
ABSTRACT 

CHANSORIA, PARTH. Characterization of the Effects of Sterilization Processes on the 

Chemical, Mechanical, Printability and Biocompatibility Characteristics of Alginate (Under 

the advisement of Dr. Rohan Shirwaiker). 

 

Biomaterials play a key role in tissue engineering (TE) by providing the functional 

substrate or matrix to promote cellular migration, attachment, and subsequent functional 

extracellular matrix formation. This enables the desired biomechanical characteristics of the 

TE product. Sodium alginate is one such biomaterial that has been extensively utilized in TE 

owing to its excellent biocompatibility and structure that mimics the topographical 

organization of mammalian ECM. Its solution phase can also be utilized for bioprinting high 

fidelity constructs with living cells that can be further crosslinked to form a robust hydrogel. 

It is important to sterilize alginate and other biomaterials prior to using them in TE applications.  

Sterilization processes can be broadly classified into heat-, chemical- and radiation-

based techniques. Due to the intrinsic thermal fluxes, reagent interactions or free-radical 

initiation associated with these processes, there is a possibility of alteration of the chemical 

properties of the biomaterial that can ultimately affect its fundamental characteristics and 

processability. Therefore, this thesis investigates the effect of three commonly used 

sterilization processes – autoclaving (heat-based), Ethanol (EtOH) sterilization (chemical-

based) and UV sterilization (radiation-based) – on the chemical, mechanical, printability and 

biocompatibility characteristics of alginate.  

 

The specific aims of this thesis are: 

1. Verify the effectiveness of the sterilization and aseptic handling processes  

2. Determine the effects of sterilization processes on the chemical properties of alginate 



3. Determine the effects of sterilization processes on the mechanical properties of alginate 

4. Determine the effect of sterilization processes on the printability of alginate 

5. Determine the effect of sterilization processes on the biocompatibility of alginate 

 

All three sterilization processes were found to be effective in sterilizing the commercially 

procured unsterilized alginate. Nuclear magnetic-resonance spectroscopy (NMR) demonstrated 

that the sterilization processes did not affect the monomeric (guluronic or mannuronic acid) content 

within the alginate. However, autoclaving resulted in reduction of the molecular weight of the 

alginate, as determined via gel permeation chromatography (GPC). This was corroborated by 

subsequent rheological measurements which demonstrated that the dynamic viscosity of 

autoclaved alginate was significantly lower than other groups (p < 0.0001) on account of its lower 

molecular weight. Corresponding to the results of the NMR analyses wherein the monomeric 

composition was not affected by sterilization, the differences in elastic moduli between the three 

sterilized alginate groups were not significant (p > 0.05). Further, the printability analyses showed 

that the number of discontinuities in the printed alginate strands were dependent on the interaction 

effects of the sterilization process and extrusion pressure (p < 0.001), and the extrusion pressure 

and speed (p < 0.05), while the spreading ratio was primarily affected dependent by the main effects 

of the sterilization process (p < 0.0001), pressure (p < 0.0001), and speed (p < 0.05). Finally, the 

sterilization processes were found to not affect the viability of encapsulated human adipose-derived 

stem cells in in vitro culture (p > 0.05), likely due to the similar stiffness of the hydrogels across 

all sterilization groups. However, the metabolic activity of the cells was affected by the sterilization 

process (p < 0.01), with autoclaved alginate demonstrating the highest estimated %alamarBlue 

reduction (directly proportional to metabolic activity) amongst all groups, which is likely 

attributable to the increase in permeability due to the reduction in its molecular weight. 



In summary, the autoclaving process leads to the most notable changes in the properties 

of the alginate evaluated in this study, while the properties remain relatively unchanged due to 

the EtOH or UV sterilization processes. The investigative roadmap that this thesis lays out can 

be effectively used in future to characterize the effects of different types of sterilization 

processes on different biomaterials, thereby allowing systematic selection of the most 

appropriate process based upon the intended TE application.  
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CHAPTER 1: INTRODUCTION 

1.1. Background 

As of today, there are over 110,000 people awaiting a life-saving organ transplant in 

the US, but only about 17,000 donors are available, and rejection rates for transplanted organs 

can be as high as 50% [1]. Even for non-life-critical organs such as musculoskeletal tissues, 

there are over 30 million reported injuries annually in the US, which have a significant 

socioeconomic impact and affect the patients’ quality of life. Such injuries are estimated to 

contribute up to 5% of the annual GDP in direct and indirect costs [2].  

To alleviate the concerns associated with long wait times and limitations of the 

aforementioned strategies, the creation of engineered tissues has emerged as a promising 

solution. Tissue engineering (TE), a term commonly used for the strategies that aim to replace 

or assist in the rehabilitation of the damaged tissues and organs, has been defined as “The 

application of the principles and methods of engineering and life sciences toward the 

fundamental understanding of structure-function relationships in normal and pathologic 

mammalian tissue and the development of biological substitutes to restore, maintain, or 

improve function” [3]. Basically, TE strategies can be classified into three categories [4]. The 

first two entail implantation of isolated cells or cell substitutes (cell-based therapies), or the 

addition of chemicals that promote autologous cell migration and subsequent tissue healing or 

regrowth (growth factors introduction). The third strategy is the possible integration of cells 

and growth factors into polymeric matrices that could be shaped to match the macro-geometry 

and microarchitecture of the native tissues (biologically-active components) for later 

implantation within the subject. The third strategy is especially of importance, given past 
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successes relating to actual organs being effectively replaced within human subjects [5], and 

their use in drug testing, disease modeling and precision medicine applications [6]. 

Several different types of biomaterials including hydrogel biopolymers are used in TE. 

Among hydrogels, sodium alginate is commonly used given its well-known and characterized 

biocompatibility and immunoisolation characteristics, and the fact that its intrinsic polymeric 

chains in solution phase match the micro-architectural characteristics of the extracellular 

matrix (ECM) of the human tissue [7,8]. Through synergistic chemical crosslinking and 

cellular encapsulation, alginate has also found widespread usage in bioprinting [9,10].   

In order to maintain the safety and efficacy of TE products, it is important at the onset 

to ensure the starting raw material is sterile, i.e., devoid of any biological contaminants. This 

is especially important in the third TE strategy, where the biocompatible polymer, either 

naturally-derived or synthetic, and in solid or solution form, may contain pathogenic, 

xenogeneic or allogenic components that may either confound the results of or completely 

deplete the engineered product of its functionality, and may also lead to infections and diseases 

that may be lethal to the subject. As a result, it is important that the starting materials be 

appropriately sterilized to get rid of pathogens, including bacteria, viruses, and fungi, as well 

as the xenogeneic and allogenic contaminants.  

Typical sterilization processes use thermal fluxes, chemically active components, or 

radiation. These mechanisms, in turn, can be expected to affect the properties of the base 

biopolymer and its subsequent processing for TE applications. This thesis work investigates 

the effect of three sterilization processes on the chemical, mechanical, printability and 

biocompatibility properties of alginate.   
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1.2. Alginate as a Biopolymer for Tissue Engineering 

Sodium alginate is a naturally occurring co-polymer derived from algae, and contains 

1-4 linked β-D-mannuronic (M) and α-L-guluronic (G) acids forming a long network of 

polymer chains (Figure 1) that mimic the natural ECM topography of human tissues  [7,8,11]. 

The length of the chains depends on the molecular weight of the alginate, and there is no 

definitive sequence occurrence of the G and M groups. The carboxylic (R-COOH) and 

hydroxyl (OH) ions exposed from neighboring uronic acid chains could be bound together 

through addition of divalent cations such Ca2+ or Ba2+, which overall results in the gelation 

(crosslinking) of the alginate (Figure 2). As a hydrogel, alginate can be utilized for 

encapsulating cells whilst isolating them from the host immune response. This results is 

variegated applications involving cell delivery and  protein production [7,8]. Alginate is also 

natively non-adherent to the cells and can sustain cells for prolonged periods [7,8]. This might 

be desirable for drug testing applications wherein the cellular phenotype/morphology has to be 

preserved. For engineered tissue fabrication, alginate can be conjugated with peptides for 

cellular adhesion, thereby promoting cellular proliferation and ECM production [12,13]. The 

chemical crosslinking of the alginate can be synergistically controlled and optimized to render 

it suitable for use in bioprinting of tissues and organs, which further widens the application 

areas of this biopolymer. 
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Figure 1. Chemical structure of sodium alginate depicting the constitutive G or M acid 

monomers linked to form a polymeric chain [11]. 

 

 
Figure 2. (a) Carboxylic ions of neighboring guluronic (G) acid chains bound by a divalent 

cation such as Ca2+ [11]. The numbers 1-6 denote the carbon atoms within each uronic (G or 

M) acid. (b) Egg box model depicting typical gelation of sodium alginate by adding divalent 

cations such as Ca2+ [11]. 

