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Abstract 

 

Many cellular culture and assay models are still considered in “two dimensions (2D)”, 

despite the obvious need for biologically relevant, three dimensional (3D) systems. Forcing cells 

to adapt to a pseudo 2D environment causes phenotypic changes in growth, metabolism, and 

functionality, leading to poor clinical translation. In recent years, the need for more biologically 

relevant 3D systems have become a major focus of research (i.e.  lab on chip, organoids) to 

attempt to resolve these geometric issues. With the creation of these increasingly complex cell 

and tissue systems requires a parallel need for transportation and storage solutions via 

preservation techniques. The preservation of these culture and assay products must allow ample 

viability and functionality afterwards.  

The material of this dissertation can be divided into two major components. Early focus 

was towards cryoprotective solution (CPA) formulation and characterization of suspension 

freezing to improve upon post-thaw outcome. As the shift in industrial focus was gleaned 

towards more complex, 3D cellular systems, focus shifted towards the translation of knowledge 

in suspension cryobiology to creating a cryopreservation methodology for simple 3D constructs.  

Thermodynamic studies (using differential scanning calorimetry (DSC)) and a Raman 

spectroscopic based analysis of hydrogen bonding network were used to study mechanisms of 

non-penetrating cryoprotectants.  

Alginate hydrogel suspension is one method of creating a 3D pseudo extra cellular matrix 

for cells to be housed in. Alginate’s biocompatibility and easily tunable properties make it an 
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ideal candidate for biological mimicking tissue systems which have the potential to be 

cryopreserved. Optimization studies on liver carcinoma cells were performed to develop a 

comprehensive system for cryopreserving cell-laden alginate hydrogels.  

Optimization studies were separated into 3 major components: alginate precursor 

formulation, protocol modulation, and CPA formulation; however, the final two received bulk 

focus due to previous expertise. Studies found that liver carcinoma (HepG2) cells could be 

cryopreserved in alginate hydrogels with substantial post-thaw cell viability and metabolic 

recovery. Subtle changes were made to slow suspension freezing protocol to adapt to 3D 

preservation. In addition, osmotic pressure was found to be an important factor in post-thaw 

outcome. Cells of differing origins (neurological and immunological) were also evaluated using 

the same cryopreservation and encapsulation techniques. It was found that although the HepG2 

optimized technique was viable for other cell types, an optimization study is recommended for 

all cell types to enhance post thaw outcome.  

This research provides a framework for the development of 3D culture systems and their 

cryopreservation outcome characterization. This methodology can be applied for future work to 

create more complex and biologically relevant constructs with long-term storage implications.  
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Chapter 1 An Introduction to the Biopreservation Landscape 

 

The advancement of research and development of innovative biological technologies 

depends on both short- and long-term preservation techniques. International collaboration and 

sharing of cellular and tissue samples is particularly important for studying rare diseases where 

the cellular models are not as readily available and the ability to preserve  and transport cells and 

tissue in stable conditions that allow ample viability and functional recovery upon delivery is 

critical for this collaboration.  

1.1 Normothermic and Hypothermic Preservation 

Cell culture is not often considered a type of preservation, as there is often some end goal 

or product to be achieved from the process. In research cell culture is a means to an end for 

studying some phenotypic or biochemical change because of experimental processing. On a 

larger scale, bioreactor culture is used to produce a variety of pharmaceutical (i.e. vaccines, 

monoclonal antibodies, recombinant proteins). With respect to short-term preservation protocol, 

it could be arguable that normothermic preservation is the optimal technique to prevent any kind 

of low temperature-based injuries; however, there are still several limitations. Most of the 

limitations are related to the economics using normothermic preservation for extended periods of 

time. Normothermic preservation of cell lines are susceptible to contamination and genetic drift 

over high passage numbers, which would require expensive quality control measures to ensure 

the reproducibility of cell phenotype from both the supplier and buyer. In addition, over 

https://d.docs.live.net/a0dceb9f7cc81554/Desktop/Proposed%20Research%20Plan%20for%20Doctoral%20Dissertation.docx#_msocom_1
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production and subsequent loss of product would be a major issue for the supplier to maintain an 

ample supply to meet variable demand.  

Hypothermic storage is a short-term technique that utilizes the suppression of 

biochemical events by reducing the temperature to levels slightly above the melting temperature 

water (~4°C). Currently, hypothermic preservation is employed for transfusion and transplant 

medicine. Interestingly, it has even been shown that hypothermic storage of red blood cells for 

longer than 21 days can inactivate T lymphocytes and reduce chance of transfusion associated 

graft-vs-host disease [1]. In addition, hypothermic storage and transport is the best option for 

organ transplant. The primary limitation of hypothermic storage is called “cooling injury”. 

Cooling injury describes the disruption to the overall cell homeostasis as the temperature is 

reduced below physiological temperatures. Some of the major changes which lead to cell injury 

include membrane pump deactivation, disruption of calcium homeostasis, and the build of free 

radicals that can induce apoptosis. The combination of these changes does not allow survival of 

the most cells in these conditions for more than a few days.  

A heavy burden of the research has been directed towards developing solutions to put the 

cells and tissues in mitigating cellular response to these low temperatures. The solutions are a 

cocktail mixture the has elements to maintain ion gradients, calcium homeostasis, pH buffers, 

and antioxidants. Later techniques focused on the continuous circulation of these oxygenated 

preservation solutions to further increase time of survival at these temperatures. Despite the still 

high clinical use of the hypothermic technique, it is typically agreed that the advancement of this 

science has reached a limit and that exploration of new techniques will be required in the field of 

tissue and organ preservation to further enhance preservation times [2]. 
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1.2 Classic Cryopreservation and Vitrification 

Cryopreservation involves reducing the temperature of a biological sample to 

temperatures significantly below the melting point of water. The most used cryopreservation 

procedure for 2D cell culture is described in figure 1-1. 

 

Figure 1-1 Standard Operating Procedure for Suspension Cryopreservation 

Cryopreservation is the “gold standard” and most used procedure for the long-term storage of 

biological material. Despite its frequent use, there are many cellular injury mechanisms that must 

be addressed to get post-thaw viability following preservation.  

1.2.1 Freezing Injury 

Over the past several decades an enormous amount of progress has been made tot 

determine the underlying mechanisms of cell injury during cryopreservation. As the temperature 

of the sample is reduced below the melting point, ice will first form in the extracellular 

environment. Ice crystal formation excludes non-water solutes, including cells, to the spaces 

between the ice crystals. This space is called the unfrozen fraction, while the actual ice crystals 

are called the frozen fraction. Because of the water volume lost during crystallization, there is a 

massive increase in solute concentration in the unfrozen fraction space where the cells reside. 

The solute concentration gradient between the intracellular space and extracellular space is the 
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driving force for the efflux of water across the cell membrane. If the cooling rates during 

cryopreservation are sufficiently slow, ice will continue to form, and water will be able to diffuse 

across the membrane with at a rate fast enough to maintain chemical equilibrium. However, too 

low of a cooling rate has been implicated injury stemming from excessive water and prolonged 

membrane exposure to high concentrations of solutes. On the other hand, because membrane 

permeability is correlated to temperature, too high a rate of cooling leads to supercooling of the 

extracellular solution with reduced water efflux from the cell. This situation can lead to the 

formation of intracellular ice, which is considered deadly to cells, despite the exact mechanism 

having yet to be resolved.  

Empirical evidence has proven this ideal range of cooling rates for freezing the prevent 

excessive solute based injuries at low rates and excessive intracellular ice formation at high rates. 

Despite the presence of this fundamental “ideal” zone being realized, the exact mechanisms are 

difficult to resolve. A wide range of physical and chemical phenomena ranging from ice 

nucleation and crystal morphology, osmotic stresses, and thermal gradients. Because all these 

different aspects of cryoinjury are interrelated, it is difficult to resolve the magnitude of injury 

corresponding to each. However, a significant portion of the injury appears to be related to ice 

formation both extracellular and intracellularly. 

1.2.2 Vitrification 

Vitrification is the solidification of a liquid into an amorphous solid (glass state). The 

significance of this phenomena has been well understood for many years with respect to the 

manufacturing of familiar items such as porcelain or windows; however, its biological 

significance started with the vitrification of pure water about 30 years ago [3]. Essentially, 

vitrification-based cryopreservation allows us to reduce the sample temperature to these desired 
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cryogenic temperature without the crystallization of ice. We achieve this by using cooling rates 

several orders of magnitude higher than that of slow freezing and essential “outrun” the 

thermodynamic kinetics which result in the formation of ice.  

