, under acidic conditions, the carboxyl groups and protonated amine 

groups resulted in a more dehydrated structure.53,57 In stage IV, where the TA particle dispersion 
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at pH 7 was introduced, both the hydrated collagen adlayers at pH 4 and pH 7 showed favorable 

adsorption with a decrease in the frequency, demonstrating favorable Col-TA interactions. Rinsing 

in the final stage released the loosely bound tannic acid particles and elicited a similar frequency 

increase for both cases. 

 

Figure 3.8. Changes in normalized frequency shift (ȹf3) and ȹD3 during stages of collagen-tannic 

acid adsorption on a gold-coated QCM-D sensor for (a) Col (pH 4)  ╖  TA (pH 7) and (b) Col (pH 

7)  ╖  TA (pH 7). (c) Acoustic ratio (ȹD3/ȹf3) as a function of ȹf3 to differentiate the pH-

dependent structural changes of collagen-tannic acid adlayer. (Inset) Sketch of adsorbed Col-TA 

adlayer with a compact and rigid structure when collagen is at pH 4 compared to a flexible and 

disordered organization at pH 7. 

            While Figures 3.8a and 3.8b illustrate the differences in collagen hydration, they do not 

offer insights into the Col-TA interactions. To understand the differences in the Col-TA binding at 
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different pH, we ploted the acoustic ratio, ȹD/ȹfn, as a function of ȹfn for collagen at pH 4 and pH 

7 (Figure 3.8c). A large ȹD/ȹfn ratio suggests a very soft film that deforms under oscillations and 

dissipate significant energy.38,83 This is commonly associated with  flexible structural 

conformations of the adlayer, high water content and/or weak binding between interacting 

species.42,84 On the other hand, a stiffer and well-structured adlayer with stronger interactions is 

characteristic of a low ȹD/ȹfn ratio.
42 In Figure 3.8c, we see that initially the ȹD/ȹfn ratio, after 

collagen adsorption, was higher at pH 4 than at pH 7. However, after the pH-dependent hydration 

in stage III and the adsorption of tannic acid in stage IV, the Col (pH 7)  ╖  TA (pH 7) adlayer had a 

larger ȹD/ȹfn value compared to Col (pH 4)  ╖  TA (pH 7). This can be related to the formation of a 

stronger Col (pH 4)  ╖  TA (pH 7) complex with a compact and rigid structure with less water 

entrapment. A more flexible and disordered structure, corresponding to a higher ȹD/ȹfn ratio, is 

reflective of weaker Col (pH 7)  ╖  TA (pH 7) interactions in the adlayer (Figure 3.8c, inset). These 

results complement our ITC and rheological measurements where the combination of electrostatic 

attraction forces and H-bonding resulted in stronger collagen (pH 4)  ╖ TA particles (pH 7) 

interactions with higher ȹH and a stronger hydrogel network (Figure B.6). 

3.5 Conclusions 

            This study investigated the interaction between collagen and TA particles to explore their 

potential in developing functionalized hybrid biomaterials with tailored properties. We monitored 

the pH-dependent interactions with increasing Col:TA mole ratios by controlling pH and collagen 

concentrations. Our findings imply the strength of the interactions between collagen and TA 

particles are more pronounced when collagen at acidic condition is combined with TA particles 

dispersed in physiological aqueous environment. Rheology results showed the Col-TA interactions 

led to gel formation, with the elastic modulus becoming larger for the Col (pH 4)  ╖  TA (pH 7) 
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complex. The results are further exacerbated with increasing collagen concentrations. Evidence of 

this strong association was confirmed by ITC measurements where Col-TA system experienced an 

exothermic binding event, having larger ỚȹHỚ values when TA particles at pH 7 were injected into 

collagen at pH 4 than at pH 7. We believe that stronger electrostatic interactions and hydrogen 

bonding are responsible for enhanced enthalpy and rheological properties for Col-TA complex 

having collagen at acidic pH values. At acidic pH, collagen has more protonated amine groups 

leading to increased electrostatic interaction with deprotonated hydroxyl groups on TA particles, 

and the presence of undissociated carboxylic groups leads to higher hydrogen bonding between 

collagen and TA particles. Results from turbidimetric analysis and QCM-D also support our 

hypothesis together with providing information on the structure of the complexes.  

            Our findings agree with previous studies on pH responsiveness biomaterials that have 

demonstrated changes in the rheological properties due to pH variations.49,50 For instance, previous 

work on nanocellulose-nanochitin systems by Facchine and coworkers showed that the gel 

properties of these materials were strongly influenced by changes in pH.85 Similarly, our 

thermodynamic analysis of an enthalpy-driven binding mechanism is consistent with findings in 

other systems.61,68ï71 The inference of Ahmadian and colleagues that the interactions between 

gelatin and tannic acid were enhanced at acidic pH by gelatin's protonated amine groups interacting 

with TA's negatively charged hydroxyl/phenolic groups, as well as hydrogen bonding resonates 

well with our hypothesis.57 While these results provide credence to our findings, the unique 

features of our work lie in its comprehensiveness, and relevance of our materials of interest. Both 

collagen and TA particles have desirable therapeutic and biomedical utilities, which when 

combined could provide synergistic results. To this end, we not only evaluated the rheological 

behavior of our gels but related it to the underlying mechanism as well to state of the complexes 
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at the different pH. Overall, the physical insights obtained on Col-TA interactions have promising 

implications for developing more effective and functional biomedical materials. The ability to 

modulate the strength of interactions by adjusting the pH can be utilized to improve the mechanical 

properties of scaffolds, critical in promoting tissue regeneration and wound healing as well as to 

release drug in controlled manner in response to changes in pH. We envision future studies can 

utilize the understanding of the pH-dependent interaction behavior of collagen and TA particles 

from this study to advance biobased constructs for various applications. 
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4.1 Abstract 