 

1.3. Sterilization Processes 

Effective sterilization of biomaterials to be used in TE is key towards the translation to 

clinical applications. For medical implants, there are several regulations such as ‘ISO 11737: 

Sterilization of medical devices’, which regulators mandate to alleviate the concerns related to 

infections in and around the implant regions [14]. While medical devices are usually terminally 

sterilized, in case of biomaterials such as alginate, the sterilization is usually executed before 

loading the material with cells. Moreover, any subsequent steps in biomaterials processing 

after sterilization also require aseptic procedures to prevent contamination in the TE product. 



 

5 

Sterilization techniques are based on different principles that may utilize heat, 

chemicals or radiation. Autoclaving (heat-based) is one of the most widely used sterilization 

methods in the medical products domain. In this, the materials are exposed to pressurized 

saturated steam in an autoclave for achieving terminal sterilization. Autoclaving for liquids, 

such as the alginate solution used in this study, is typically carried out for 15 min at 121-124°C 

at a pressure of 15-18 PSI [14,15]. This results in denaturation of the proteins and enzymes 

within the microorganisms, thereby leading to their permanent obliteration.  

Ethanol (EtOH) sterilization (chemical-based) is another a widely accepted method for 

the sterilization of alginate, with the sterilization usually being performed on the hydrogel [16] 

or solution phase of alginate [17]. It also acts by coagulating the proteins and dissolving the 

lipids in their cell membranes, which is deleterious to the microorganisms. However, a 100% 

ethanol solution cannot be utilized for the sterilization because it causes an immediate protein 

coagulation on the cell membranes, thereby preventing further penetration of the reagent within 

the cells of the microorganisms [18]. 100% ethanol also evaporates very quickly, which results 

in an inadequate exposure of the material to the chemical reagent [18].  Therefore 70% ethanol 

solution is usually utilized for the sterilization of biomaterials since it evaporates slowly and 

causes a slower coagulation of the proteins, thereby ensuring complete penetration of the 

reagent and a complete coagulation of the constitutive proteins.  

Another commonly used sterilization technique is ultraviolet (UV) exposure (radiation-

based) [14], which utilizes non-ionizing UV light for denaturing the constituting proteins in 

the microorganisms. Usually, the 250 nm UV light found in most biosafety cabinets can 

achieve this. However, this technique is only topical for solids and has a limited penetrability 

into liquid solutions or hydrogels such as those of alginate  [16,17]. Nevertheless, UV-exposure 
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is a readily available resource in most lab settings and is frequently utilized for sterilization of 

hydrogels, which necessitates the characterization of its effects on the alginate.  

For the purposes of this thesis, autoclaving, EtOH- and UV-based sterilization are being 

investigated due to their widespread usage and ease of availability in lab settings. But, it should 

be noted that other techniques such as filter [19], gamma-irradiation [20] and ethylene oxide 

(EtO) sterilization [20] have also been used for sterilization of alginate in literature.  

 

1.4. Motivation and Research Objectives 

At present, there is limited information on the effects of sterilization processes on the 

chemical, mechanical and biological characteristics of alginate. Moreover, elucidating these 

fundamental effects shall inform any subsequent studies aiming to characterize the effects of 

other sterilization processes on other biopolymers as well as serve as a guide towards selecting 

the best sterilization process based upon the desired product characteristics. Alginate, given its 

widespread usage and well-studied chemical and biomechanical characteristics, can serve as 

an excellent biomaterial for investigation for the effects of sterilization. Interaction with the 

thermal fluxes and chemical reagents during sterilization may change the constitutive G and 

M acid content and molecular weight of the alginate, thereby significantly affecting any 

subsequent processing characteristics. For example, a change in the ratio of the constitutive 

monomers (G and M acid) would change the stiffness of the hydrogel (increasing G acid 

increases stiffness[21]), while changes to the molecular weight would affect the hydrogel’s 

inherent porosity as well as the viscosity (increasing molecular weight increases viscosity and 

reduces porosity). Changing porosity and matrix stiffness of the hydrogel have been shown to 

play a key role in controlled drug release and nutrient transport studies [7,8,22], as well as 
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during ECM formation in TE applications [7,8]. Viscosity, on the other hand plays a crucial 

role in the processing of alginate for bioprinting [10].  

This thesis aims to contribute to the overall understanding of the effects of autoclaving, 

70% EtOH and UV sterilization on the chemical, mechanical, printability, and biocompatibility 

characteristics of alginate. Accordingly, the following aims have been devised as a part of this 

work: 

 

Aim 1: Verify the effectiveness of the sterilization and aseptic handling processes  

 Assess the sterility of sterilized samples using agar plate-based and tryptic soy broth 

(TSB)-based bacterial growth evaluation tests.  

 

Aim 2: Determine the effects of the sterilization processes on the chemical properties of 

alginate 

 Evaluate the changes in G and M acid using nuclear magnetic resonance (NMR) 

spectroscopy (Chapter 3).  

 Evaluate the changes in molecular weight (i.e. length of polymer chains) using gel 

permeation chromatography (GPC) (Chapter 4).  

 

Aim 3: Determine the effect of sterilization processes on the mechanical properties of 

alginate 

 Evaluate changes in the dynamic viscosity using rotational rheometry (Chapter 5).  

 Evaluate changes in the stiffness (ramp and dynamic moduli) of the hydrogel using 

uniaxial compression testing (Chapter 6). 
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 Aim 4: Determine the effect of sterilization processes on the printability of alginate 

 Characterize the changes in spreading ratio and number of discontinuities during 

extrusion 3D printing (Chapter 7).  

 

Aim 5: Determine the effect of sterilization processes on the biocompatibility of alginate 

 Evaluate differences in viability and metabolic activity of human adipose-derived stem 

cells over 7 days using standard cell culture methods and image analyses (Chapter 8).  

 

Figure 3 provides and overview of the sample preparation, sterilization and subsequent 

assessment protocols, which will be described in detail in subsequent chapters.  
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Figure 3. Overview of the experimental studies. The sterilized or unsterilized alginate is 

prepared as a 30 ml sample using the depicted processes (top of the figure). The samples are 

then analyzed using various tests to determine the effects of the sterilization processes.  
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1.5. Chapter Summary 

This chapter laid out the foundation for the need to characterize the effects of 

sterilization processes on biomaterials used in TE applications, which is the focus of this thesis. 

Specifically, this thesis investigates the effect of autoclaving, EtOH- and UV-based 

sterilization processes on the chemical, mechanical, printability, and biocompatibility 

characteristics of alginate that are relevant to its usage in TE applications. Proceeding with the 

fundamentals, this thesis shall first evaluate whether the sterilization processes and the 

subsequent aseptic handling protocols resulted in sterile samples. Then the chemical properties, 

including the G and M acid content and molecular weight, of the three sterilized groups of 

alginate shall be evaluated. Mechanical properties evaluation would then follow, wherein the 

dynamic viscosity of the alginate solution and compressive elastic (ramp) and dynamic moduli 

of the alginate hydrogel shall be evaluated for all three sterilized groups. Next, their processing 

(extrusion 3D printing) characteristics shall be evaluated. Finally, the alginate groups shall be 

tested for their ability to sustain prolonged cell growth. Together, these sets of analyses shall 

serve as an investigative roadmap that would first elucidate the changes to the fundamental 

properties of the alginate and then correlate those to the resultant properties that are of primary 

interest in TE applications.  
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CHAPTER 2: EVALUATION OF THE EFFICACY OF THE THREE 

ALGINATE STERILIZATION PROCESSES 

 Several commercial alginates are sold as “not sterile” by manufacturers, and hence, it 

is critical to sterilize them before use in TE experiments. Once sterilized, it is also essential to 

confirm the sterility of the samples before proceeding with the actual TE experiments and 

analyses. This chapter describes the evaluation of sterilized alginate samples for any microbial 

growth over time.  

 

2.1. Materials and Methods 

The alginate solution was a homogeneous suspension of sodium alginate (Manugel® 

GMB, Dupont) powder in sterile PBS (Sigma Aldrich). Each sample within any constitutive 

study (Figure 3) was a 30 ml alginate solution at 2% w/v, a concentration previously utilized 

in bioprinting applications [10,23]. Subsequent subsections explain how the different sterilized 

alginate samples were prepared.  