The use of the vitrification technique allows the avoidance of ice formation all together, 

which associated with many injury mechanisms during slow-cooling preservation. However, 

other forms of injury arise with this new technique. There is a direct injury associated with the 

extreme rates of temperature change often termed “cold shock”. In addition, it has been shown 

that the thawing rate following vitrification becomes extremely important due to devitrification 

and recrystallization. Recrystallization is the growth of innocuous small ice crystals that began to 

form during the cooling process into larger more damaging crystals. Once again, the solution is 

to employ high warming rates to “outrun” the kinetics of ice formation as we are warming the 

sample. There also exists a critical cooling rate and warming rate which can be employed where 

appreciable (damaging) ice formation is not observed. 

Interestingly, these critical rates of cooling and warming during vitrification are strongly 

related to the nature and concentration of the solutes present in the CPA. Generally, the solutes 

used for vitrification are the same ones used to protect against freezing injury during slow-

cooling preservation. We can reduce the critical cooling and warming rates of vitrification by 

increasing the concentrations of certain CPAs; these rates are typically more manageable, 

controllable, and result in less “cold shock” than rates required with less CPA concentration. It is 

theorized that advanced vitrification techniques are the most promising solutions to solve long-

term preservation of larger cell structures such as tissues and full organs as detrimental injury 

due to ice crystal formation appear to be detrimental. 
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1.3 Lyopreservation 

Long-term preservation is based on the idea of chemical and molecular suspension. This 

can be achieved in two main ways: temperature reduction and water reduction. Kinetic motion 

suppression using temperature reduction is the basis for all the previously mentioned 

preservation techniques. However, lyopreservation attempts to reduce molecular motion by 

drastically reducing water content and increasing the viscosity of the environment. A reassuring 

aspect of this mechanism of preservation is that it can be found in nature (even small animals) 

for long-term preservation of the entire organism. Tardigrades for example can enter a tun state 

where they reduce their water content to 2-3% of what was present in their active state. While in 

this tun state oxygen consumption is reduced to nearly zero indicating a complete suppression of 

metabolism. More research indicates tardigrades also have desiccation mitigation mechanisms to 

improve post-desiccation recovery [4]. 

1.3.1 Lyopreservation Techniques  

The most employed technique for lyopreservation is called freeze-drying. Freeze drying 

removes water by following a 3-step process. First, the temperature of the sample is reduced and 

frozen in a solid state. Second, pressure is reduced to ensure the temperature and pressure are 

well below the triple point pictured in figure 1-2. Finally, the sample is warmed while under 

vacuum and the water sublimates out of the sample. The result is a sample of the same volume 

with almost no residual water in a “desiccated state”.  
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Figure 1-2 Representative Phase Diagram for Freeze Drying: Process 1-2 freezing the sample. Process 2-3 applies a 

vacuum and reduces the pressure. Process 3-4 gradually warms the sample and sublimation of water out of sample 

begins 

Currently freeze drying is heavily employed for food products and non-living 

biochemical compounds. Freeze drying is a difficult technique to employ on complex cells 

because it involves two-fold injury with first freezing, removal of water, and rehydration.  

Other lyopreservation techniques look to desiccate cellular material without the requirement of 

freezing. One methodology called “dip coating” is described in figure 1-3 [5]. Dip coating 

lyopreservation dry’s a sample using surface tension of highly viscous trehalose solutions which 

“coat” and dry the sample.  



 8 

 

Figure 1-3 Dip-coating schematic 

The rehydration viability of the cells preserved using this technique was found to be 

sensitive of the rate that the sample was removed from the coating reservoir (figure 4). Optimal 

viability and growth kinetics were observed by the samples that were coated at a rate of 200 

mm/min.  

1.4 Transitioning from 2D to 3D Cell Preservation 

Preservation protocols and technologies play a fundamental role in the roll-out of new 

culture and assays products. Currently, 2D systems are still primarily utilized because of their 

ease-of-use and scalability. In parallel, suspension-based techniques for the long-term 

preservation of been heavily developed to allow ample supply to be banked for research demand.  

In the last decade there has been a call for the improvement of biological modelling in preference 

of more biologically relevant systems. Forcing cells to attach in a near 2D monolayer can cause 

changes to metabolism and phenotypic expression. This lack of relevance to an in vivo human 

condition results in a high failure rate of drug discovery studies that transition to clinical trials 

after successfully passing in vitro testing. Spheroids [6], organ-on-chips [7], and organoids [8] 

are a few of the exciting technologies undergoing major research. 
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Despite the pace of advancement into these engineered 3D cell systems, there is still a 

lack of a preservation protocol to allow immediate use of these products immediately following 

preservation. Organoid preservation for product banking and transportation is a primary example 

of the lacking preservation systems for these ingenious new technologies. Figure 1-4 describes 

the flow of steps from the collection of primary cell tissue and 2 phase process of preservation. 

 

Figure 1-4 Cryopreservation of Organoids 

Preservation steps that are related to organoids occur in two phases. The first preservation 

steps occur a direct extraction of a tissue biopsy which is cleaned, and small samples are divided 

into cryotubes containing CPA. Tissue specific organoid culture can be created by implementing 

the cells into the organoid culture system. After undergoing several tissue specific steps over 

several weeks, pure organoid cultures are obtained. A second phase of cryopreservation follows 

the direct preservation of those cultured organoids. However, the main rate limiting step involves 

fragmenting these organoids. Following this process, organoid fragments are essential suspended 
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in the CPA formula and undergo preservation protocols. This process is not ideal because new 

organoid cultures will still have to be grown using similar techniques undergone with the small 

sample of extracting tissue. There exists an opportunity for the development of a repeatable 

preservation system so that these pure organoids can be preserved without fragmentation and 

removing the post-preservation re-thaw steps.  

1.5 Long-Term Organ and Tissue Preservation 

To flesh out the issues with long-term preservation of larger tissue and organ structures, 

we must determine the major differences compared to suspension freezing of cells. With respect 

to the cells themselves there are several factors which complicate preservation. Tissues contain a 

variety of different cell types, each with different optimal cooling/thawing rates based on cytosol 

and membrane compositions. In addition, there are heterogeneous tissue compositions at 

different regions of tissue that make up organs. In addition, there are cell-cell and cell-matrix 

interactions which are present during tissue preservation, which will also likely change the 

freezing kinetics. 

The other major difference and hurdle to overcome stems for the increase in overall 

volume of the sample. In suspensions, the sample size is essentially one cell and therefore heat 

and mass transfer kinetics are not often a concern. In large tissues, there a major heat and mass 

transfer phenomena resulting in significantly different preservation outcomes throughout the 

tissue. Even if the tissue was homogenous from the center to the outer surface, there are 

difficulties achieving the optimal cooling/warming rates throughout the entire sample. In 

addition, mass transfer hurdles result in non-uniform distribution of CPAs.  

The final difference relates the extra cellular matrix structure itself. Uncontrolled ice 

formation due to the heat and mass transfer considerations already mentioned can lead to 
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significant mechanical distortion of the tissue matrix containing the cells. Even under the 

healthiest ice formation conditions, it is potentially possible that ice crystallization damage to the 

matrix will be extensive enough to cause irreversible injury to the overall tissue or organ 

structure before even considering the cellular implications. For this reason, it is generally agreed 

that avoiding ice crystal formation during larger tissue and organ preservation should be avoided 

altogether. Vitrification cryopreservation allows the cryopreservation of samples without the 

formation of ice and the resulting injury; however, the aforementioned heat and mass transfer 

hurdles may be an even larger issue for vitrification which requires more extreme 

cooling/heating conditions and higher CPA concentrations. 

1.6 Relevance of Research to the Current Preservation Landscape 

The bulk of this dissertation can be separated into two major themes. The first is the 

thermodynamic and molecular characterization of CPA components (Chapter 2 and 3). There is a 

generally agreed upon protocol for the cryopreservation of 2D cultured cell lines via suspension 

freezing. However, the specific mechanisms of injury and the subsequent mitigation of that 

injury are still largely unresolved. Therefore, it is important to develop and explore new methods 

and analysis techniques to discern these mechanisms in relationship to the CPA composition. 

Thermodynamic evaluation using DSC provides descriptive properties which elucidate the 

freezing and thawing behaviors of freezing. Raman spectroscopy allows us to study minute 

changes to the hydrogen bonding interactions of water molecules through the process of cooling, 

freezing, and subsequent thawing. The analysis of these two independent methods will help to 

further develop the mechanistic framework behind freezing injury and CPA mitigation. 