           This study elucidates the intricate interactions between chitin nanocrystals (ChNC) and 

surfactants of same hydrophobic tail (C12) but different head groups types (anionic, cationic, 

nonionic): sodium dodecyl sulfate (SDS), dodecyltrimethylammonium bromide (DTAB), and 

polyoxyethylene(23)lauryl ether (Brij-35). Isothermal Titration Calorimetry (ITC) and rheology 

are used to study the complex ChNC-surfactant interactions in aqueous media, affected by 

adsorption, self-assembly and micellization. The ITC results demonstrate that the surfactant head 

group significantly influences the dynamics and nature of the involved phenomena. Cationic 

DTAB's reveal minimal interaction with ChNC, non-ionic Brij-25's interact moderately at low 

concentrations driven by hydrophobic effects while SDS's interacts strongly and show complex 

interaction patterns that fall across four distinct regimes with SDS addition. We attribute such 

behavior to initiate through electrostatic attraction and terminate in surfactant micelle formation 

on ChNC surfaces. ITC also elucidates the impact of ChNC concentration on key parameters 

including critical aggregation concentration (CAC) and saturation concentration (C2). Dynamic 

rheological analysis indicates the molecular interactions translate to non-linear variations in the 

elastic modulus (Gǋ) upon SDS addition mirroring that observed in ITC experiments. Such a direct 

correlation between molecular interactions and macroscopic rheological properties provides 

insights to aid in the creation of nanocomposites with tailored properties. 
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 4.2 Introduction 

Chitin, primarily found in the exoskeletons of crustaceans1, the cell walls of fungi2, and the 

beaks of cephalopods3, represents an abundant and renewable biopolymer. Chitin nanocrystals 

(ChNC), derived from this polysaccharide, are gaining prominence due to their unique structural 

features, which include a high degree of crystallinity and a large surface area.4,5 ChNCs are 

generally isolated to yield diverse nanostructures from their natural sources following a process 

that includes chitin deacetylation and hydrolysis.6 This transformation significantly enhances 

ChNC mechanical strength and chemical reactivity, making them invaluable for cutting-edge 

applications7. ChNC integration into diverse fields such as biomedical8, pharmaceutical4, 

agriculture9, food10 and personal care products11 is driven by their structural superiority and 

advantageous properties such as biocompatibility, biodegradability, minimal toxicity, and inherent 

antibacterial features.7 For instance, ChNCs have been employed in drug delivery systems, where 

their nanoscale dimensions and surface chemistry facilitate controlled and efficient release 

mechanisms for therapeutic agents.12,13 

Surfactants serve as crucial modifiers of physical and chemical attributes of polyelectrolyte 

systems. These amphiphilic molecules can influence polyelectrolyte dynamics through altering 

surface tension, enabling emulsion stability, or inducing structural changes.14,15 The interactions 

between surfactants and polyelectrolytes, particularly sensitive to the charge of the surfactant head 

groups, can drastically affect the rheology, morphology, and electrostatic characteristics of the 

system.16ï18 Ranjbar et al.19 found that incorporating ionic surfactants like sodium dodecyl sulfate 

(SDS) and cetyltrimethylammonium bromide (CTAB), into cellulose nanocrystal suspensions 

leads to significant changes in rheology. Specifically, the addition of these surfactants altered the 

viscosity and gelation characteristics of the suspensions. This phenomenon has also been 
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extensively explored in polyelectrolyte systems, where the surfactant concentration was found to 

be a critical factor in modulating the viscoelastic behavior of the resulting complexes.20ï23 

Deciphering the binding dynamics between polyelectrolytes and surfactants is critical for 

understanding the resultant modifications in bulk properties. This inquiry, however, presents 

significant complexity, influenced by a myriad of factors including morphology, concentration, 

charge of the interacting molecules, and specific environmental conditions like pH and ionic 

strength.24ï26 Isothermal Titration Calorimetry (ITC) emerges as a powerful technique for a 

quantitative analysis of these interactions, capable of accurately measuring the heat exchange 

during binding events.27 ITC provides direct insight into the thermodynamic principles governing 

surfactant-polyelectrolyte interactions, particularly in clarifying the roles of enthalpic and entropic 

contributions that propel these associations. Additionally, ITC facilitates the determination of key 

parameters essential to understanding surfactant-polyelectrolyte binding, including the critical 

aggregation concentration (CAC), critical micelle concentration (CMC), and saturation 

concentration (C2).
28 The precision of ITC surpasses traditional analytical techniques, enriching 

our comprehension of these complex systems with detailed quantitative data.29  Tam and 

colleagues extensively applied the ITC technique across several studies to unravel the interactions 

between various polymers (including poly(ethylene glycol), poly(propylene glycol), poly(acrylic 

acid)) and diverse surfactants.16,28,30 Beyond polymers, the technique was also employed to explore 

the interactions between crystalline nanocellulose and surfactants.31ï33 These investigations 

highlight ITC's broad applicability in elucidating the complex dynamics involved. 