 

2.1.1. Preparation of autoclaved alginate samples for analyses 

To prepare the autoclave sterilized alginate solution, 0.6 g of unsterilized alginate 

powder was added to a 50 ml tube inside a biosafety cabinet, and 29.4 ml of PBS subsequently 

added, followed by vortexing for 1 min and sonication for 60 min. The resultant solution 

constituted samples of the unsterilized (control) alginate. The samples meant for autoclaving 

were then autoclaved at 121°C and 16 PSI for 15 min (BioClave 16, Benchmark Scientific Inc, 

Sayreville, NJ), and subsequently incubated for 72 h at 37°C to ensure homogeneity prior to 

further testing.  
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2.1.2. Preparation of EtOH sterilized samples for analyses 

First, 1 g of alginate powder was homogeneously dispersed within a petri dish inside 

the biosafety cabinet, then completely wetted with 3 ml of 70% EtOH (diluted by adding DI 

water to proof ethanol (64-17-5, Fisher Scientific, Hampton, NH), and subsequently set aside 

for 3 h to allow the ethanol to evaporate. To prepare the sterilized solution, 29.4 ml of PBS 

was added to 0.6 g of the sterilized alginate powder in a 50 ml tube inside a biosafety cabinet 

followed by vortexing for 1 min and sonication for 60 min. The samples were subsequently 

incubated for 72 h at 37°C to ensure homogeneity prior to further testing. 

 

2.1.3. Preparation of UV sterilized samples for analyses 

First, 1 g of alginate powder was homogeneously dispersed within a petri dish and 

exposed to 250 nm UV light inside a Class IIa biosafety cabinet (Thermo Fisher Scientific, 

Waltham, MA) for 1 h. To prepare the sterilized solution, 29.4 ml of PBS was added to 0.6 g 

of the sterilized alginate powder in a 50 ml tube inside a biosafety cabinet, followed by 

vortexing for 1 min and sonication for 60 min. The samples were subsequently incubated for 

72 h at 37°C to ensure homogeneity prior to further testing. 

 

2.1.4. Assessment of sterilized alginate samples for sterility and aseptic handling 

procedures 

 To prepare the samples, Mueller Hinton agar plates (R01620, Fisher Scientific, 

Hampton, NH; n = 3) were sectioned into three sections each (one for each sterilization type). 

Then, 100 µl of sterilized alginate (autoclaved, EtOH or UV per section) was dispensed within 

the relevant partition in the agar plate (Figure 4) and smeared using sterile swabs. Similarly, 
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100 µl of sterilized alginate (autoclaved, EtOH or UV) was dispensed in 3 ml tryptic soy broth 

(TSB) vials (R064902, Thermo Fisher Scientific. Waltham, MA; n = 3 per group) to assess for 

changes in turbidity.  

The agar plates and the TSB vials were then incubated for 4 days, followed by 

examination of bacterial growth (agar plates) and changes in turbidity (TSB) every 24 h. At 

day 4, the TSB samples were examined for optical density at 600 nm in a spectrophotometer 

(Biospectrophotometer, Eppendorf, Hamburg, Germany). TSB samples without any alginate 

were assigned as the blank control.  

  

2.2. Results 

Results of the microbial growth tests demonstrate the absence of bacterial growth in 

any of the agar plates (Figure 4) as well as the absence of turbidity (Figure 4) in the TSB 

samples. Moreover, the spectrophotometer readings showed no changes in the absorbance at 

600 nm (A600) in the TSB samples containing alginate relative to the control samples (TSB 

samples without alginate). These results signify that the sterilization processes are effective 

and the handling procedures are aseptic and do not induce any contamination in the samples 

which were prepared using materials sold as non-sterile by the manufacturer.  

 

2.3. Chapter Summary 

 This chapter utilized two different microbial growth evaluation methods to investigate 

whether the sterilization processes and the relevant aseptic handling protocols resulted in 

sterile samples. In addition to ascertaining the effectiveness of the protocols, this evaluation 



 

14 

was also necessary to ensure that the samples for any subsequent studies, such as those with 

live cells, are free of confounding effects usually prevalent when the samples are contaminated.  

 As is evident from the agar plates (n = 3) from all groups of alginate, the 

sterilization processes and related aseptic protocols result in sterile alginate solutions.   

 

 

 
Figure 4. Sterility of the samples and the aseptic protocol evident from (a) Absence of bacterial 

cultures in agar plates (n = 3), and (b) Absence of turbidity in the Tryptic Soy Broth (TSB) 

vials (n = 3) (Absorbance at 600 nm = A600 = 0.0 relative to the TSB sample without alginate). 
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CHAPTER 3: EFFECTS OF STERILIZATION ON THE CHEMICAL 

STRUCTURE OF ALGINATE 

Any change to the G or M acid content in alginate has a direct bearing on the gelation 

characteristic of alginate. Since M acid monomers promote intra-polymer crosslinking, while 

G acid monomers promote inter-polymer crosslinking, the resultant stiffness for alginate 

hydrogels with higher M/G ratio would be lower [24]. Since the G or M acid differ only in 

terms of the conformation of the molecule, a change in the conformation or a complete 

breakdown of the monomers may be possible due to the thermal and chemical fluxes intrinsic 

to the three sterilization procedures.   Therefore, it is essential to determine the changes to the 

G and M acid content of the alginate. This chapter details the procedure to perform this analysis 

using nuclear magnetic resonance spectroscopy (1H NMR). 

 

3.1. Materials and Methods 

3.1.1. Preparation of alginate samples for 1H NMR analyses 

 The sterilized and control (unsterilized) alginate samples were prepared as per the 

protocols established in section 2.1.1. To prepare for further analyses, for each group, 500 µl 

of the 2% w/v alginate solution was added to an Eppendorf tube (AM12450, ThermoFisher 

Scientific) frozen at -20°C for 2 h prior to lyophilization. The sample was then lyophilized in 

a freeze-dryer (FreeZone 2.5, Labconco, Kansas City, MO) at 2 x 10-5 N/mm2 and -50 °C. This 

yielded 10 mg of lyophilized alginate polymer in the tube. Subsequent section details 

preparation of alginate samples for NMR analysis.  
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3.1.2. NMR Spectroscopy for determining the constitutive monomers in alginate 

 High-resolution 1H nuclear magnetic resonance spectroscopy (1H NMR) was 

performed on 800 µl of the analyte contained in NMR tubes (WG-5MM-ECONOMY-8, 

Wilmad Lab Glass, Vineland, NJ). To prepare the analyte, 800 µl of 99.9% purity deuterium 

water (D2O) (151882, Sigma Aldrich) was added to the tube containing the lyophilized alginate 

(section 3.1.1) and gently pipetted to prepare a homogeneous suspension of 10 mg of alginate 

in D2O. This sample was then loaded in NMR tubes, and analyzed in an NMR spectrometer 

(Avance Neo 600 MHz NMR, with RT BBO Smart Probe and TXI 1H-13C/15N- 2H Probe, 

Bruker, Billerica, MA) at high temperature (90°C) with water (trace solvent impurity) peak 

suppression to derive the NMR spectrum for each of the samples. The spectra were visualized 

in TopSpin software (4.0.6, Bruker, Billerica, MA) and the solvent residual peak position was 

re-calibrated as per established literature [25] given the shift towards higher ppm caused due 

to the high temperature analysis.  

 

 
Figure 5. 1H NMR spectra region for analysis of alginate [26,27]. The corresponding peaks in 

the spectra depict the orientation of the hydrogen atom in the constitutive G or M acids in the 

alginate. (b) Actual spectra of the alginate samples correlated with the expected spectra, and 

the NMR peaks of interest, and their corresponding area under the curves have been shown. 
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To determine the G and M content, the derived spectra was compared to the expected 

spectra in the region of interest (Figure 5) as per ASTM standard on analysis of alginate using 

1H NMR [26]. The corresponding G and M acid content was calculated by integrating the area 

under the designated peaks in Figure 5(b) and inputting them in equations (1) and (2) as per 

the ASTM standard [26].  

G = 0.5(A + C + 0.5(B1+B2+B3))     (1) 

M = B4 + 0.5(B1+B2+B3)      (2) 

Where A, B1, B2, B3, B4 and C represent the areas under the peaks in Figure 5 

determined from the Topspin software. From this, the % G and M contents were derived as per 

equations (3) and (4), respectively. 

%G content =  100G/(G + M)    ` (3) 

%M content =  100M/(G + M)     (4) 

 

3.2. Results 

Experimental NMR spectra correlate with the expected spectra from ASTM standards 

and other studies. However, the interest region is slightly shifted to higher ppm values along 

the x - axis (Figure 5(b)) compared to the standard (Figure 5(a)) which is the typical case for a 

high temperature analyses [25]. Since the area under the peaks in Figure 5(b) is independent 

of the position of the spectra along the x-axis, the %G and M contents (equations (1) and (2)) 

remain the same. The corresponding outcomes after calculating the area values in the TopSpin® 

software are presented in Table 1.  