Chapter two focuses on the bioprotective properties of disaccharide sugars. These 

molecules have already been implicated in desiccation tolerance (especially trehalose, refer 
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section 1.3). In addition these molecules have been extensively studied for use in cryoprotective 

formulations [9]. DSC is employed to study freezing point and protein stability in the presence if 

disaccharides, while Raman spectroscopy provides in-depth analysis of hydrogen bonding 

characteristics. Results of this study elucidate that all disaccharides possess bioprotective 

abilities; however, trehalose is a significantly more effective cryoprotectant. The Raman analysis 

suggests these abilities are due to a more organized water network. 

Chapter three focuses on the study of a less studied cryoprotective additive: sericin. Like 

disaccharides, polymeric proteins have been extensively studied as non-penetrating CPAs; 

however, sericin is relatively new on the cryoprotective radar despite its common use in 

cosmetics. Sericin’s extensive hydrogen bonding interaction, which provide the glue-like 

mechanism in silk, along with its antioxidant properties make it an interesting cryoprotective 

candidate. One goal of the study was to compare the freezing/thawing thermodynamic properties 

between the penetrating CPA (DMSO) and sericin. The results indicate DMSO is able to 

drastically modulate the melting point and heat of fusion properties compared to sericin and 

trehalose, which could explain why significant DMSO replacement cannot be reconciled using 

non-penetrating protectants. Like trehalose, sericin interacts heavily with the hydrogen bonding 

network resulting in major differences in enthalpy and entropy of reaction between symmetric 

and asymmetric water molecules. Overall sericin is an effective cryoprotectant. Collaborative 

enhancement using multiple additives (trehalose and sericin) of post-thaw growth kinetics were 

observed on HepG2 cells, despite viability loss at excessive concentrations. 

The second theme of this dissertation shifts the focus from mechanistic characterization 

of suspension freezing to developing and optimizing a preservable cell-laden hydrogel (chapter 

4). This research fits into the preservation landscape by focusing on the transition from 2D to 3D 
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cell preservation technologies. There is still a major lack of research describing cellular outcome 

in simple 3D cryopreserved structures. Alginate hydrogels are arguably one of the simplest 

scaffolds for 3D cell interaction and therefore are a perfect foundational starting point for deep 

study of cellular recovery following cryopreservation protocols. The primary goal of this study 

was to optimize viability and metabolic recovery of encapsulated HepG2 cells cryopreserved in 

an alginate-based matrix. Primary focus was on improving the protocol and determining whether 

significant changes would need to be made to the CPA. Additionally, this preservation system 

was tested on cell-lines of neurological and immunological origin with acceptable success. This 

research provides a framework for the optimization of cellular outcome of 3D cell constructs. 

The simple alginate matrix used serves as the first foundational step to introducing further 

complexity and addressing the injury that coincides. As complexity progresses closer to the level 

of organoid structures, we can begin to consider future viable and repeatable use of these 

preservation protocols for these important in vitro culture systems and hopefully beyond. 
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Chapter 2 Estimating Preservation Potential of Disaccharides 

 

2.1 Introduction 

Reliable structural and functional preservation of complex biological material is an 

enduring challenge in biotechnology. There are two principal approaches to biopreservation – 

one involving use of low temperature involving cryopreservation technologies [1,2] and the other 

includes use of a low water activity desiccated state at ambient temperatures (lyopreservation) 

[3,4]. Both strategies have been theorized to rely upon formation of a chemically non-reactive 

state having very low-molecular mobility [5].  

Homologous disaccharides are known to play an important role in creating low molecular 

mobility environment that offer protection to the biomolecules during processing for 

preservation. However, there is no consensus on the actual mechanism of protection offered by 

these disaccharides. Sugar-water binary systems have been studied using various spectroscopic 

techniques [6-10] and molecular dynamics simulations [11,12] to elucidate the protective effect 

exerted by the disaccharides. These studies have led to development of several complementary 

hypotheses. Water replacement hypothesis theorizes that formation of the dense network of 

hydrogen bonds between the biomolecule and the disaccharides as water is removed from the 

matrix due to ice formation or desiccation to offer structural stability to the biomolecules [10,13]. 

The glass formation hypothesis focuses on the ability of the disaccharides to create a high 

viscosity environment when water molecules are removed from the matrix. Reduced molecular 

mobility at glassy state is believed to arrest dynamic processes responsible for denaturation of 
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biomolecules [14,15]. A third hypothesis, known as preferential hydration hypothesis, proposes 

the ability of the disaccharides to entrap residual water at the interface of the biomolecule during 

glass formation to impart stability [16-19]. Finally, a fourth hypothesis suggests that the 

protective effect of the homologous disaccharides, especially trehalose, arise from its ability to 

switch between the anhydrous and hydrated form leading to a reversible and gentler dehydration-

hydration mechanism [20]. Most of these hypotheses indicate the nature of interaction between 

disaccharides and water molecules to be one of the most important reasons for biomolecular 

stability. Hence, developing a deeper understanding of the nature of water-disaccharide 

relationship and preservation potential of the disaccharides.  

In a water-disaccharide system, the fraction of water molecules that do not form any fully 

developed hydrogen bonds is regarded as “free water” [21]. These ‘free water’ molecules are 

thought highly reactive in nature [22,24] and can increase the availability of biomolecules to 

participate in chemical reactions. On the other hand, the fraction of water molecules that are 

hydrogen-bonded is known as ‘cluster water’, that form small tetrahedral clusters or even larger 

octamer network through hydrogen bonding. Cluster water is more stable [25] than free water 

and can easily make a transition to ice at lower temperatures [26,27]. With the increase in 

temperature of the water-disaccharide system, the increased molecular vibration increases the 

portion of ‘free water’ in the system, which in turn increases the chances of molecular 

denaturation. On the other hand, at lower temperatures the concentration of free water molecules 

is reduced drastically and are replaced by cluster water [28].  

In this study we sought to understand the effect of presence of disaccharides in an 

aqueous system. A highly sensitive Raman microspectroscopic system was used to investigate 

the nature of disaccharide-water interaction to both free and cluster water systems. Raman 
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microspectroscopy is a highly sensitive molecular spectroscopy technique that can detect 

spatially correlated molecular vibration from samples when excited with laser irradiation. Since 

the vibrational information is specific to the chemical bonds and symmetry of molecules, the 

technique provides ‘molecular fingerprints’ by which the molecule can be identified even for the 

same substance with different state. Therefore, this can also be used to study the state of 

hydrogen bonding for a solution of water molecules. 

Here intermolecular OH stretching modes of water in Raman spectra was investigated in 

presence of different homologous disaccharides (trehalose, sucrose, and maltose). How the 

presence of disaccharide at varying concentrations influences the existence of symmetric, 

asymmetric, and free water proportions was quantified and efforts were made to relate the results 

obtained to the preservation efficiency extended to the biomolecules relevant to cryopreservation 

and lyopreservation. The sugar which has the strongest decreasing effect on the reactive, free 

water on OH symmetric stretching peak may have a better ability to prevent ice nucleation at low 

temperatures and thermal denaturation at high temperatures. On the other hand, the sugar which 

creates the most ordered hydrogen bonding network at low temperatures may have the greatest 

chance at preventing cold denaturation. To verify our hypothesis, a detailed dynamic scanning 

calorimetry (DSC) study was undertaken to investigate the extent of bioprotective abilities 

offered by the different disaccharides studied here at both low and high temperatures. In 

addition, cold denaturation was evaluating using a novel Raman spectroscopic analysis of the 

amide I band. 

Our results indicate that all disaccharide sugars are effective bioprotectants at both low 

and high temperatures. However, trehalose is uniquely effective at low temperatures, indicated 

by the lowest lysozyme solution freezing temperature (~-25.1oC) and the largest decrease in cold 
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denaturation temperature of β-lactoglobulin. At high temperature, the addition of all sugars into 

lysozyme solutions resulted in similar stability trends, which suggests neither sugar possesses 

unique bioprotective characteristics at relative high temperatures. Molecular analysis of the 

hydrogen bonding suggests the addition of any of the three disaccharides results in a less reactive 

aqueous environment at all temperatures. Although, trehalose replaces more of these unbound 

water molecules with a higher ratio of symmetric water to asymmetric water. The results of 

bioprotective studies agree well with the hypothesis based on Raman spectroscopy 

measurements.  