This study addresses the gaps in understanding how chitin nanocrystals (ChNC) interact 

with surfactants of varying head group charges, with a particular focus on the complex interplay 

governing their associations, which are nonintuitive and follow highly non-linear relationships. 
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Through the use of ITC, we delve into the interactions of cationic ChNC with a suite of surfactants 

featuring a hydrophobic C-12 tail: anionic sodium dodecyl sulfate (SDS), cationic 

dodecyltrimethylammonium bromide (DTAB), and non-ionic polyoxyethylene(23)lauryl ether 

(Brij -35). This allows for a standardized comparison to understand the influence of surfactant head 

group charge on ChNC interactions. Our research not only explores the binding mechanisms 

dictated by electrostatic and hydrophobic forces but also examines how these interactions 

influence the rheological properties of ChNC-based systems. We hypothesize that the charge of 

surfactant head groups influences the interactions between chitin nanocrystals (ChNC) and 

surfactants. These interactions will be reflected not only at the molecular level but at the 

macroscopic level. And that such effects observed at different length scales will be correlated.  

Such insights are crucial for the development of formulations and materials with tailored 

properties, following the effects of adsorption dynamics and their implications on the rheology of 

complex suspensions. This advancement in knowledge is expected to have profound implications 

for creating innovative materials, enabling precise control over nanoscale properties for 

applications in environmental engineering, biomedicine, and material science. 

4.3 Materials and Methods 

4.3.1 Materials 

Fresh crabs (Metacarcinus magister) for preparing chitin nanocrystals were obtained from 

local market in Vancouver harbor, Canada. HCl (37%), NaOH (Ó97.0%, pellets), NaClO2 (80%), 

acetic acid (glacial, Ó99.7%), sodium dodecyl sulfate (SDS, CH3(CH2)11OSO3Na, Mw = 288.38 

g/mol, Ó99.0%), sodecyltrimethylammonium bromide (DTAB, CH3(CH2)11N(CH3)3Br, Mw= 

308.34 g/mol, Ó98.0%) and polyoxyethylene (23) lauryl ether (Brij-35, 

CH3(CH2)11(OCH2CH2)nOH,  Mw = 1198 g/mol) were procured from Sigma-Aldrich. 
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4.3.2 Purification of chitin and Preparation of Chitin Nanocrystals (ChNC) 

The crab shells underwent a process involving immersion in 1 M HCl and 1 M NaOH alternately 

for 24 h, repeated for at least three cycles. The resulting solid residues were bleached with a 0.5 

wt.% NaClO2 solution (pH 5.0, containing acetic acid) at 70°C for 2 h. Following a thorough rinse 

with distilled water, the flake-like Ŭ-chitin was further processed into small flakes using a 

household blender. These purified chitin flakes were stored at 4°C. The stages of chitin purification 

from crab shells are illustrated in Figure C.1. 

Chitin nanocrystals (ChNC) were synthesized following a previously established method.34 

In brief, pure chitin was treated with a 33 wt% NaOH solution at 95ÁC for 3.5 h, resulting in 

partially deacetylated chitin. The deacetylated chitin was carefully washed until reaching a neutral 

pH followed by exposure to 3 M HCl (60 min, 95ÁC) with stirring. After completing the reaction, 

the mixture was rapidly quenched by dilution with a tenfold volume of Milli-Q water. The removal 

of excess acid solution was achieved through centrifugation (10000 rpm, 15 min, repeated three 

times), while the denser slurry underwent dialysis against Milli-Q water overnight until the 

medium reached a pH of approximately 3.0. A tip sonicator (Sonifier SFX550, Branson Ultrasonics 

Co., Danbury, CT, USA) was then employed for chitin disintegration into ChNCs, utilizing 5-s on-

and 2-s off cycles for a total duration of 15 min, with a power level set at 50%.  Larger residues in 

the ChNC suspension were eliminated through centrifugation at 8000 rpm for 10 min. The 

resulting ChNC suspension was stored at 4ÁC for subsequent use. 

4.3.3 ChNC degree of deacetylation (DDA) 

The degree of deacetylation (DDA) of ChNC was determined using conductometric titration 

following established methodology from a prior study.35 This is a widely recognized analytical 

technique for quantifying acidic functional groups and one of the most reliable tools for 
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characterizing multifunctional polysaccharides. A vacuum-dried ChNC sample weighing 0.1 g 

was suspended in 60 mL of a 0.05 mol/L HCl solution and then subjected to titration using 0.05 

mol/L NaOH at a titration rate of 50 ɛL/min while stirring. Throughout the titration process, the 

conductivity was monitored using an Orion Star A212 Conductivity Meter (Thermo Scientific). 

The conductivity-NaOH concentration curve shown in Figure C.2 was constructed using recorded 

conductivity values at various volumes of NaOH solution, illustrating fluctuations in conductivity 

attributed to the presence of hydrogen and hydroxyl ions, the most conductive ions. The initial 

steep decline (section A, Figure C.2) corresponds to the neutralization of the hydrogen ions from 

the 0.05 mol/L of HCl added. The bend observed at the bottom of this decline rises from the initial 

dissociation of the protonated amino acid groups within the chitin sample. The subsequent upward 

slope (section B, Figure C.2) corresponds to the neutralization of the protonated amino groups. 