The M/G ratio was greater than 1 for all groups signifying that  the alginate monomers 

were constitutive of a high M acid content, corresponding to the typical spectra in Figure 6 
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[28]. This may be indicative of more intra-molecular gelation within the alginate, which may 

result in overall softer gelation characteristics [24] and a reduced stiffness compared to gels 

with lower M/G ratios. As for the effect of sterilization processes, since the M/G ratio as well 

as the corresponding M and G content remained relatively constant in comparison to the 

control for each group (a variation of 10% of the average M/G ratio, which can be attributable 

to error in the least squares approximation in NMR analysis [29]). Therefore, it can be inferred 

that the sterilization processes used in this study do not seemingly affect the inherent chemistry 

of the alginate. However, further analysis with a larger sample size is warranted to make 

statistically significant conclusions on the effects of sterilization processes.  

 

Table 1: Outcomes of the NMR analysis of alginate. 

 %G %M M/G 

Autoclaved 44.56 55.44 1.24 

EtOH 46.06 53.94 1.17 

UV 46.20 53.80 1.16 

Unsterilized (Control) 46.78 53.22 1.14 

 

 
Figure 6. (a) Typical spectra for a M-acid or G-acid rich alginate [26,27]. (b) The spectra of 

the alginate used in this study corresponded well with the M-acid rich alginate, which indicated 

that it may form a softer gel upon gelation. 
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3.3. Chapter Summary 

 This chapter investigates the effect of sterilization processes on the changes to the G 

and M content of the alginate. Since the M/G ratio dictates whether the hydrogel formed upon 

crosslinking of the alginate solution shall be soft or stiff [24], it was essential to have 

investigated any potential changes in the constituent monomers. As the results indicate, the 

sterilization processes did not affect the molecular structures that cause M/G ratios to change 

or break down the constitutive monomers to cause a change in the relative concentration of G 

or M acids in the alginate solutions. As a result, all of the sterilized alginate groups are expected 

to possess similar stiffness upon formulation of hydrogel as long as the crosslinking protocols 

are kept constant, which will be tested in a subsequent study.   
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CHAPTER 4: EFFECTS OF STERILIZATION ON THE MOLECULAR 

WEIGHT OF ALGINATE 

Within homogeneous polymer solutions such as alginate, there is usually a distribution 

of varying sizes of the molecules, which gives a compounding effect on the resulting 

mechanical properties such as viscosity and stiffness. Herein, to quantifiably assess the 

distribution of the molecules, the number and weight average molecular weights are calculated. 

This requires determination of the actual sizes of the molecules, which can be achieved via gel 

permeation chromatography (GPC). From the range of sizes of molecules derived from the 

GPC analysis, the number average molecular weight (Mn) can be determined from the total 

weight of the polymer divided by the total number of molecules present in the polymer 

(equation (5)).  

Mn = ∑ 𝑁𝑖M𝑖/ ∑ 𝑁𝑖
∞
i=0

∞
i=0       (5) 

where Ni denotes the replicates of the ith polymer having weight Mi.  

The weight average molecular weight (Mw) can be determined as the weighted average 

of the molecules (equation (6)). 

Mw = ∑ ((𝑁𝑖
∞
i=0 M𝑖/ ∑ 𝑁𝑖M𝑖

∞
i=0 ) × M𝑖)     (6) 

From these molecular weights, the polydispersity index (PI), which is the ratio of 

weight and number average molecular weights, can be determined (equation (7)). 

PI = Mw/Mn       (7) 

Higher the PI, higher is the heterogeneity (spread) of the sizes of the molecules in the 

alginate solution.  
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4.1 Materials and Methods 

4.1.1. Determination of Mn and Mw via Gel Permeation Chromatography 

For GPC analysis, 30 ml of the sterilized and unsterilized (control) 2% w/v alginate 

samples were prepared using previously described protocols (section 2.1.1), but with 0.1 

NaNO3 as the solvent instead of PBS. After the 3-day incubation period, aliquots of the sample 

were added to a dilution solution in NaNO3 to yield a concentration of 0.2% w/v (recommended 

for optimal GPC measurements). Then, 50 µl samples were analyzed through a GPC system 

(2695 Separations Module, Alliance System, Waters Corp, Milford MA) with PEO/G standard 

(Agilent Technologies, Shropshire, UK). The Mn and Mw were then determined from the GPC 

chromatograms of the samples, and the PI was calculated using equation (7).  

   

4.2. Results 

The results of GPC analysis are summarized in Table 2. It is evident that while autoclaving 

reduced both the Mn and Mw, both types of molecular weights were similar for the EtOH and 

UV sterilized groups compared to the unsterilized control samples.  

 

Table 2: Variation of number average molecular weights (Mn) and weight average molecular 

weights (Mw) of alginate for the sterilized or control samples. Only autoclaving leads to a 

reduction in the molecular weights of the samples. 

 Mn (kDa) Mw (kDa) 

Autoclaved 67.0 199.9 

EtOH 146.2 332.5 

UV 151.5 341.8 

Unsterilized (Control) 149.5 335.8 
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Autoclaving also increased the PI to 2.98, when compared to other types of alginates, 

whose PI remained close to the control (2.25). This means that autoclaving increases the 

heterogeneity of the sizes of the molecules. For the autoclaved alginate, a reduction in 

molecular weight should manifest as a reduction in dynamic viscosity and also the hydrogel’s 

elastic strength [24], but there should be no expected changes in the elastic moduli [24]. 

 

4.3. Chapter Summary 

 This chapter investigates the effect of sterilization processes on the changes to the 

molecular weight of the alginate. Results indicate that of the three sterilization processes 

evaluated, only autoclaving reduces both the number-average and weight-average molecular 

weights. According to literature, a reduction of molecular weight may not affect the stiffness 

[24] but may result in increased porosity and reduced strength of the hydrogel.  
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CHAPTER 5: EFFECTS OF STERILIZATION ON THE DYNAMIC 

VISCOSITY OF ALGINATE 

The dynamic viscosity of a fluid, given by the ratio of shear stress to shear rate, 

represents its internal resistance to flow [30]. This property is important to characterize as it 

affects the processing characteristics of the biomaterial for the intended TE application and has 

a direct bearing on the resultant product characteristics. For example, for an extrusion-based 

bioprinting application, bioinks with high viscosity are desirable as they result in high fidelity 

constructs due to lower spreading ratios (ratio of printed strand width to nozzle diameter) 

[10,31]. However, higher extrusion pressures are required to deposit such viscous bioinks, 

which may in-turn generate greater shear stresses within the bioinks, thereby affecting the 

viability of the encapsulated cells [32]. Since the sterilization processes can cause changes to 

the molecular weights within the biomaterials, a change in the dynamic viscosity of the solution 

can be expected. In this chapter, we investigate the effects of the sterilization processes on the 

dynamic viscosity of the alginate and correlate the results to the previously assessed changes 

in its chemical composition.   

 

5.1 Materials and Methods 

5.1.1. Dynamic viscosity measurements  

The sterilized and control (unsterilized) alginate samples were prepared as per the 

protocols established in section 2.1.1. For each alginate group, three independent batches of 

30 ml were prepared following the protocols presented earlier. From each batch of alginate, 

three separate aliquots of 10 ml were tested individually in a programmable rheometer’s 

(MCR-302, Anton Paar, Graz, Australia) test chamber. During each test, the alginate sample 
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was subjected to increasing shear rates from 0.1 to 1000 s-1 while maintaining the chamber 

temperature at 37°C, i.e., the optimal temperature used in bioprinting. Since alginate is a non-

newtonian fluid, the apparent or effective dynamic viscosity of alginate (Pa.s) can be 

determined from the plot of viscosity vs. shear rate by fitting the Cross model (equation 8) 

[33]. Note that the cross model is more appropriate for higher concentrations (> 1% w/v) of 

alginate [34] than the more conventional power law model [35] for determining apparent 

viscosity.  

𝜂 =
𝜂0

(1+(𝜆�̇�)𝑚)
      (8) 

where 𝜂0 is the apparent dynamic viscosity at low shear rates (Pa.s), 𝜆 is the time constant (s), 

�̇� is the shear rate (s-1) and m is a dimensionless constant. For the purposes of this work, to 

compare the effects of sterilization processes on the dynamic viscosity, the corresponding 

viscosity values at low shear rates (𝜂0) [34] were considered.  

 

5.1.2. Statistical Analysis 

Each sample within the study was a 30 ml vial of the sterilized or the unsterilized 

(control) alginate solution, with n = 3 samples per group. The corresponding dynamic viscosity 

was analyzed through a one-way ANOVA of viscosity by type of alginate, with means 

compared using pair-wise Tukey HSD.  All tests were performed in the statistical analysis 

software JMP® (SAS, Cary, NC) at a significance level of α = 0.05. 
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5.2. Results 

 Figure 7 is a representative plot of dynamic viscosity of the EtOH sterilized alginate 

group across increasing shear rates, which depicts the shear thinning behavior of alginate. 