2.2 Materials and Methods 

2.2.1 Sample Preparation and Data Analysis 

Maltose, sucrose, chicken egg white lysozyme, urea, and Beta-lactoglobulin (BLG) were 

procured from Sigma Aldrich (St. Louis, MO) while trehalose (α-trehalose, dihydrate) was 

procured from Pfanstieh (Waukegan, IL). Each solution was prepared by gravimetric 

measurement of solid components using an analytical balance (Mettler Toledo, Columbus, OH) 

followed by dissolving in deionized and distilled 18 MΩ water. Each water-based mixture was 

stirred using a vortex mixer (Fisher Scientific, Pittsburgh, PA) for at least 15 min until a 

transparent and homogeneous solution was obtained. 

2.2.2 Raman Microspectroscopy 

Experiments were conducted using Confocal Raman Microspectroscopy (WITec, alpha 

300M). A liquid nitrogen-cooled low temperature stage (FDCS 196, Linkam Scientific 

Instruments, UK) was used to control sample temperatures during time series experiments. The 

temperature-controlled stage was integrated with the Raman microspectrometer using a custom-
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designed adaptor. An EMCCD camera (Andor Technology, Belfest NIR) stabilized at - 60°C 

was used as a detector, a 532nm solid state laser operated at 20 mW power was used for 

excitation, and recorded with a 10X objective (Carl Zeiss, Jena Germany). All Raman data was 

collected as a time series set to integrate for a specified time as sample temperature was 

changing. To reduce spectral interference, cosmic rays were removed and a background 

subtraction technique from WITec was applied to all the spectra recorded. 

2.2.3 Cold Denaturation Analysis 

Solutions for this analysis contained 100 mg/mL of β-lactoglobulin, 4M urea, and 0 

mM,125 mM, or 250 mM of disaccharide sugar (trehalose, maltose, sucrose). Raman spectra 

were collected in a time series at 30 second intervals while the temperature of the sample was 

reduced at 1°C/min from 40°C to 0°C. After 5 minutes of stabilization, the same spectra were 

collected while ramping the temperature back up to 40°C. These experiments were performed in 

triplicates for each sugar concentration tested. Sigmoidal plot fitting was performed on each set 

of data. The denaturation/renaturation temperature was determined using the inflection point of 

the sigmoidal fit (see results section for further analysis). All data analysis was performed in 

Origin2018. 

2.2.4 OH Stretching Analysis 

Sugar solutions (trehalose, sucrose, and maltose) of different concentrations (5%, 15%, 

25%, 35%, 45% w/w) were prepared by diluting the stock solution in deionized water. 300 µL of 

solution was pipetted into a quartz crucible located inside of the temperature control stage and a 

quartz slide place over the crucible to prevent evaporation of the solution. Raman spectra were 
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collected in continuous 10 second intervals as the temperature cooled from 80°C to -10°C at a 

rate of 1°C/min resulting to 540 data points for each sugar solution tested. 

2.2.5 Dynamic Scanning Calorimetry  

DSC measurements were conducted using the Linkam DSC 600 stage (Linkam Scientific 

Instrument, UK). A 100mg/mL lysozyme solution for DSC measurements was made by 

dissolving lysozyme powder in solutions of 15%, 25%, 35%, and 45% w/w of each sugar. The 

concentration of sugars selected for this study was expected to provide lysozyme its maximal 

structural stabilization while retaining its solubility in solution. Before each experiment 

lysozyme solutions with or without sugar were loaded into alumina pans and sealed with press 

separately. For low temperatures study, the temperature was decreased from 25°C to -80°C with 

a cooling rate of 10oC/min; for high temperatures study, the temperature was increased from 

25°C to 95°C also at 10°C/min. DSC peaks were measured by the DSC peak tool from Linksys 

32 software, and Origin2018 software was used to perform baseline subtraction from 

thermograms and DSC peak data plotting. 

2.3 Results 

In this study, DSC was used to observe two energetic phenomena: crystallization of an 

aqueous solution and the thermal denaturation of the lysozyme protein at high temperatures. 

Figure 2-1 contains the data that was collected using the DSC technique. Figure 2-1A plots 

freezing points of aqueous solutions containing lysozyme protein at differing concentrations of 

disaccharide sugars. Lysozyme solution that contains no added sugars had a freezing point of -

15.73°C. The addition of increasing concentrations of disaccharide to these solutions results in 

continuous freezing point depression. When comparing equal concentrations of the different 
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disaccharides, trehalose significantly depresses the freezing point of lysozyme solutions in the 

concentration ranges between 15-35%. Figure 2-1B plots the thermal denaturation temperatures 

of lysozyme protein in the presence of the disaccharides. The addition of increasing amounts of 

disaccharide results in a continual increase in the thermal denaturation temperature of lysozyme. 

Nearly identical spline fits are observed for all three sets of data, indicating that all sugars are 

able to protect lysozyme protein from thermal denaturation, giving a slight advantage to sucrose 

in this specific protection factor.  

 

Figure 2-1 DSC Collected Parameters: A) Freezing point of sugar-lysozyme solutions were collected at sugar 

concentrations ranging from 0-45% (w/w). Trehalose depresses freezing point significantly compared to the other 
sugars in the 15-35% range. B) Thermal denaturation temperature was recorded as the temperature located at the 

peak of the DSC thermogram for the event. Same sugar concentrations were used as A. Dashed lines represent 

spline fits and Error bars represent ±SEM, n=3. 

The DSC technique was also attempted to observe the temperatures at which cold 

denaturation of protein was observed. Unfortunately, the energetic fingerprint of cold 

denaturation is significantly lower than that of thermal denaturation and was not observable 

using the DSC technique. However, a novel technique using time series Raman spectroscopy of 
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aqueous protein solutions was utilized to observe the structural changes of protein secondary 

structure due to cold denaturation. 

Figure 2-2 displays the Raman spectral signature of an aqueous protein solution with an 

enhanced look at the amide I band related to protein structure. As the temperatures of these 

solutions is decreased, conformations to the secondary structure are indicated by a change in the 

amide peak ratio, primarily in the peak 2. 

 

Figure 2-2 Raman Spectroscopy of the Amide I Band: A) Zoomed out view of Raman spectra for a solution 

containing disaccharide sugar and BLG protein. The red box outlines the spectra of interest located in B. B) Amide I 

spectra for BLG at -10°C (red) and 40°C (black). The two major peaks of interest are located at approximately 1600 

cm-1 and 1670 cm-1. Intensity differences are related to secondary protein structure changes resulting from cold 

denaturation. 

Figure 2-3 contains a time series plot of spectral peak ratios of the beta sheet peak over 

the alpha helix peak for a lysozyme solution with no additional sugar. As the temperature of 

solution is ramped down, this ratio begins to decrease and plateau back out following a 

Boltzmann sigmoidal model. This model is fitted using the following equation:  

𝐴2 +
𝐴1 − 𝐴2

1 + 𝑒
𝑥−𝑥0

𝑑𝑡

 (1) 

where, 

A1 and A2 are the equilibrium values of the beta/alpha peak ratio before and after the cold 

denaturation transition occurs.  
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x0 is the inflection point value of the stimulus where we assume the cold 

denaturation/renaturation temperature to be.  

dt is the coefficient that describes the slope behavior of the process during the transition and 

identifies the continuity and discontinuity of the process [29]. 

 

Figure 2-3 Raman Spectroscopic Analysis of BLG Cold Denaturation: Data points represent peak ratio of amide I 

peak 2 and amide I peak 2 at temperatures between 0°C and 40°C. As the temperature is ramped down, the ratio 
between the peaks decreases, indicating a shift in BLG secondary structure. This ratio returns to similar value after 

increasing th temperature, indicating renaturation of protein structure. Data fitted with Boltzmann sigmoidal model 

where the inflection point is considered the denature/renature temperature. 

Figure 2-4A and 2-4B plot the denaturation and renaturation temperatures calculated 

respectively for the solutions containing protein and disaccharide sugars. When adding 150 mM 

of disaccharide sugar to the protein solutions, there was a significant decrease in the protein 

denaturation temperature, although there was no significant difference between the three sugars. 

Trehalose separated itself from the other two sugars at the 250 mM concentration as it was the 

only sugar able to decrease the protein cold denaturation temperature below 0°C. Interestingly, 
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renaturation temperature, indicated by an increase in the amide I ratio, was recorded at higher 

temperatures than denaturation and follows a different trend as sugar concentration is increased. 