Following the addition of more NaOH volume into the system, another deviation is noted as the 

final branch (section C, Figure C.2) begins to rise, indicating an increase in conductivity due to 

the surplus base added.36  The intersection points of the three branches determine the equivalence 

point, where the difference between two inflection points signifies the volume of NaOH needed to 

neutralize the amino groups present in the chitin sample. In Figure C.2, v1 and v2 are two inflection 

points and the following equation was used to calculate the DDA.  

DDA = 
╜═

╜═ ╜╓
□

○ ○ Ἣ

                                                                                                                   (4.1)     

where MA and MD refer to the molecular weight of acetylated (0.203 kg/mol) and deacetylated 

(0.161 kg/mol) units, respectively. m is the weight of the sample and c is NaOH molar 

concentration. 
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4.3.4 ChNC morphology   

          Transmission electron microscopy (TEM, H7600, Hitachi, Japan), operating at an 

acceleration voltage of 120 kV, was used to examine the morphological features of ChNC, 

following the method described by Guo et al.37 A 5 ÕL aliquot of ChNC suspension (0.01 wt.%), 

mixed with 2% uranyl acetate, was drop-cast onto a copper grid (Cu200 formvar/carbon) for 30 

seconds, and any excess liquid was removed by blotting. ImageJ software was utilized to analyze 

the length and width distribution of ChNC by counting at least 200 nanoparticles. 

4.3.5 ChNC chemical structure 

         The chemical characteristics of ChNC extracted from crab shells were examined using 

Fourier-Transform Infrared (FTIR) Spectroscopy. A suspension of ChNC was drop-cast onto a 

NaCl salt plate from a Real Crystal IR sample card and allowed to dry at room temperature 

overnight. The sample was analyzed the following day using a Nicolet 6700 FTIR spectrometer 

over a wavenumber range of 4000 to 500 cm ĭ. 

4.3.6 Interaction dynamics between ChNC and surfactants 

The investigation into the interaction dynamics between chitin nanocrystals (ChNC) and 

surfactants with given head groups was conducted using an Isothermal Titration Calorimeter 

(NanoITC) provided by TA Instruments, USA. In this study, surfactants, namely 100 mM SDS, 

100 mM DTAB, and 10 mM Brij-35, were titrated into ChNC suspensions at pH 3 (with 

concentrations of 0.1 wt%, 0.2 wt%, and 0.3 wt%) using a 50 ɛl syringe at a stirring speed of 350 

rpm. To account for dilution effects, additional experiments were performed involving the titration 

of surfactants into DI water and the reverse titration of DI water against various concentrations of 

ChNC suspensions at pH 3. All experiments were carried out at 25  with DI water at pH 3 in the 

reference cell. The titrant and titrate concentrations were carefully adjusted to achieve ChNC-
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surfactant binding saturation, while minimizing the signal-to-noise ratio. Each experiment 

comprised 50 consecutive injections of 1 ɛl, with a 300s interval between injections to ensure 

thermodynamic equilibrium before each injection. To identify the critical aggregation 

concentration (CAC) in the ChNC-SDS system, another set of experiments were performed where 

20 mM SDS was incrementally titrated into ChNC suspensions of 0.1 wt%, 0.2 wt%, and 0.3 wt% 

at pH 3 using 20 consecutive 1 ɛl injections. The entire set of titrations was performed in triplicate 

to ensure reliability and consistency.  

4.3.7 Electrostatic charges 

The zeta potential of ChNC-surfactant complexes was determined using a Zetasizer Nano 

ZSP (Malvern Instruments). For correlating with isothermal titration calorimetry (ITC) data, 0.3 

wt% ChNC solutions were progressively enriched with SDS, with concentrations spanning 0.1 to 

15 mM. Measurements were conducted following a 5-min equilibration period post-surfactant 

addition for each concentration. To align with rheological analysis, zeta potential assessments of 

the final ChNC-surfactantg complexes prepared for rheological experiments were performed after 

a 100-fold dilution. 

4.3.8 Rheology 

ChNC-surfactant complexes for rheological characterization were formed by adjusting the 

ChNC concentration to 0.5 wt% with varying surfactant concentrations. These complexes were 

thoroughly mixed overnight to ensure homogeneous dispersion. Rheological measurements were 

carried out at 25 °C using the Discovery Hybrid Rheometer-3 from TA Instruments, New Castle, 

DE. A 40-mm sandblasted parallel plate geometry with a 500 µm gap was employed to prevent 

wall slip. Prior to the experiments, a dynamic pre-shear at 0.1 rad/s for 10 seconds, followed by a 

2-min equilibration, was conducted to ensure sample consistency. The rheological characterization 



123 
 

involved an oscillatory frequency sweep ranging from 0.1 to 10 rad/s at a constant 0.5% strain 

level to ensure measurements within the linear viscoelastic regime. Each experiment was 

performed in triplicate. 

4.4 Results and Discussions 

4.4.1 Chitin Nanocrystals (ChNC) 

Figure 4.1a presents a transmission electron microscopy (TEM) image showcasing the 

needle-like structure of chitin nanocrystals (ChNCs). [Note that ChNCs are part of the nanochitin 

family which includes both ChNC and chitin nanofibers.] Figure 4.1b and 4.1c illustrate the size 

distribution of these ChNCs, revealing an average length of 205.7 ± 65.2 nm and an average width 

of 9.7 ± 3.3 nm. The degree of deacetylation (DDA) was assessed through conductometric analysis, 

with inflection points v1 and v2 identified at 1 ml and 1.94 ml, respectively, as shown in Figure C.2. 