Figure 8 demonstrates the dynamic viscosity of all tested groups at 0.1 s-1 shear rate. While the 

mean viscosities of the EtOH and UV sterilized and unsterilized (control) alginates were not 

different from one another (p > 0.9), it is evident that the viscosity of the autoclaved alginate 

was significantly lower (p < 0.0001). The fundamentals of this could be associated with the 

GPC results, wherein autoclaving was found to reduce the Mn and Mw of the alginate compared 

to the other groups. This reduction in the molecular weights would reduce the lengths of the 

polymer chains, which would otherwise intertwine and lead to reduction in flowability 

(increase in viscosity) of the alginate solution.  

 

 
Figure 7. Representative plot (EtOH sterilized alginate) demonstrating shear thinning of 

alginate, evident from the reduction in viscosity with increasing shear rate.  
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Figure 8. Dynamic viscosities of the three sterilized and one unsterilized (control) alginate 

groups at 0.1s-1 shear rate. A comparison of means shows a significantly lower viscosity of the 

autoclaved alginate compared to other groups (p < 0.0001). The groups denoted by A or B 

were significantly different from each other (p < 0.05). 

 

5.3. Chapter Summary 

This chapter investigates the effect of sterilization processes on the dynamic viscosity 

of alginate. As was predicted by the results of the GPC study, a reduction in the molecular 

weight of the alginate significantly reduces the dynamic viscosity of its solution. This can be 

expected to affect the printability characteristics of alginate, wherein the autoclaved group will 

potentially require lower extrusion pressures and lack fidelity in terms of capturing the 

structural nuances in the bioprinted constructs [10]. If an autoclaving scenario is necessitated 

for achieving sterility, one strategy would be to increase the alginate concentration in the 

solution to increase the viscosity and achieve good printability characteristics [10].   
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CHAPTER 6: EFFECTS OF STERILIZATION ON THE MECHANICAL 

(COMPRESSION) CHARACTERITICS OF ALGINATE HYDROGELS 

 Alginate hydrogels find use in variegated TE applications [36], and controlling their 

stiffness is essential to promote cell attachment, migration, differentiation, proliferation and 

tissue formation [37–39]. For example, high matrix stiffness has been shown to promote the 

self‐renewal of adipose progenitor cells and angiogenesis, but it can also lead to inhibition of 

adipose differentiation [37]. The stiffness of the alginate hydrogels can be affected by changing 

the G and M acid content but is relatively independent of the molecular weight [24]. 

Accordingly, this chapter validates such relationships of the stiffness with the fundamental 

chemical properties of alginate based on the effects of the different sterilization processes. Two 

different metrics of stiffness have been assessed – ramp (Young’s) modulus and dynamic 

modulus – as per established literature [40]. Subsequent sections detail this analysis.  

 

6.1. Materials and Methods 

6.1.1. Preparation of acellular alginate discs for analysis 

 The sterilized and control (unsterilized) alginate solutions were prepared as per the 

protocols established in section 2.1.1. The acellular alginate discs (∅ 15.6 mm and thickness 

5.2 mm) were then prepared through casting in a custom mold made of flexible resin (Smooth 

Cast® 300, Smooth-On Inc., Macungie, PA) having dimensions similar to a 24 well plate, but 

with open bottom for easy extraction of the gelled discs (Figure 9). To prepare the discs, first, 

1 ml of alginate was transferred to each well, followed by addition of 2 ml of 0.1% CaCl2 

solution. After 10 minutes, the supernatant was extracted and 0.5% of CaCl2 solution added. 

After 20 and 30 minutes, 1% and 2% w/v CaCl2 solution were added, respectively, following 
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the supernatant aspiration at each step. The discs were then gently extracted from the mold and 

stored in PBS for 3 h until testing in a compression testing machine. 

 

 
Figure 9. (a) Custom flexible mold used for casting and subsequent gelation of alginate discs.  

(b) A typical gelled alginate disc further analyzed through compression testing. 

 

6.1.2. Determination of compressive elastic modulus and dynamic modulus of the alginate 

 Acellular alginate discs (n = 6 per group) were tested in an unconfined compression 

mode following a previously published testing protocol [40] on a universal testing system 

(5944, Instron, Norwood, MA) with a 5 N load cell. The motion of the load cell was controlled 

through the machine software (Bluehill, Instron, Norwood, MA) in its “Compressive 

Extension” mode. Briefly, the first cycle comprised of determining the compressive elastic 

(ramp) modulus by straining the sample at a rate of 0.1 mm/s until 10% strain was reached. 

The subsequent cycle held the achieved 10% strain constantly for 1000s for stress relaxation 

within the discs. Next, cyclical loading varying between 9% and 11% strain at 0.1 mm/s was 

applied to determine the dynamic modulus of the alginate discs.  

 

(a) (b) Custom mold for casting alginate discs 

Perforated plates to ensure slow introduction of Ca
2+

 ions 

Gelled alginate disc 
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6.1.3. Statistical analysis 

Two separate one-way ANOVA were used to assess the effects of sterilization process 

on the ramp and dynamic moduli of cross-linked alginate, with means compared using pair-

wise Tukey HSD.  All tests were performed in JMP® at a significance level of α = 0.05. 

  

6.2. Results  

The ramp and dynamic moduli of acellular alginate determined from the corresponding 

stress − strain curves are presented in Figure 10. It was evident that there were no statistically 

significant differences between the means of any groups for each moduli (p > 0.05). This is 

analogous to theory, where changes in the molecular weight do not significantly affect the 

stiffness of the matrices [24].  

 

6.3. Chapter Summary 

 This chapter investigates the effect of sterilization processes on the ramp and dynamic 

moduli of the gelled alginate. The results showed that both the moduli of the alginate hydrogel 

did not significantly differ between the sterilized and control groups. This correlated with the 

predictions of the NMR and GPC studies, which indicate that even though the molecular 

weights change depending on the types of sterilization method, an unchanging M/G ratio yields 

in constant moduli with respect to the sterilization method. 
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Figure 10. Ramp and dynamic moduli of autoclaved, EtOH or UV sterilized, and control 

(unsterilized) alginate. Although no significant differences are evident between the different 

alginate groups within each type of modulus (p > 0.05), the estimates of modulus are highest 

for the autoclaved alginate, followed by UV sterilized, EtOH sterilized and control/unsterilized 

alginate, respectively. The estimates of the dynamic modulus also are higher than those of the 

ramp modulus.  
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CHAPTER 7: EFFECTS OF STERILIZATION ON THE 

PRINTABILITY OF ALGINATE 

 Given the widespread usage of alginate for bioprinting applications [9], it is essential 

to characterize its printability to gage the effects of the sterilization processes. In addition to 

the material characteristics, process parameters also play a crucial role in determining the 

fidelity of the resultant constructs during any 3D printing application. For the extrusion based 

3D printing technology that is utilized to evaluate the printability of the alginate solutions in 

this thesis work, extrusion pressure and nozzle traversing speed are the key process parameters 

of interest. This chapter characterizes the effects extrusion pressure and speed on the 

printability characteristics of different groups of sterilized and control alginate solutions. The 

subsequent sections describe these processes in detail.  

 

7.1. Materials and Methods 

7.1.1. Printability study of alginate 

The sterilized alginate solutions were prepared as per the protocols established in 

section 2.1.1. The printability characteristics of all groups were evaluated using a custom tool 

path meant to extrude a single strand with multiple directional changes (Figure 11). To evaluate 

the printability, 3 ml of the alginate solution was loaded into the extrusion head of a 

commercial bioprinter (BioX, Cellink, Sweden) with a 25 G nozzle attached to the tip. 

Separately, 4% CaCl2 solution was sprayed uniformly on a 100 mm petri dish using a sprayer 

unit (Preval, Chicago Aerosol LLC, Coal City, IL). Subsequently, for the printability 

assessment, the layer height was set of 0.3 mm, and the strand pattern (Figure 13) was printed 

on the sprayed petri dish at varying levels of pressure (4, 6, 8, 10 kPa) and speed (6, 8, 10 
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mm/s) for each group of alginate (autoclaved, EtOH and UV sterilized alginate; n = 5 per 

group). Images of the printed strands were then captured using a digital camera (EOS 80D, 

Canon, Tokyo, Japan) and assessed for the print fidelity. Before proceedings to the factorial 

experiments, screening experiments were performed to determine and eliminate the 

combinations of pressure and speed that resulted in extremely poor printability. For the 

quantitative characterization, two metrics were used – number of discontinuities and spreading 

ratio (ratio of strand width to the nozzle diameter). A MATLAB-based image processing 

algorithm was utilized. 

 

 
Figure 11. Illustration of strand pattern to evaluate printability. 