While the lowest denaturation temperature recorded was -0.86°C for the 250 mM trehalose 

solution, the lowest renaturation temperature recorded was 10.5°C for the 250 mM sucrose 

solution. 

 

Figure 2-4 Modulation of Cold Denaturation via Disaccharide Sugars: A) Cold denaturation temperature of BLG in 

the presence of disaccharides. All sugars reduce denaturation temperature significantly. At higher concentrations, 

trehalose significantly depresses cold denaturation temperature compared to other sugars. B) Renaturation 

temperature of BLG occurs at significantly higher temperature than denaturation temperature. There is no significant 

difference in sugar effects on renaturation temperature. Error bars represent ±SEM, n=3. 

The remaining data represents the Raman Spectroscopic analysis of the OH stretching 

region. Figure 2-5 shows waterfall spectral plots for pure water and aqueous solutions containing 

45% w/w of the 3 disaccharides tested. These plots are normalized to the asymmetric peak 

intensity to achieve equal spectral heights. This normalization also emphasizes the overall shift 

in the OH stretching region to higher wave numbers and the reduction of the symmetric spectral 

peak as the temperature increases. Notice that each sugar has its own specific CH stretching 

spectral fingerprint located between 2800 cm-1 and 3000 cm-1. There is also no shift in CH and 
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minimal change in intensity to this peak with respect to temperature. The minor increases in CH 

stretching intensity observed at lower temperatures is primarily due to the overlap from the shift 

of the OH stretching region to lower wavenumbers.  

 

Figure 2-5 Waterfall Raman Spectra of Aqueous Sugar Solutions: Each plot contains 10 spectral graphs ranging 

between -10°C and 80°C for A) Water B) Trehalose C) Sucrose D) Maltose. Each sugar has a unique CH stretching 

band between 2800 cm-1 and 3000 cm-1. As temperature is increased there is an observable shift in the OH stretching 

region to higher wavenumbers and a noticeable decrease in the symmetric OH stretching shoulder (~3200 cm -1). 

Each waterfall plot is normalized to maximum OH stretching intensity. 

To quantify the changes in the OH stretching region, spectral analysis is performed. 

Figure 2-6 illustrates three commonly used techniques for quantifying spectral peaks. The first 

and most basic of the techniques is to record point intensities of the spectral data where a peak is 

expected to be located. This technique is simple when there is only one spectral peak located at a 

point with little peak overlap. Temperature causing peak shift is also another factor that can add 

complexity to this analysis technique. For this study, point intensities were recorded at 3246.6 
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cm-1, 3424.84 cm-1, and 3616.03 cm-1 for the symmetric, asymmetric, and unbound OH regions 

respectively. The second analysis technique is to calculate an area under the curve for a finite 

region of the spectral data. Like the point intensity method, this integral needs to be selected for 

where the desired peak is expected to be across a wide range of temperatures. The symmetric 

area ranges from 3099.45 cm-1 – 3301.62 cm-1, the asymmetric area ranges from 3389.86 cm-1 – 

3549.72 cm-1, and the unbound area ranges from 3616.03 cm-1 – 3783.62 cm-1.  The final 

analysis technique is to using peak deconvolution to identify and parameterize the 3 peaks of 

interest for this study. Origin 2018 contains a deconvolution algorithm which inputs spectral data 

and estimated location/intensity of the peaks of interest to decompose the gaussian formulas for 

each respective peak.  

 

Figure 2-6 Spectral Analysis Techniques: 3 wavenumbers of interest were selected to represent the symmetric, 

asymmetric, and unbound regions of the OH stretching band. The wavenumbers selected are at 3246.6 cm-1, 3424.84 

cm-1, and 3616.03 cm-1 B) Area under curve is calculated for a finite region of the spectral data. The symmetric area 

ranges from 3099.45 cm-1 - 3301.62 cm-1, the asymmetric area ranges from 3389.86 cm-1 – 3549.72 cm-1, and the 

unbound area ranges from 3616.03 cm-1 - 3783.62 cm-1. C) Deconvolution method attempts to parameterize the 

three gaussian peaks of interest making up the OH-stretching region. A cumulative fit is shown adding up the 3 

calculated peaks. 

Figure 2-7 plots the Raman spectroscopic data that was analyzed via the point intensity 

technique. Each row of plots contains the point intensity data for three different temperature 

points (80°C, 40°C, and 0°C) from the top respectively. Each column of plots shows the point 

intensities for the three OH stretching regions of interest (symmetric, asymmetric, and unbound) 
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from the left respectively. All data was fitted using a linear regression model with r value greater 

than 0.7. Notice that the slope trend for each sugar is similar, independent of the temperature for 

each OH stretching region. For the three temperature points of focus, trehalose has the highest 

slope in the symmetric region, followed by sucrose and maltose being the lowest. Interestingly, 

at lower temperatures the increase of sugar has less of an impact on the symmetric region and the 

maltose plot has a negative slope under the 0°C condition (Fig. 2-7G). The second column of 

plots, containing the asymmetric region data, displays a positive slope for all three sugars at all 

three temperature points. However, trehalose clearly has a reduced slope value compared to the 

other two sugars across all temperatures. The slope for all sugars is the highest at lower 

temperatures, which is the reverse trend noted for the symmetric region. The furthest right 

column containing the data for the unbound region shows negative slopes for all three sugars 

across all temperature points. At higher temperatures (Fig. 2-7C) there is a separation of the 

slopes with trehalose having the highest negative slope followed by sucrose and maltose. As 

temperature is reduced, this gap shrinks for the maltose and sucrose data, while trehalose 

continues to maintain a stronger negative trend.  



 28 

 

Figure 2-7 Point Intensity Analysis of OH Stretching Region: The plots can be separated by row and column. The 

first row (A-C), second row (D-F), and third row (G-I) contain the recorded data at three different temperature 

points (80, 40, and 0°C). The first (A, D, G), second (B, E, H), and third (C, F, I) columns contains the data for the 

three different regions of interest of the OH stretching band (symmetric, asymmetric, unbound OH). Plots show 

trehalose enhanced ability to create a more organized OH bonding structure by reducing the total amount of 
unbound OH, increasing the amount of symmetric OH, and having the smallest increase in asymmetric OH 

compared to the other two sugars. 

Figures 2-8 and 2-9 contain the same data values as figure 2-7 for the other two analysis 

methods. Figure 8 plots the analysis data the was performed using the integrated area technique. 

The slopes of all the 9 plots follow similar trends to that of figure 2-6 with some minor 

differences. In the symmetric region, all sugar plots follow the similar trends, although there is a 

negative slope for the sucrose solution at 0°C. This slope was approximately 0 when using the 
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point intensity analysis. In the asymmetric region, similar trends are observed again, however the 

major difference is the separation of the maltose and sucrose slopes at all temperature values. In 

the unbound region, major negative slopes are observed again. However, the significantly higher 

slope value for the trehalose sugar is not observed at all temperature points. At 80°C (Fig. 2-8C), 

the slope values for all three sugars are equal. At 40°C, there is a moderately larger negative 

slope for the maltose solution. Finally at 0°C, trehalose and maltose have significantly larger 

negative slops than the sucrose solution.  

 

Figure 2-8 Integrated Region Analysis of OH Stretching Region 
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Figure 2-9 contains identical data calculated using the peak deconvolution algorithm. 

Once again, all 9 plots contain similar trends as the previous two analysis techniques despite 

significantly higher error values in some of the plots. The symmetric region plots maintain a 

consistent slope trend for all sugars, noticing a negative slope for all three sugars at the 0°C 

temperature.  