Utilizing Equation 4.1, the DDA for ChNC samples was calculated to be 9.35%. 

 

Figure 4.1. (a) TEM micrographs displaying Chitin Nanocrystal (ChNC) particles sourced from 

crab shells. (b) Length and (c) width distributions of ChNC. 

The charge property of the partially deacetylated ChNC was determined by measuring the 

zeta potential, which was approximately +40.1 Ñ 0.1 mV. The chemical structure of ChNC was 

analyzed using FTIR spectroscopy, as shown in Figure C.3. The characteristic stretching bands of 
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O-H and N-H were observed at 3440 cm ĭ and 3270 cm ĭ, respectively. Consistent with previous 

studies on chitin from crabs and shrimps, peaks were observed for the vibration modes of amide I 

(1656 and 1622 cm ĭ), amide II (1560 cm ĭ), and amide III (1315 cmĭ).38,39 The source of these 

ChNC was identified as Ŭ-chitin, as evidenced by the amide I band, which is due to two types of 

hydrogen bonding formed by the amide groups in the crystalline regions of molecular chains 

aligned in an antiparallel fashion.40 The CH bends in the symmetrical deformation of CH  groups 

are reflected by the vibrational absorption band at 1378 cm ĭ. The C-O-C and C-O stretching 

modes are detected at 1070 cm ĭ and 1026 cm ĭ, respectively.39,41 FTIR analysis demonstrated that 

the ChNC extracted from crab shells possessed the main chemical fingerprints characteristic of 

chitin, as documented in previous reports.  

4.4.2. Thermodynamics of ChNC-Surfactant interactions 

The interactions between ChNC and three distinct surfactants, each featuring the same 

hydrocarbon chain length but differing head groups (anionic SDS, cationic DTAB, and non-ionic 

Brij -35), were explored using the isothermal titration calorimetry (ITC) technique. In Figure 4.2a, 

a schematic of the adiabatic chamber comprising a sample cell containing ChNC and a reference 

cell with DI water at pH 3 is presented. The surfactants at pH 3 were incrementally titrated into 

the sample cell, and the resulting heat changes for each injection were recorded and plotted in a 

thermogram. Figure 4.2b displays the raw thermograms for the titration of 100 mM SDS into 0.3 

wt% ChNC and DI water at pH 3 while Figure C.4, Figure C.5, and Figure C.6 depict the 

thermograms for titration of all three surfactants into ChNC suspensions of varying concentrations 

(0.1 wt%, 0.2 wt%, 0.3 wt%) and into DI water. These heat peaks were integrated to generate the 

total enthalpy change per mole of surfactant (ȹHobserved) as a function of surfactant concentration, 

as illustrated in Figure 4.2c. The curve derived from surfactant titration into DI water is the dilution 
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heat curve shown in black in Figure 4.2c. The corrected change in enthalpy per mole of surfactant 

(ȹHcorrected), reflecting solely the interactions between ChNC and the surfactant, was calculated by 

deducting the enthalpy change associated with surfactant dilution from the enthalpy change 

derived from the titration curve, as shown in Figure 4.2d.42 The dilution heat from adding DI water 

to various ChNC concentrations was excluded from consideration, as these heat change values 

were found to be negligible, as illustrated in Figure C.7. 

 

Figure 4.2. (a) Schematic representation of the Isothermal Titration Calorimetry (ITC) setup 

having chitin nanocrystal (ChNC) particle dispersion at pH 3 as titrate and surfactants (SDS, 

DTAB, and Brij-35) at pH 3 as titrants, respectively. Representative titration of 100 mM SDS 

solution at pH 3 into a 0.3 wt% ChNC particle dispersion and DI water at pH 3, respectively, 
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revealing (b) raw heat rate as a function of time and (c) integrated heat profile at 25 °C. (d) 

Corrected integrated heat profile for ChNC-SDS interaction. 

4.4.2.1 Interaction between ChNC and anionic SDS. We first examine the enthalpy change 

associated with the dilution of just the surfactant, SDS, in water. The dilution of 100 mM SDS in 

water is initially characterized by an endothermic reaction during the early stages of injection 

(Figure 4.2c, black symbol). This endotherm reaches a maximum before the enthalpy change starts 

to decline, continuously decreasing as the concentration of SDS increases (Figure 4.2c). The 

critical micelle concentration (CMC), identified as the inflection point in the curve27,43, is 

determined to be 6.6 mM in this case at pH 3, consistent with findings reported in prior studies.44 

The titrant was in the micellar form given that the SDS concentration in the syringe (100 mM) was 

above the critical micelle concentration (CMC) of SDS at pH 3 (6.6 mM). Upon titration into the 

sample cell containing DI water, the micelles initiate dissociation, resulting in an endothermic heat 

change. However, when SDS concentration surpasses the CMC inside the sample cell, heat 

changes only occurred due to micellar dilution.45,46 

Upon titrating 100 mM of SDS into ChNC suspension, Figure 4.2c (green symbol), a prominent 

exothermic peak emerged at the lowest SDS concentration, quickly transitioning into an 

endothermic heat change. This pattern has previously been noted in the interaction between SDS 

and chitosan/hydrophobically modified chitosan.47,48 While chitosan demonstrated a two-stage 

interaction with distinct exothermic and endothermic transitions, our results revealed a more 

complex four-stage interaction between SDS and chitin nanocrystals. Figure 4.3 illustrates the four 

distinct phases characterized by the corrected enthalpy changes resulting from the interaction 

between ChNC and SDS, plotted on the primary (left) y-axis, with the corresponding zeta potential 

values presented on the secondary (right) y-axis. The following sections offer a detailed analysis 
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of the interactions and hypothesized mechanisms at each stage, complemented by schematic 

illustrations to enhance understanding. 