 

7.1.2. MATLAB analysis of the printed alginate strands 

 Figure 14 provides a high-level overview of the MATLAB image processing algorithm 

for analysis of the alginate strands. First, the original digital color image is converted into gray-
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scale (binary format). Then, based on color thresholding, the regions with greater “gray” 

regions that usually correspond to the strand and the neighboring droplets of the CaCl2 

crosslinker are segregated, and the pixels corresponding to the crosslinker droplets are removed 

from the image based on a pixel-size thresholding method. Next, the new binary image is laid 

over the original image for the evaluator to determine and select regions that are supposed to 

be a part of the strand but were not automatically selected by the previous processing step. This 

also selects other regions that were supposed to be a part of the strands, based on a pre-defined 

threshold level. This leads to a cleaned-up binary image of the deposited strand, on which the 

user has to define the extremities of individual sub-strands (due to the discontinuities). The 

total of the distance between the extremities of a user-defined sub-strand is the total length of 

the deposited strand, while the number of discontinuities is one less than the number of sub-

strands. The average width of the deposited strand is determined from the ratio of the total area 

of the pixels corresponding to the strands (identified as “white” region in the binary image) to 

the total length of the deposited strand (determined previously). From this, the spreading ratio 

is calculated as a ratio of the strand width to the nozzle diameter (0.26 mm for the 25 G nozzle).  

 

7.1.3. Statistical Analysis 

 A three-way ANOVA was used to test the effects of the type of alginate (autoclaved, 

EtOH or UV sterilized), pressure and speed on the number of discontinuities and the spreading 

ratio (n = 5 per treatment combination) in JMP® at a significance level of α = 0.05. 
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Step 1: Create a gray scale image of the 

original and overlay a binary image of the 

strand segregated based on its color 

threshold.  

 

Step 2: Select the regions that need to be 

included in the strand. 

 

 

 

Step 3: Define extremities of distinct sub-

strands to calculate the total length of the 

deposited strand.  

 

Step 4: Note the calculated parameters of 

interest.  

 

 

Figure 12. Illustration of the step-wise process of the MATLAB-based image processing 

algorithms to calculate the number of discontinuities and the spreading ratio. 
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7.2. Results  

Figure 13 demonstrates the images of the printed strand patterns for the screening 

experiments with all combinations of pressure and speed for all three alginate groups. The 4 

kPa extrusion pressure consistently resulted in poor fidelity across all alginate groups and was 

omitted from the subsequent quantitative analysis of printability.  

 The results of the three-way ANOVA for the number of discontinuities has been 

presented in Figure 14. The number of discontinuities were significantly affected by the 

interaction of the alginate type and pressure (p < 0.001) and the interaction effect of the speed 

and pressure (p < 0.05). Comparing the estimates, it was evident that there were more 

discontinuities at lower pressure and higher speeds. Also, the autoclaved and EtOH sterilized 

groups depicted higher number of discontinuities in combination with lower pressures. 

Therefore, for to achieve high fidelity structures with minimum number of discontinuities, 

printing at combinations of moderately higher pressure and speed is recommended in general.  

Figure 15 demonstrates the results of the three-way ANOVA on the spreading ratio. 

The spreading ratio was affected only by the main effects of the alginate type (p < 0.0001), 

speed (p < 0.05) and pressure (p < 0.0001), and not by any interaction effects (p > 0.05). The 

estimates of spreading ratio were higher for the autoclaved group were highest among all 

alginate groups for each pressure and speed combination, followed by UV and EtOH sterilized 

groups. This could be attributable to the lowest viscosity (due to lowest molecular weight) of 

the solution for the autoclaved alginate solution amongst all groups. The spreading ratios are 

also higher at higher pressure or higher speeds. Since the global minima of the spreading ratios 

is about 2 (i.e. > 1), it is evident that there is an intrinsic flowability to each type of alginate 

investigated as a part of this work.   
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Figure 13. A visual comparison of the sterilized alginate strands printed at varying extrusion 

pressure and nozzle traversing speeds. Printability is very poor at 4 kPa, and thus, this group 

is not utilized for any quantitative analyses.  
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Figure 14. Number of discontinuities based on the alginate type, speed and pressure 

combinations. The interaction of the alginate type and pressure (p < 0.001) and the interaction 

effect of the speed and pressure (p < 0.05) significantly affect the number of discontinuities.  

 

 
Figure 15. Effect of alginate type, pressure and speed on spreading ratio of the alginate. The 

spreading ratio is affected only by the main effects of the alginate type (p < 0.0001), speed (p 

< 0.05) and pressure (p < 0.0001), and not by any interaction effects (p > 0.05).   
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7.3. Chapter Summary 

This chapter describes the analysis of the printability of alginate based on image 

analyses of extruded strand patterns (Figure 11) at different printing pressures and speeds. 

First, parameter combinations that yielded consistently poor printability across all alginate 

groups were screened out. Then, quantitative analysis was performed to determine the effects 

of the combination of alginate type, pressure and speed on the number of discontinuities and 

the spreading ratio. Results show that, in general, the printability characteristics of autoclaved 

alginate are different from those of EtOH and UV-sterilized groups.  

The number of discontinues were found to be dependent on the interaction effects of 

the alginate type-pressure, and pressure- speed, while the spreading ratio was found to be 

affected only by the main effects of the type of alginate, pressure and speed. This study 

provides a schema to determine appropriate pressures and speeds to reduce the number of 

discontinuities and the spreading ratio for each alginate group. For example, for the autoclaved 

alginate which had the highest spreading ratio among the three alginate groups, likely due to 

the greater flowability, moderate pressures and higher speeds can be utilized to minimize the 

spreading ratio and discontinuities within the deposited strands.  
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CHAPTER 8: EFFECTS OF STERILIZATION ON THE VIABILITY 

AND METABOLIC ACITIVITY OF ENCAPSULATED CELLS IN 

ALGINATE HYDROGELS 

 It is essential to assess whether the changes in the fundamental chemical properties due 

to sterilization affect the cellular viability and metabolic activity within the alginate matrix. 

Since the G or M acid content and subsequently, the stiffness, of alginate are not significantly 

affected by the sterilization processes (Chapters 3 and 6), the biocompatibility characteristics 

of the hydrogels can be expected to remain unaffected. However, observed changes in the 

molecular weight (Chapter 4) can affect the permeability of the solution [41], thereby affecting 

the transport of nutrients and waste within the hydrogel. Accordingly, this chapter investigates 

the effect of the sterilization processes on the biocompatibility characteristics of alginate over 

7 days in culture 

 

8.1. Materials and Methods 

8.1.1. Preparation of cellular and acellular alginate discs for analysis 

 The sterilized and control (unsterilized) alginate solutions were prepared as per the 

protocols established in section 2.1.1. Cellular viability and metabolic activity assays were 

performed on alginate discs (∅ 15.6 mm and thickness 5.2 mm) to determine the effect of the 

sterilization processes on the viability and metabolic activity of human adipose-derived stem 

cells (hASC)  in cross-linked alginate constructs over 7 days of in vitro culture. Towards this, 

cryopreserved passage 1 hASC (StemPro™ R7788115, Thermo Fisher Scientific, Waltham, 

MA) were thawed and seeded in T-75 flasks (NuncTM Easy FlaskTM, Thermo Fisher Scientific) 

at a seeding density of 250,000 cells per flask. The flasks were cultured in an incubator (37°C, 
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5% CO2) with MesenPRO RS™ basal medium and growth supplement (Thermo Fisher 

Scientific) and 1% L-Glutamine (Thermo Fisher Scientific). Media was changed every 2 days 

until 80% confluency, after which, the cells were passaged using 0.25% Trypsin-EDTA (Sigma 

Aldrich). The number of cells in the resulting suspension were counted through a 

hemocytometer and centrifuged at 100 g for 6 min to create a cell pellet. The pellet was then 

re-suspended in sterilized or unsterilized alginate at 500,000 cells/ml through gentle pipetting 

to formulate the bioink.  

The discs were prepared by casting in the wells of 24-well plates following the protocol 

detailed in section 6.1.1, but without the perforated plates on top. The discs were then 

transferred through sterile forceps (Fisher Scientific, Hampton, NH) into 6-well plates with 4 

ml of hASC media and incubated (37°C, 5% CO2), with media changes every 24 h. The 

analyses at day 1 were carried out after 3 h of incubation to allow the cells to recover from 

previous processing steps.  