 

Figure 2-9 Peak Deconvolution Analysis of OH Stretching Region 

Figure 2-10 condenses the slope data from the previous 3 figures to compare trends 

observed from each analysis method. Each column contains the slope intensity data for the three 

different OH stretching regions of interest, while each row has compared the three different 
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analysis techniques stacked from top to bottom. The point intensity technique has noticeably 

smaller error values overall, while the deconvolution method has the largest. While the linear 

regression fit was effective for the point analysis method, there were data sets collected using the 

other two methods that did not appear to fit a linear regression model. For comparison of the 

three methods, a linear regression was used for all analysis, however it is possible other models 

may be more effective. Due to the apparent random nature of these non-linear data sets, we 

theorize these poor fits could be an artifact of the analysis method itself, especially in the case of 

deconvolution. This result further confirms that the point analysis method is most effective for 

detecting minor spectral differences in the OH stretching region. 
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Figure 2-10 OH Stretching Analysis Method Comparison: The intensity of the bar graphs represents slope of linear 
regression fits for the represented data. The type of OH stretching data is separated by the vertical columns, while 

the rows separate the type of analysis method 

2.4 Discussion 

The results of this study further establish that disaccharide sugars have a positive impact 

on several relevant preservation properties. All three sugars were equally effective at higher 

temperatures; however, trehalose significantly improves the parameters relevant to 

cryopreservation (freezing point depression and cold denaturation stability). Therefore, it is 

important to consider what makes trehalose more effective at lower temperatures.  
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The OH stretching data suggests all three disaccharides mesh significantly into the 

hydrogen bonding network, indicated by significant reductions in the amount of free OH present 

at all temperatures. In addition, the hydrogen bonding interactions caused by the addition of 

trehalose result in a larger increase of symmetrically bonded water and a smaller increase in 

asymmetrically bonded water compared to the other two sugars. This result seems to contradict 

other spectroscopy-based studies that only consider two OH stretching bands when performing 

analysis [30]. However, the total increase in number of hydrogen bonds observed in trehalose 

(followed by sucrose and then maltose) solutions should result in a total slowing of water 

dynamics [6], which could be one explanation for trehalose’s more pronounced bioprotective 

properties. In addition, we attempt to correlate the changes in hydrogen bonding characteristics 

to the freezing point depression and protein stability characteristics. 

2.4.1 Freezing Point Depression 

Freezing point depression has been heavily studied in the characterization of 

cryopreservation. Reducing the temperature at which a solution freezes allows efficient 

dehydration to occur, resulting in a more viscous environment and less crystallization [31]. High 

amounts of crystallization during freezing and recrystallization during thawing has been shown 

to be a primary cause of protein and membrane damage during the cryopreservation process [32]. 

Therefore, it is important to note trehalose’s unique ability to depress freezing point significantly 

at moderate concentrations compared to the other two disaccharides. Wang et. al. reached a 

similar conclusion and additionally found that trehalose also reduced the heat of freezing 

compared to the sucrose and other monosaccharides. In addition, free water present in solution 

has been implicated as the portion of water that nucleates to form primary ice [33], therefore 

increasing the concentration of sugar is expected to decrease the freezing point. However, this 
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does not reconcile trehalose has significantly greater depression compared to sucrose and 

maltose. There is a strong correlation between the freezing point depression data and asymmetric 

OH spectral data. While all three sugars increase asymmetric OH binding with increasing 

concentration, trehalose has a significantly lower effect. Asymmetrically bound water is less 

reactive than symmetric water and can potentially form a nucleation site more readily.  This 

difference could explain why solutions containing trehalose have a lower freezing point. 

2.4.2 Thermal Denaturation Stability 

This study indicates that trehalose, sucrose, and maltose all provide lysozyme stability in 

an aqueous environment. This is indicated by a significant increase in the thermal denaturation 

temperature for all sugars, however, there is no indication that either sugar boasts a stronger 

stability at these temperatures. There have been several studies highlighting disaccharide’s 

ability to stabilize proteins from thermal denaturation. However, the exact mechanism of 

stabilization is up for debate [34-36]. Most studies offer a theory for the molecular process but 

emphasize the necessity for a detailed molecular study of the water-sugar-protein interactions. 

This study focuses on hydrogen bonding environment of binary water-sugar solutions. At 

temperatures where thermal denaturation is likely, all three sugars greatly reduce the amount of 

free water present in the solution. This is important because even at optimal temperatures there 

are several processes that are mediated by water that can act to break down proteins [37], so 

decreasing the amount of reactive water in solution should be vital to improving protein stability 

at high temperatures. The OH stretching data suggests that trehalose can reduce concentration of 

free water even more significantly than the other two sugars, which could be an explanation for 

improved protein stability observed by other studies. Further study involving tertiary protein-
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sugar-water solutions is necessary to reach further conclusions about specific sugar-protein 

interactions in this environment.   

2.4.3 Cold Denaturation Stability and Renaturation 

A novel time series collection of Raman spectra across a range of temperatures was used 

to determine the denaturation temperature and renaturation temperature of beta-lactoglobulin. A 

similar study was performed by Seo et.al. for determining the thermal denaturation temperature 

characteristics of beta-lactoglobulin [38]; however, to the best of our knowledge Raman 

spectroscopic evaluation of cold-denaturation has not been studied. The principal area of focus 

was the amide I spectral band; 80% of this region is due to the carbon-oxygen double bond 

present in the protein structure [39]. Within this larger spectral region, there are smaller bands 

that correspond to the conformational differences in the secondary structure of the protein [40]. 

Our data indicates that cold denaturation is characterized by a reduction in intensity of the 1670 

cm-1 peak and an increase in the peak at 1600 cm-1, resulting in an overall reduction of the 

intensity ratio of these two peaks as temperature is reduced. It is difficult to pinpoint the exact 

conformational changes taking place in the secondary structure due to some overlap in the bands. 

Typically, the higher wave numbers of the amide I band (1655-1700 cm-1) are associated with 

turn structures present in the protein [41]; however, there is also a weak band corresponding to 

anti-parallel beta sheets in this region. In addition, parallel beta sheets are typically found 

between 1613-1637 cm-1 and alpha helices are found around 1650 cm-1 [42]. Therefore, cold 

misfolding being observed is most likely due to a reduction in turn structures corresponding to 

straightening of the peptide chain and a possible minor increase in alpha helix/beta sheet 

structure. In contrast, the previously aforementioned study suggests a similar shift is due to a 

misfolding the beta sheet structure in favor of alpha helices at high temperatures because of an 
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overall high concentration of beta sheets present in beta-lactoglobulin (53%) in the native state 

[38]. A more detailed analysis of the amide I band is necessary to determine the exact changes in 

secondary structure characterizing cold denaturation of BLG. 

One focus of this study was to determine the cold denaturation temperature of BLG in an 

aqueous solution and how adding sugars into the environment changes the stability of the 

protein. All sugar environments were able to increase the stabilization window of BLG with a 

250 mM concentration of trehalose creating the most stable environment. In addition, 

renaturation of BLG was observed as the temperature was ramped back to 40°C. This 

renaturation is typical for cold denaturation [43], however it is unclear what percentage of 

denaturation does not recover and whether renaturation is further inhibited by a frozen solution 

state. A more precise and detailed study of the amide I band could provide further insights in this 

area. 

Finally, we attempt to predict a molecules ability to protect proteins from cold 

denaturation. Perhaps counter-intuitively exposure of the non-polar groups of a protein to water 

results in a more ordered hydrogen bonding network [44,45]. Therefore, an aqueous hydrogen 

bonding system which is already more ordered with the addition of disaccharides will have a 

smaller enthalpic change from denaturation. Because cold denaturation is enthalpy driven, a 

lower temperature is required to reduce the entropic term to the point where enthalpy can again 

outweigh entropy and protein denaturation can occur. Trehalose based solutions display the most 

ordered hydrogen bonding environment characterized by significantly lower unbound OH and a 

stronger ratio of symmetric/asymmetric replacement. In addition, sucrose solutions are more 

ordered than maltose-based solutions. This result agrees with the cold denaturation data recorded 

using Raman spectroscopy. 
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2.5 Thermodynamic Derivation of Cold Denaturation 

A thermodynamic explanation for the existence of the non-intuitive cold denaturation event 

can be derived using basic equations for Gibbs free energy (G), entropy (S), and enthalpy (H). 

Assume we consider the reaction of protein denaturation a 1 step process going from a state of 

folded (F) to unfolded (U). (See figure 2-11) 

 

Figure 2-11 Simple single step reaction for denaturation of a protein 

The Gibbs free energy can be described by equations 1 and 2. 

∆𝐺 = 𝐺𝑢 − 𝐺𝑓  (2) 

∆𝐺(𝑇) = ∆𝐻(𝑇) − 𝑇∆𝑆(𝑇) (3) 

We assume to know one of the equilibrium points where the Gibbs free energy equals zero. This 

assumption can be made due to the relative ease of determining the thermal denaturation 

temperature. These values can typically be found in thermodynamic protein tables. The constant 

thermal denaturation temperature will be labeled TC. 

∆𝐺(𝑇𝑐) = ∆𝐻(𝑇𝑐) − 𝑇𝑐∆𝑆(𝑇𝑐) = 0 (4) 
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Eq. 3 can be used to solve for the change in entropy at TC. This value is not as easily determined 

experimentally. 