Region 1: Figure 4.3 reveals an exothermic heat change, with SDS addition to the ChNC 

system. At pH 3, chitin nanocrystals exhibit positively charged groups (zeta potential of + 40.7 Ñ 

0.44 mV).49 An initial excess exothermic enthalpy change is recorded in the first two injections of 

region I, which we attribute to a strong association between anionic SDS and cationic ChNC, with 

electrostatic forces being the driving mechanism 50,51. The electrostatic interaction involves an ion-

exchange reaction where the hydrophilic, negatively charged sulfonate head groups of SDS bind 

to the positively charged amino groups, leading to the formation of a surfactant monolayer or 

hemimicelles on the ChNC surface (Figure 4.3, I) 16,52.  

Region II: Upon neutralization of the oppositely charged groups of cationic ChNC by the 

anionic SDS, a notable shift from exothermic to endothermic heat evolution is observed. This 

transition point is identified as critical aggregation concentration (CAC), representing the lowest 

concentration at which aggregates start forming within the system.47,48 A change in zeta potential 

values from positive to negative was also observed, denoting charge reversal, which aligns with 

the detected endothermic peak. Such endothermic response at the point of charge neutralization 

have been documented in prior research involving oppositely charged polyelectrolyte-surfactant 

complexes 32,53, signifying the initiation of hydrophobic effects. This occurs as the SDS molecules 

pair their hydrophobic tails with other surfactant tails, with their negatively charged headgroups 

facing the aqueous phase 46,54. During this phase, the surfactant molecules undergo reorganization, 

driven by the hydrophobic interactions of the alkyl tail groups. This restructuring leads to a small 

plateau region following the endothermic transition, indicating a pause in further molecular 



128 
 

association.33 This rearrangement aims to minimize the thermodynamically unfavorable 

interactions between the SDS tails and water molecules. 

 

Figure 4.3. Differential enthalpy change per mole of SDS (primary axis) and zeta potential 

(secondary axis) with increasing concentrations of SDS, depicting the binding mechanisms and 

various regimes of SDS-ChNC interactions. Note: 0.3 wt% ChNC particle dispersion was used in 

these experiments. 

Region III: After the endothermic transition, a progressive exothermic response is 

discernible with additional SDS incorporation, extending from intermediate to high 

concentrations. This exothermic pattern is consistent with association observed in others systems, 

namely, negatively charged crystalline nanocellulose with countercharged surfactants such as 

cetyltrimethylammonium bromide (CTAB)27, ethyl lauroyl arginate (LAE)55 and tetradecyl 



129 
 

trimethyl ammonium bromide (TTAB).31 With increasing SDS addition, the local surfactant 

concentration near ChNC escalates and the ChNCs start to act as nucleation sites, facilitating 

surfactant micelle formation on their surfaces, as depicted in Figure 4.3, III. These micelles, 

electrostatically attached to ChNC, termed admicelles 19, significantly enhance surfactant binding, 

culminating in the formation of complexes.56 The attachment of SDS admicelles on ChNC 

facilitates electrostatic links with adjacent ChNC, contributing to the observed exothermic shift in 

region III of Figure 4.3 This process resembles polymer-surfactant systems where the incremental 

surfactant addition causes admicelle growth, ultimately leading to the polymer enveloping the 

micelles, forming aggregation complexes.28,57 Similarly, in our study, the formation of admicelles 

encourages association with neighboring ChNC particles. However, given the rigid, needle-like 

structure of ChNC, unlike flexible polymers, ChNCs do not envelop SDS micelles but rather form 

bridging connections, facilitating SDS/ChNC aggregation complex formation.33 A slight increase 

in zeta potential, indicating a decrease in the systemôs negative charges, aligns with the exothermic 

peak, suggesting strong interaction between the negatively charged SDS micelles and the 

positively charged ChNC. 

Region IV: At this stage, the net enthalpy change associated with the addition of SDS to the 

system reaches zero, indicating a cessation of thermodynamic interactions. This point, denoted as 

C2, 
58 marks the saturation concentration, beyond which no further interactions between ChNC and 

SDS take place, as all potential binding sites on the ChNC have reached their capacity. Any further 

addition of SDS results in the formation of free micelles. Therefore, the heat change illustrated in 

the raw heat plot of Figure 4.2c can be attributed exclusively to the formation of free SDS micelles, 

reflecting the patterns noted in the dilution curve.59 
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Effect of ChNC concentration on ChNC-SDS interactions. Upon gaining an understanding 

of the interaction dynamics between ChNC and SDS across a range of SDS concentrations, we 

extended our investigation on the effects of changing ChNC concentrations on these binding 

dynamics. Figure 4.4a showcases integrated heat profiles from titrating SDS into ChNC 

suspensions at varying concentrations (0.1 wt%, 0.2 wt%, and 0.3 wt%), accompanied by the 

dilution curve.  Figure 4.4c displays the corresponding corrected enthalpy changes per mole of 

SDS for each ChNC concentration. Despite observing four distinct interaction regimes across all 

ChNC concentrations, variations in ChNC concentration appeared to influence the SDS 

concentration at which the transition from exothermic to endothermic heat changes occurs, referred 

to as the critical aggregation concentration (CAC). As observed from Figure 4.4c, it is difficult to 

pinpoint CAC values due to the transition occurring within the first one or two injections. To 

address this, further experiments were conducted with a reduced SDS concentration (20 mM) 

across all ChNC concentration levels, varying SDS concentrations between 0-2 mM. Figure C.8 

displays the raw thermograms for these titrations, while the corrected heat profiles are illustrated 

in Figure 4.5 (a-c). 