 

8.1.2. Assessment of cell viability via Live/Dead assay 

The discs (n = 3 per sterilized alginate group) were subject to LIVE/DEAD® assay (Life 

Technologies, Carlsbad, CA) at days 1and 7. Briefly, the hASC media from the cultured discs 

was aspirated, and 1 ml of PBS containing 0.5 μl calcein AM and 2 μl EthD-I was added on 

top of the discs, followed by 15 min of incubation. Subsequently, the discs were imaged using 

a fluorescence microscope (DM5500B, Leica Microsystems, Wetzlar, Germany) to determine 

the cellular viability.  
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8.1.3. Determination of Metabolic Activity Using alamarBlue® Assay 

The discs (n = 3 per sterilized alginate group) were subject to alamarBlue® (aB) assay 

(Thermo Fisher Scientific), with readings taken at days 1, 4 and 7. An acellular control disc 

was included alongside the cellular alginate discs for normalization of the aB readings. During 

experiment, the media in the 6-well plates containing the cellular or acellular alginate discs 

was replaced with 4 ml of fresh media containing 10% v/v of the aB reagent. After 4 h, three 

1 ml samples from each well were transferred to a 24-well plate and analyzed for absorbance 

at 570 nm and 600 nm excitation and emission wavelengths, respectively, using a micro-plate 

reader (Tecan, Männedorf, Switzerland). The absorbance data was reported as % aB reduction 

after normalizing to the acellular control. 

 

8.1.4. Statistical analysis 

Two-way ANOVA was used to assess the effects of the type of alginate (autoclaved, 

EtOH and UV sterilized) and the day of analysis (days 1, 4 and 7) on the corresponding 

viability and metabolic activity. The means at each day were compared using pair-wise Tukey 

HSD. All tests were performed in JMP® at a significance level of α = 0.05. 

  

8.2. Results  

Representative Live/Dead images from days 1 and 7 for the three sterilized alginate 

groups are presented in Figure 16. In general, the viability consistently remained high (90% or 

more) across all groups over the 7 days. Results of the ANOVA show that the viability was 

dependent on the day of analysis (p < 0.0001) but was not affected by the type of sterilization 

(p > 0.05) or their interaction (p < 0.05).   
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Figure 16. Live/Dead® images of the sterilized or control alginate groups at day 1 and 7. The 

viability was only dependent on the day of the analysis (p < 0.0001), where the viability was 

slightly reduced (by 10%) at day 7 when compared to day 1. 

 

Figure 17 demonstrates the results of the aB analysis. Results show that the metabolic 

activity of the cells was significantly affected only by the type of alginate (p < 0.01), and not 

by the day of analysis (p > 0.05) or their interaction (p > 0.05). Tukey post hoc pair-wise 

comparisons  indicate that there was no significant difference in the metabolic activity of cells 

within autoclaved, EtOH and UV sterilized alginates within each day. However, the estimated 

%aB reduction values within each day were the highest for the autoclaved alginate, followed 

by EtOH and UV-sterilized groups. This could be attributed to the decrease in molecular 

weight of alginate due to autoclaving which would have increased the internal porosity and 

permeability [41] of the hydrogel, thereby facilitating better nutrient and waste exchange 

during in vitro culture.  
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Figure 17. alamarBlue® assay results, wherein only the main effect of alginate type 

(autoclaved, ETOH and UV sterilized) significantly affects the metabolic activity (p < 0.01), 

while the effect of day of analysis or their interaction is insignificant (p > 0.05). Post-hoc 

analysis demonstrate no differences between the groups in each day, however, the estimates of 

the autoclaved alginate . The groups denoted by A or B were significantly different from each 

other (p < 0.05), but not different from the AB groups. 

 

8.3. Chapter Summary 

  This chapter investigated the effect of sterilization processes on characteristics of the 

crosslinked sterile alginate to support encapsulated cells. Towards this, Live/Dead® assay and 

alamarBlue® assays were utilized to evaluate the viability and metabolic activity of the cells 

within alginate constructs over 7 days of in vitro culture. The type of sterilization did not affect 

the prolonged viability of the cells, but there were differences in metabolic activity, with the 

autoclaved alginate depicting the highest estimated metabolic activity (highest %aB 

reduction). This could be explained through the fact that a reduction in molecular weight due 

to autoclaving increases the porosity and permeability, which causes more aB reagent uptake 

for the autoclaved group [41].   
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CHAPTER 9: CONCLUSIONS AND FUTURE DIRECTIONS 

This chapter provides a brief summary of this thesis and discusses potential future 

research directions. 

 

9.1. Conclusions 

The overarching goal of this thesis was to investigate the effects of three most widely 

used sterilization processes – autoclaving, EtOH and UV sterilization – on the chemical, 

mechanical printability and biocompatibility characteristics of alginate, a widely used 

biomaterial in tissue engineering. The constitutive studies begin with the investigation of the 

changes to the fundamental chemical properties of alginate – monomeric (G and M acid) 

content and molecular weight. Results of the functional group analysis (NMR) show that none 

of the sterilization processes changed the content of G or M acids. Results of molecular weight 

analysis (GPC) demonstrate that only autoclaving reduces the molecular weight of alginate. 

These results are corroborated by the mechanical analysis on viscosity and elastic moduli, 

wherein the viscosity is the least for the autoclaved alginate due to a reduction in the molecular 

weight, while there is no change in the elastic moduli due to no variation in monomeric (G and 

M acid) content. Also the metabolic activity assay for alginate shows a higher estimate of 

alamarBlue® reduction for the autoclaved alginate compared to other groups, likely due to 

increased permeability because of reduction in the molecular weight. The effects of differences 

in viscosity were also evident in the printability results, wherein, the estimate of the spreading 

ratio of the autoclaved alginate was higher than the other two groups. The printability study 

results also highlighted the role of key process parameters on the characteristics of printed 

alginate strands, where moderate pressures and speeds were found to result in the least number 
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of discontinuities and spreading ratio. Following this investigative workflow, this thesis 

provides a general road map for future studies to characterize the effects of sterilization 

processes on the properties of different types of biomaterials. This would guide researchers to 

make an informed decision in selecting the appropriate sterilization process and processing 

parameters that best suit the biomaterial and its application.  

 

9.2. Future Directions 

9.2.1. Consideration of Additional Sterilization Methods 

While autoclaving, EtOH and UV sterilization are some of the most commonly used 

methods for the sterilization of TE biomaterials products, other methods such as filter-, 

ethylene oxide (EtO)-, and γ radiation-sterilization have also been utilized in literature [14]. 

These methods too, can affect the biomaterial properties. For example, filter sterilization may 

reduce the viscosity of the biomaterial’s solution by siphoning off the longer polymeric chains 

[17], EtO may leave carcinogenic residues on the material [42], and γ radiation may cleave 

polymeric chains, thereby affecting the material’s molecular weight or mechanical properties 

[43]. Other less invasive techniques such as H2O2- [44] or oxygen plasma-based [45] 

sterilization could be included in the analyses, depending upon their availability and relevance 

to the biomaterial and application.  

 

9.2.2. Consideration of other biomaterial characteristics 

Apart from the analyses performed as a part of this thesis, additional analyses could be 

performed to further characterize the effects of the sterilization processes and to correlate those 

changes with the fundamental chemical properties. One example is the characterization of 
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tensile or shear properties, which are directly correlated to the molecular weight of the alginate 

[24] (increasing molecular weight increases strength). Also, SEM micrographs could be 

acquired to assess changes in the alginate micro-structure and to determine the inherent 

polymer porosity [46].  

Another important aspect to note is that although each of the sterilization techniques 

used in this thesis resulted in sterile samples, future studies would warrant a tests to compare 

efficacy of the sterilization procedures in reducing bioburden of a robust strain of bacteria. 

Towards this, the bacteria or fungi could be introduced into the material prior to subjecting it 

to sterilization.  For these alginate types, sterility assurance level (SAL) [14] can be provided, 

depending on the type of sterilization. This could better inform the user in selecting the most 

appropriate sterilization process based on its effectiveness in eliminating microorganisms 

alongside other biomaterial characteristics of interest.   

 

9.2.3. Consideration of additional material formulations 

Current analyses dealt with the effects sterilization techniques on one kind of 

commercially procured alginate. However, these sterilization processes may have different 

fundamental effects on different materials, or even different compositions of the same material. 