∆𝐻(𝑇) = ∆𝐻(𝑇𝑐) + (𝑇 − 𝑇𝑐)∆𝐶𝑝 (5) 

∆𝑆(𝑇) = ∆𝑆(𝑇𝑐) + ∆𝐶𝑝 ln (
𝑇

𝑇𝑐
) (6) 

Equations 4 and 5 are simplified by assuming the heat capacity is unchanged by the denaturation 

reaction. Finally, we can plug equations 3, 4, and 5 into equation 1 to solve for change in Gibb’s 

free energy. 

∆𝐺(𝑇) =
(𝑇𝑐 − 𝑇)

𝑇𝑐
∆𝐻(𝑇𝑐) + (𝑇 − 𝑇𝑐)∆𝐶𝑝 − 𝑇∆𝐶𝑝 ln (

𝑇

𝑇𝑐
) (7) 

Where Tc, ΔH(TC), and ΔCp are experimentally determinable values. To solve this system, we 

can assume values for all 3. Tc = 60°C, ΔH(TC) = 500 kJ/mol, ΔCp = 10 kj/mol*K. The inverse 

parabola is plotted in figure 2-12. The parabola crosses the x-intercept at our thermal 

denaturation temp (TC) and at a second lower temperature where the cold denaturation 

temperature is located (~3°C in this case). What is interesting is the presence of stabilizing 

agents shifts this parabola up and increases the stability window of the protein, while the 

opposite is the case for denaturants.  

 

Figure 2-12 Thermodynamic representation of the Existence of Cold Denaturation Temperature 
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Chapter 3 Modulation of Solution Hydrogen Bonding Properties by Sericin 

 

3.1 Introduction 

Biopreservation technologies can play an extremely important role in transitioning cell-

based techniques from laboratory to bedside. Such translation of cell-based technologies requires 

the development of highly optimized and efficient long-term preservation strategies. In general, 

long-term preservation of cells and cellular materials is achieved through formation of a glassy 

matrix[1-3] at low temperatures in presence of cryoprotective agents (CPAs). This glassy matrix 

has been hypothesized to reduce molecular mobility and prevent degradative intracellular 

reactions at low storage temperatures [4].  Dimethyl sulfoxide (DMSO) is one of the most used 

CPAs in slow cooling rate cryopreservation techniques. However, use of DMSO has been 

frequently and closely associated with cellular toxicity effects and poor post-thaw performance 

[5-7]. 

At high concentrations (>10%) DMSO has been shown to be toxic to cells due in part to 

the formation of lipid membranes pores [8] and other irreversible membrane damage. This has 

been well-studied in the context of the development of drug delivery strategies [9]. Even at low 

concentrations, exposure to DMSO (<4% v/v) has recently been linked to apoptosis initiation in 

retinal neuronal cells [7]. In another study, exposure to 1% v/v DMSO did not produce any 

evidence of cell death, but there was significant mitochondrial damage due to increased levels of 

reactive oxygen species (ROS) following 24-hour exposure [10], leading to mitochondrial 

swelling and significant membrane potential impairment [11]. Exposure to DMSO levels as low 
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as 0.1% v/v causes drastic changes to human intercellular processes and the overall epigenetic 

landscape by impacting DNA methylation and down regulating microRNAs [12]. These studies 

suggest the need to revisit the optimal use of DMSO in CPA formulations.   

Use of additives that can actively modulate the cryopreservation outcome in CPA 

formulations is a commonly accepted strategy to reduce DMSO toxicity and potentially decrease 

the required concentration of DMSO. The two primary ways in which additives mitigate injury 

are by altering the physical environment and by providing biochemical protection.  Physically 

they can alter the nature of the frozen environment by modulating ice crystal morphology and 

creating areas with higher glass transition temperatures.  Biochemically they can provide 

protection from membrane damage and osmotic stress [13].  

In this study, the effect of using the polymeric protein sericin as a non-penetrating CPA 

was investigated. Sericin is a protein used by bombyx mori (silkworms) in the production of silk, 

where it acts as an adhesive coating to the fibers and has anti-oxidant properties  [14]. Multiple 

studies have reported sericin’s ability to mitigate oxidative stress in various tissue types and 

proposed use of sericin as a replacement for animal origin serum in cell culture [15,16]. 

Furthermore, it has been used as a serum replacing agent in CPA formulations for several 

different types of mammalian cells including human adipose tissue-derived stem cells [17], 

myeloma cell lines, fibroblasts, keratinocytes, insect cell lines [18], rat insulinoma cell lines, 

mouse hybridoma cell lines and mesenchymal stem cells [19]. 

Due to the polymeric nature of the protein, sericin can form extensive hydrogen bonding 

(H-bonding) in the extracellular matrix [20] and thus can play an important role in creating low-

molecular mobility environment at low temperatures [21]. H-bonding can be used to impact the 

nature of the glass formation by modulating the strength of H-bonds formed [22]. In this study an 
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investigation was undertaken to characterize the effect of sericin as an additive to DMSO based 

CPA formulation. Special emphasis was given to understanding the effect of sericin in aqueous 

environment on H-bonding strength using Raman microspectroscopy. Thermophysical properties 

of CPA formulations containing different concentrations of sericin were characterized using 

differential scanning calorimetry (DSC). These properties were likened to the cryopreservation 

outcome of human hepatocellular carcinoma cells (HepG2) in terms of survival and growth. 

3.2 Materials and Methods 

3.2.1 Raman Microspectroscopic Analysis of CPA Formulations 

The effect of addition of sericin in the CPA formulation was investigated by quantifying 

change in Raman spectral signatures at different temperatures. Special emphasis was given to the 

OH stretching regions of the Raman spectra as they closely relate to the local H-bonded network 

of water molecule [23] . A customized confocal Raman microspectrometer was used to collect 

spectral data (UHTS 300, WITec Instruments Crop, Germany). A 532-nm continuous wave laser 

system was used for photonic excitation. Spectral signatures were collected using a 10X 

objective (Zeiss, Thornwood, NY) and an EMCCD camera (Andor Technology, UK).  A liquid 

nitrogen-cooled low temperature stage (FDCS 196, Linkam Scientific Instruments, UK) was 

used to control sample temperatures at desired setpoints. The temperature-controlled stage was 

integrated with Raman microspectrometer using custom-designed adaptor mechanisms discussed 

elsewhere [13]. For each sample, 300 µL of solution was added to a low form-factor quartz 

crucible and placed inside the freezing stage. The stage was pre-cooled and equilibrated to -10°C 

and then warmed at a rate of 10°C/min to 20°C. Raman microspectroscopic data was collected 

using an integration time of 1 s, averaged over 60 accumulations. Following collection, 
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background spectra was subtracted, and cosmic ray interference was removed. Spectral peaks 

were deconvoluted and analyzed using Origin Pro 2018 (OriginLab, Northampton, MA). 

A customized chemometric deconvolution algorithm based on Fast Fourier Transform 

(FFT) of Raman signal is used to decompose the OH stretching regions of the CPA formulations 

[24,25]. The deconvolution is computed using the formula  

𝑓 = 𝑓𝑓𝑡−1  [
𝑓𝑓𝑡(𝑦)

𝑓𝑓𝑡(𝑠)
 ] (8) 

where 𝑦 is the known response of the signal 𝑠. While several different peaks can be identified in 

the OH stretching region (Fig. 2A)  that are related to the physical state of the water and H-

bonding, two principals peaks related to symmetric (~3200 cm-1) and asymmetric (~3415 cm-1) 

vibrations of OH stretching were considered here for the analysis related to H-bonding. The 

higher-frequency asymmetric spectral component is known to be related to the water molecules 

with an incompletely formed H-bonding clusters [26]. Whereas, the lower-frequency symmetric 

component corresponds to the molecules with complete tetrahedral H-bonded clusters [27,28].  