The determined CAC values for ChNC concentrations of 0.1 wt%, 0.2 wt%, and 0.3 wt% 

were found to be 0.23, 0.57, and 0.7 mM, with corresponding exothermic enthalpy changes of -

3.6, -3.9, and -4.5 kJ/mol, respectively. This increasing CAC trend indicates that higher ChNC 

concentrations provide more positively charged sites for interaction with anionic SDS head groups. 

Furthermore, the enthalpy changes suggest a concentration-dependent pattern, where increased 

ChNC concentrations enhance electrostatic interactions, leading to a higher heat release. 
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Figure 4.4.  Heat integration profiles for surfactant titration into DI water and ChNC dispersions 

with corrections for surfactant-ChNC interactions. (a-c) Observed heat profiles for the titration of 

SDS, DTAB, and nonionic polyoxyethylene surfactant (Brij-35), respectively, into DI water and 

ChNC dispersions at 0.1, 0.2, and 0.3 wt%, all maintained at pH 3. (d-f) Corrected heat profiles 

highlighting the interactions of ChNC with SDS, DTAB, and Brij-35, respectively, in ChNC 

dispersions of 0.1, 0.2, and 0.3 wt%, at pH 3. 

It is important to note that determining the critical aggregation concentration (CAC) presents 

a challenge with many techniques, due to the CAC being substantially lower than the critical 

micelle concentration (CMC).60 Isothermal titration calorimetry (ITC) provides a straightforward 

method to accurately identify the CAC values for a given system through a single experiment. 
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Figure 4.5. Calorimetric titration curves for identifying SDS-ChNC system's critical aggregation 

concentration (CAC) for ChNC suspensions at (a) 0.1 wt%, (b) 0.2 wt%, and (c) 0.3 wt%. 

Upon achieving the critical aggregation concentration (CAC), the heat profiles across all 

ChNC concentrations moves towards an endothermic regime due to hydrophobic interactions. This 

phase is succeeded by an exothermic regime, wherein an increase in ChNC concentration incurs a 

rise in the magnitude of exothermic heat changes, attributable to the greater availability of chitin 

nanocrystals for aggregation, along with an elevation in the saturation concentration value, C2. 

Specifically, the C2 values for ChNC concentrations of 0.1 wt%, 0.2 wt%, and 0.3 wt% are 

identified as 8.1, 9.1, and 10.5 mM SDS, respectively. This pattern echoes findings from Dai et al. 
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who examined the interplay between hydrophobic ethoxylated urethane (HEUR) and SDS, noting 

that as SDS concentration increases, the available binding sites also increase, prompting a shift in 

saturation concentration to higher values.58 When the saturation concentration C2 is reached, all 

enthalpy change curves level off, signaling the formation of free SDS micelles.  

4.4.2.2 Interaction between ChNC and cationic DTAB. The investigation into the interaction 

between cationic chitin nanocrystals (ChNC) and dodecyltrimethylammonium bromide (DTAB), 

a surfactant bearing the same charge, is also detailed through calorimetric titration analysis. The 

incremental addition of 100 mM DTAB to ChNC suspensions of varying concentrations (0.1 wt%, 

0.2 wt%, and 0.3 wt%), alongside a control experiment involving DTAB addition into deionized 

(DI) water, are shown in Figure 4.4b. The control experiment reveals an endothermic reaction up 

to a certain DTAB concentration, attributed to surfactant dissolution. Upon reaching a threshold, 

identified as the critical micelle concentration (CMC) of DTAB at pH 3 (13.26 mM), the reaction 

exhibits reduced endothermic behavior with further DTAB additions. This CMC value aligns with 

previous findings.61,62 The calorimetric curves for ChNC suspensions demonstrate a similar 

endothermic pattern to the DTAB dilution curve. Notably, the endothermic peak shifts upward with 

increasing ChNC concentrations, indicating a change in heat response. 

 To discern the specific enthalpy changes due to ChNC-DTAB interactions, the dilution curve 

was subtracted from the raw data, as illustrated in the corrected heat plot (Figure 4.4e). These 

adjusted results reveal only marginal heat changes near CMC, suggesting a minimal interaction 

between ChNC and DTAB across all examined concentrations. Given the cationic nature of both 

components, ionic bonding is not feasible, leading to interactions between DTAB and ChNC being 

predominantly driven by hydrophobic effects. Nevertheless, the electrostatic repulsion from the 

like charges on both the surfactant and ChNC limits the extent of hydrophobic interactions, leading 



134 
 

to minimal interaction.  This behavior aligns with previously reported instances of minimal 

interactions in systems with polyelectrolytes and surfactants carrying identical charges, such as the 

negligible interaction observed between anionic and anionic polysaccharides such as ə-

carrageenan and alginate.57,63 

4.4.2.3 Interaction between ChNC and nonionic polyoxyethylene surfactant. Our study 

also delved into the effects of non-ionic surfactants on ChNC, with a particular focus on nonionic 

polyoxyethylene surfactant (Brij-35). We employed a similar methodological approach as used 

with SDS and DTAB, introducing 10 mM Brij-35 via the injection syringe for these experiments. 