For example, autoclaving may reduce the molecular weight of alginate differently for different 

starting weights and compositions, and the trends between sterilization processes can be 

expected to differ across other hydrogels commonly used in TE such as gelatin methacrylate 

(GelMA), collagen, and hyaluronic acid (HA) [47]. Similarly, these sterilization methods may 

have different effects on the respective functional groups within different materials.  
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Going forward, future studies would follow a similar investigative roadmap setup by 

this thesis and add additional analyses and materials to characterize the effect of different types 

of sterilization processes on the materials to be used in TE applications.   
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Appendix A: Output of NMR analysis 

Group A B1 B2 B3 B4 C G M M/G %G %M 

Autoclaved 1.0000 0.1103 0.2442 0.2530 0.8603 0.5676 0.9357 1.1641 1.2441 44.5618 55.4382 

Ethanol 1.0000 0.1723 0.2223 0.2723 0.7567 0.5281 0.9308 1.0902 1.1712 46.0569 53.9431 

UV 1.0000 0.1117 0.2156 0.2432 0.7748 0.5356 0.9104 1.0600 1.1643 46.2038 53.7962 

Control/Unsterilized 1.0000 0.1214 0.2223 0.3243 0.7343 0.5440 0.9390 1.0683 1.1377 46.7793 53.2207 

 

 

Appendix B: Output of GPC analysis 

Autoclaved alginate 
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EtOH sterilized alginate 

 
UV sterilized alginate 
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Control/unsterilized alginate 

 
 

 

Appendix C: Output of viscosity analysis 

Viscosity (cP) at 0.1 s-1 shear rate 

Autoclaved 

EtOH 

sterilized 

UV 

sterilized Control/unsterilized 

70.696 423.61 732.93 482.34 

78.025 540.22 462.24 624.81 

63.544 606.04 509.81 610.29 

60.387 358.39 445.37 575.38 

94.828 596.92 778.75 538.07 

76.431 768 490.7 768.87 

87.022 630.39 618.66 536.8 

110.35 745.31 582.33 501.14 

79.876 456.82 599.03 282.7 

 

 

Appendix D: Output of compressive testing analysis 

Alginate type Ramp modulus (Pa) Dynamic modulus (Pa) 

Control (Unsterilized) 2747.914708 4704.610646 
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Control (Unsterilized) 3255.792749 6293.368124 

Control (Unsterilized) 4233.837096 8696.765732 

Control (Unsterilized) 1726.183933 4487.294444 

Control (Unsterilized) 3126.102824 6619.363671 

Control (Unsterilized) 6215.528315 12604.79895 

Ethanol sterilized 2000.268514 4214.467882 

Ethanol sterilized 3011.735274 8127.955507 

Ethanol sterilized 4850.520163 10500.69517 

Ethanol sterilized 4490.712877 11373.68526 

Ethanol sterilized 1791.813501 3973.57712 

Ethanol sterilized 3237.460614 10167.37269 

UV sterilized 6240.046631 14443.85364 

UV sterilized 9933.962661 17847.42714 

UV sterilized 2826.099303 6650.929169 

UV sterilized 2796.656474 5821.343019 

UV sterilized 2775.156712 6638.154595 

UV sterilized 5852.910201 12886.41233 

Autoclaved 5789.290854 12550.9844 

Autoclaved 4418.24378 9411.424645 

Autoclaved 3457.682698 10356.58318 

Autoclaved 5324.543689 12781.38838 

Autoclaved 5263.037824 11817.33383 

Autoclaved 8007.426723 19102.97955 

 

 

Appendix E: MATLAB Code for printability analysis 
 

clear all; 

  

I = imread('IMG_9913.jpg'); 

%Enhance the contrast after converting to greyscale image 

I1 = rgb2gray(I); 

I1 = imadjust(I1); 

  

%Cropped image, specifying crop rectangle pixels. 

I2 = imcrop(I1,[1700 700 1700 2000]); 

BW = imbinarize(I2); 

  

%clean by removing objects smaller than 400 pixels 

BW2 = bwareaopen(BW, 400); 

  

%fill holes 

BW3 = imfill(BW2,'holes'); 

  

%show and compare images 

%imshowpair(I2,BW3,'montage') 

  

%fuse the 2 images together to show what regions need to be picked out 
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pairedimage = imshowpair(I2,BW3,'blend'); 

combo = getimage(pairedimage); 

title('Initial merged image before cleaning'); 

  

%use magic wand to select the regions not been able to select 

grayImage = combo; 

% Get the dimensions of the image. numberOfColorBands should be = 1. 

[rows columns numberOfColorBands] = size(grayImage); 

  

  

%Display msg to click on user-defined magic-wand regions 

uiwait(msgbox('Click on the region needing magic-wanding ;)')); 

[x, y] = ginput(1); 

row = max([int32(y) 1]); 

column = max([int32(x) 1]); 

% Get the gray level of the point they clicked on. 

grayLevel = grayImage(row, column); 

tolerance = 30; %change this tolerance level if needed 

  

% Construct a binary image within the gray level tolerance of where they clicked. 

lowGL = grayLevel - tolerance; 

highGL = grayLevel + tolerance; 

binaryImage = grayImage >= lowGL & grayImage <= highGL; 

  

%clean by removing objects smaller than 300 pixels 

binaryClean = bwareaopen(binaryImage, 300); 

  

%final merger of the auto-identified and user-identified images 

k = imshowpair(binaryClean,BW3,'blend'); 

FinalImage = getimage(k); 

FinalBinaryImage = imbinarize(FinalImage); 

  

%open the image again to define points for calculating total length 

figure; 

imshow(FinalBinaryImage, []); 

title('Final merged image after cleaning'); 

uiwait(msgbox('Define extremities of distinct alginate beads within the printed alginate;)')); 

[xi,yi] = getpts; 

%remove last row which arose due to the right-clicking 

xi(end,:) = []; 

yi(end,:) = []; 

  

%create even and odd rowed matrices 

Ax = xi(1:2:end,:);  % odd matrix of x's 

Bx = xi(2:2:end,:);  % even matrix of x's 

Ay = yi(1:2:end,:);  % odd matrix of x's 

By = yi(2:2:end,:);  % even matrix of x's 

  

%total length of the gelled alginate determination  

xsub = Ax - Bx; 

ysub = Ay - By; 

xsq = xsub.^2; 

ysq = ysub.^2; 

ltot = xsq + ysq; 

lsqrt = ltot.^0.5; 

finallength = sum (lsqrt)*(90./4100); % this is the length in mm, since 4100 pixels equal 90mm distance 

  

%discontinuities in the printed construct 

discont = length (lsqrt); 

  

%Calculate #white pixels 

numWhitePixels = nnz(FinalBinaryImage); 
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%Calculate area, given that 4100 pixels equal 90mm distance 

area = (numWhitePixels).*((90./4100).^2); 

  

%Calculate with, given that the perimeter is 220mm 

strand_width = area/finallength; 

  

%Display length and width of strand 

xlabel(['Tot. length = ' num2str(finallength) 'mm' ', #discontinuities = ' num2str(discont) ' and Avg. Width = ' 

num2str(strand_width) 'mm'], 'FontWeight','bold','Color','r') 

 

 

Appendix F: Output of printability analysis 

Method Speed Pressure 
Total 

length 

# 

strands 

# 

discontinuities 

Average 

Width 

Spreading 

ratio = 

Average 

width / 

0.3 

Ethanol 6 6 94.18 6 5 0.81 1.80 

Ethanol 6 8 107.18 5 4 1.26 4.20 

Ethanol 6 10 113.02 3 2 1.66 5.52 

Ethanol 8 6 71.52 11 10 1.15 3.19 

Ethanol 8 8 108.44 4 3 1.29 4.30 

Ethanol 8 10 120.11 1  0 1.71 5.69 

Ethanol 10 6 70.29 11 10 0.72 2.39 

Ethanol 10 8 115.04 2 1 1.05 3.51 

Ethanol 10 10 112.64 2 1 1.48 4.11 

UV 6 6 118.69 2 1 1.08 3.59 

UV 6 8 115.14 1 0 1.56 5.19 

UV 6 10 120.51 1 0 1.93 6.44 

UV 8 6 106.24 5 4 0.97 3.24 

UV 8 8 108.62 2 1 1.41 4.72 

UV 8 10 108.63 2 1 1.55 5.17 

UV 10 6 96.48 6 5 0.76 2.53 

UV 10 8 99.98 3 2 1.30 4.33 

UV 10 10 115.85 1 0 1.83 6.11 

Autoclave 6 6 93.93 10 9 1.30 4.33 

Autoclave 6 8 116.16 3 2 1.92 6.41 

Autoclave 6 10 122.34 1 0 2.58 8.61 

Autoclave 8 6 78.39 10 9 1.47 4.89 

Autoclave 8 8 108.51 3 2 1.76 5.87 

Autoclave 8 10 120.45 0 0  2.21 7.37 

Autoclave 10 6 78.03 12 11 1.11 3.69 

Autoclave 10 8 117.08 1 0 1.56 5.20 

Autoclave 10 10 109.56 3 2 1.75 5.82 
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Appendix G: Output of metabolic activity assay 

Alginate Day 
% aB 

reduction 

Autoclave 

1 

22.21568 

27.57977 

23.46662 

4 

24.31568 

29.36977 

24.99662 

7 

23.66526 

23.72147 

28.20667 

EtOH 

1 

22.16372 

22.38249 

24.51434 

4 

23.30372 

23.59249 

25.83434 

7 

23.56891 

23.33694 

25.37311 

UV 

1 

18.85277 

21.44962 

21.191 

4 

21.95277 

23.54962 

22.681 

7 

22.51524 

24.75573 

22.44989 

Control/Unsterilized 

1 

19.76488 

18.19871 

20.89073 

4 

21.21488 

20.07871 

22.84073 

7 

21.87711 

20.90263 

25.17394 
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