However, it is worth noting that the determination of the critical micelle concentration (CMC) of 

Brij-35 via isothermal titration calorimetry (ITC) was not feasible due to the exceptionally low 

CMC of this surfactant (CMC = 90 ɛM), rendering accurate enthalpy measurements challenging. 

Given that the concentration of Brij-35 surpasses its CMC from the outset, an exothermic reaction 

related to demicellization is observed in the dilution curve.61 Upon integrating ChNC into the 

mixture, the general profile of the titration curve, as illustrated in Figure 4.4c, remains consistent. 

While the introduction of 0.1 wt% ChNC does not yield a significant enthalpy variation, increased 

concentrations lead to an endothermic shift in the curve, signaling a change in heat. 

The specific thermal effects stemming from the interactions between ChNC and Brij-35 were 

identified by eliminating the dilution effect from the initial heat measurements. The corrected 

thermal values obtained through this process are showcased in Figure 4.4f. As mentioned 

previously, a minor thermal change was observed for the 0.1 wt% ChNC suspension. However, a 

pronounced endothermic heat change was noted for suspensions at higher concentrations, with the 

magnitude of this shift escalating in tandem with the concentration increase. This endothermic 

transition is attributed to the hydrophobic interactions between ChNC and the alkyl tail of Brij-
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35.64,65 A concentration limit was reached where the endothermic shift plateaued, signaling no 

further change in enthalpy and denoting the saturation concentration. Specifically, the saturation 

points for ChNC suspensions at 0.2 wt% and 0.3 wt% were identified at Brij-35 concentrations of 

0.5 mM and 0.7 mM, respectively. 

4.4.3 Impact of SDS on the Rheological Properties of ChNC 

The discussions surrounding isothermal titration calorimetry (ITC) clearly highlight that, 

among the surfactants studied, the anionic surfactant SDS engages more extensively with 

positively charged ChNCs compared to the cationic surfactant DTAB and the non-ionic surfactant 

Brij-35. This is demonstrated through the observation of both endothermic and exothermic 

variations in heat changes at different concentrations of SDS, suggesting a complex array of 

interaction mechanisms. Given the potential of these varied interaction patterns to affect the 

macroscopic properties of the ChNC-SDS complex, we proceeded to examine their rheological 

behavior across a spectrum of SDS concentrations. Figure 4.6 (a-d) presents the influence of SDS 

on the elastic modulus (Gǋ) and loss modulus (Gǋǋ) of 0.5 wt% ChNC suspensions, exploring a 

range of SDS concentrations from 0 to 20 mM. 
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Figure 4.6. Frequency-dependent behavior of elastic (Gǋ) and viscous (Gò) moduli for 0.5 wt% 

ChNC across varying SDS concentrations (a) 0 - 1 mM, (b) 1 - 4 mM, (c) 4 - 12 mM and (d) 12 - 

20 mM at 25 °C. 

Figure 4.6a reveals that the pristine system of 0.5 wt% ChNC has low moduli values with 

both Gǋ and Gǋǋ showing dependence on frequency, characteristics of a viscoelastic or weak 

associative structure.66,67 Upon the addition of SDS across a range of concentrations (0.1-20 mM), 

the ChNC-SDS complexes demonstrates Gǋ > Gǋǋ, with both moduli being frequency-independent, 

indicating the establishment of a three-dimensional gel network.68,69 Notably, even the introduction 

of a small amount of SDS (0.1 mM) into the complex leads to a two-orders-of-magnitude increase 

in both moduli (Figure 4.6a). Subsequently, the incremental addition of SDS to the ChNC 

suspension induces a non-monotonic variation in the elastic modulus (Gǋ), with both increases and 
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decreases observed, as illustrated in Figure 4.6(a-d). This fluctuating rheological behavior has been 

previously documented when incorporating varying proportions of surfactants into polyelectrolyte 

solutions.19,23,70,71 

To understand the non-monotonic profile, we re-plotted Gǋ at 1 rad/s for various SDS 

concentrations in the ChNC-SDS complexes. As depicted in Figure 4.7, the behavior of Gǋ at 1 

rad/s for 0.5 wt% ChNC system with varying concentrations of SDS exhibits four distinct regions. 

Initially, with the addition of a small amount of SDS, Gǋ sharply increases, continuing a gradual 

rise up to 1 mM SDS. Subsequently, it undergoes a decline, reaching its minimum at an SDS 

concentration of 4 mM. Following this, there is a renewed increasing trend up to 12 mM SDS, 

followed by a subsequent decrease.  

 

Figure 4.7. Elastic modulus at 1 rad/s (primary axis) and zeta potential (secondary axis) with 

increasing SDS concentration for 0.5 wt% ChNC suspension, highlighting the viscoelastic 

response and underlying interaction mechanisms. Key phases include: (A) Initial electrostatic and 

hydrophobic interactions between ChNC and SDS; (B) Rearrangement of SDS molecules; (C) 














































































































































