The experimentally obtained spectral intensity of the symmetric and asymmetric OH 

stretching peaks were then used to estimate the enthalpy and entropy of the formation of H-

bonds in aqueous CPA formulations using Van’t Hoff equation[29,30].  
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Figure 3-1 Graphical representation of a Van’t Hoff Analysis: The inverse of temperature is graphed on the x-axis 

while the natural logarithm of the equilibrium constant (Keq) is on the y axis. After fitting a linear regression model 

to the collected data, the slope can be used to quantify change in enthalpy and the y-intercept can be used to quantify 

the change in entropy of the reaction 

A Van’t Hoff plot (Figure 3-3A) was constructed as the linear dependence of ln(k) 

against the inverse of the temperature (T). The enthalpy (ΔH) of bonding was expressed as a 

product of the slope of the Van’t Hoff plot and universal gas constant. The equilibrium constant 

(k) in this case is also equal to the ratio of the intensities of the individual OH stretching peaks 

Raman spectrum at different temperatures (T). Similar techniques have been used to estimate H-

bonding energy and appearance of Clathrate-like Structures in aqueous solutions  using Raman 

spectroscopy [31]. 

ln(𝑘) =  
−∆𝐻°

𝑅
∙  

1

𝑇
+ 𝑐𝑜𝑛𝑠𝑡 (9) 
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Here R is the universal gas constant and ΔH° is the change in enthalpy during the formation of 

one mole of hydrogen bonded molecules from nonbonded ones under standard conditions of 298 

K and 1 atm. The change in enthalpy (Figure 3-3B) and entropy (Figure 3-3C) was used to 

quantify the change in characteristics of H-bonding strength in aqueous solutions having varying 

concentrations of sericin. 

In addition to the H-bonding characterization using intensities of the symmetric and 

asymmetric peaks in the OH stretching region of the Raman spectra, change of peak position 

(peak shift) was also used to analyze energetics related to H-bonding. The trend in peak-shift 

characteristics were quantified by comparing the shift in peak-center per unit temperature for 

both symmetric (n1) and asymmetric peaks (n2, as seen in Fig. 4A and B). This analysis indicates 

the variation in H-bonding energetics at different temperatures in presence of sericin.  

3.2.2 Differential Scanning Calorimetry (DSC) for Determining Thermodynamic Properties 

The effect of addition of an additive to the CPA formulation containing DMSO was 

analyzed using DSC. Properties including freezing point, melting point, and heat of fusion was 

quantified using DSC. DSC measurements were performed using a precise temperature-

controlled microscopy stage and a temperature controller (FDCS 600, Linkam Scientific 

Instruments, Tadworth, UK). Calibration of the system was performed using indium as described 

in ASTM E968 ([32] - Data not shown). CPA formulations containing trehalose and sericin as 

additives were analyzed. Freezing/melting data was collected using a rate of 1°C/min until 

stabilized after freezing or thawing. The freezing and melting points were considered as the 

temperatures at which maximum heat flow occurred during the phase change process. Enthalpy 

of freezing was determined by measuring the area under the curve of the thermogram. 
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Thermogram data was normalized to the mass of the solution added to the DSC chamber.  All 

thermogram data were plotted and analyzed using Origin Pro 2018.  

3.2.3 Cell Culture, Cryopreservation, and Growth 

Human hepatocellular carcinoma (HepG2) cells were obtained from the American Type 

Culture Collection (Manassas, VA), and grown in 75 cm2 culture flasks (Corning Inc, Corning, 

NY). Opti-MEM (Gibco) culture media was supplemented with 5% fetal bovine serum (FBS) 

(Gibco) and penicillin-streptomycin to yield final 100 units/mL penicillin G and 100 µg/mL 

streptomycin sulfate (Hyclone-Thermo Scientific, Logan, UT). Cells were incubated in an 

atmosphere of 5% CO2 and 95% air. The cells were collected using trypsinization followed by 

centrifugation and resuspended in 1 mL of cryoprotective solution in individual microtubes. A 

passive freezing container capable of controlling the cooling rate at 1°C/min (Cool Cell LX, 137 

Biocision, Menlo Park, CA) was used to store samples in cryogenic conditions. After exposing 

the cells to cryogenic conditions for pre-determined duration, cells were thawed quickly in a 

37°C water bath and re-suspended in fully complemented cell culture medium. Cell numbers 

were quantified using hemacytometer (Hausser Scientific, Horsham, PA) counts and membrane 

integrity was assessed using trypan blue exclusion.  

3.3 Results 

3.3.1 Raman Microscopy 

The effect of the presence of sericin on H-bonding characteristics at different 

temperatures was investigated using Raman microspectroscopy. Figure 3-2A and 3-2B show the 

representative Raman spectrum at OH stretching regions of pure water at the temperatures 20°C 

and -10°C. The deconvoluted spectra in Figs. 3-2A and 3-2B show different vibrational peaks in 
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the OH stretching region including the symmetric and asymmetric OH stretching peaks (peaks 1 

and 2) were used for analysis of H-bonding characteristics.  The variation in intensity of the 

symmetric and asymmetric OH stretching peaks with the change in temperature indicate relative 

changes in the nature of H-bonding - with a relative increase in the symmetric peak indicating an 

increase in the number of highly ordered H-bonded water clusters [27]. Figure 3-2C plots the 

intensities of the symmetric and asymmetric OH stretching peaks from -10°C to 20°C in water 

binary solutions. With increasing temperature symmetric OH stretching peak intensity decreases 

linearly, while the asymmetric peak increases in intensity. As temperature decreases, the 

symmetric peak intensities increase due to increase in number of water molecules completely 

bound by its nearest neighbors. An opposite effect is observed for asymmetric OH stretching 

peak which is associated with the incompletely H-bonded clusters of water molecules in solution.  
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Figure 3-2 Raman spectroscopy of binary water-sericin solutions. (A) shows OH-stretching band (~2900-3700 cm-1) 

of pure water at -10°C. Spectrum is deconvoluted into four primary bands and the reconstructed spectrum is 

superimposed on the original to show agreement of fit. Arrows 1 and 2 indicate symmetric and asymmetric peaks 

respectively. (B) shows OH-stretching band of pure water at 20°C. (C) shows symmetric and asymmetric peak 

intensities are plotted at the corresponding temperatures at which Raman scans were acquired for pure water. Linear 

fits are calculated for both sets of data with R2 ≥ 0.9 (sym) and 0.995 (asym) and slope m was calculated for each. 

(D) shows the ratio of slopes, msym to masym, was calculated for different sericin concentrations in water. Error bars 

represent SEM, n=3. 

Presence of an additive to influence the H-bonding characteristics can thus be quantified 

by comparing the pattern of increase (or decrease) in peak intensities in OH stretching regions as 

shown in Fig. 3-2C. At lower temperature this variation in overall strength of H-bonding in water 

clusters can be represented by the slopes of the fitted trends (msym and masym). Figure 3-2D plots 

the ratio of m1 and m2 for different concentrations of sericin in water (0-5% w/v). Sericin in 

higher concentrations is shown to decrease the contribution of incomplete water clusters and 

increase the overall number of strongly H-bonded water clusters at lower temperatures (Fig 3-

2D). In order to further investigate the thermodynamic effect of presence of sericin molecules in 
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water, a Van’t Hoff analysis was performed (Fig. 3-3A). The change in enthalpy (Fig. 3-3B) and 

entropy (Fig. 3-3C) was used to quantify the change in the strength of H-bonded water clusters in 

aqueous solutions having varying concentrations of sericin.  

 

Figure 3-3 Raman microspectroscopic based thermodynamic analysis: (A) Van’t Hoff plots for water-sericin 

solutions, k represents ratio between symmetric and asymmetric intensity of OH stretching region. (B) Change in the 

enthalpy of water-sericin binary solutions based on Van’t Hoff plots, normalized to pure water. p < 0.05. (C) Change 

in the entropy of water-sericin binary solutions normalized to pure water. p < 0.05. (D) Linear fit of change in 

enthalpy against change in entropy for water-sericin binary solutions. Error bars indicate ±SEM, n=3. 

Shift in the pattern of enthalpy change with temperature in presence of sericin can be 

attributed to alteration of H-bonded water clusters [33]. With the addition of 1% sericin, a 64% 

decrease in enthalpy related to H-bonding in aqueous solution was observed. However, such 

dramatic depression is not observed at higher concentrations. The entropy of the formation of H-

bonds (ΔS) was calculated as a product of the y-intercept of the Van’t Hoff plot and universal 

gas constant. When compared with the entropy of H-bond formation in comparison to water, a 
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similar trend in with the entropy values is observed (Fig. 3-3C). Fig. 3-3D indicates the 

isokinetic relationship obtained from the ratio of the entropy and enthalpy of the sericin solutions 

at different temperatures. 

In addition to the spectral peak intensities in the OH stretching region, the shift in spectral 

wave number of the symmetric and asymmetric peaks were related to the energetics related with 

the in H-bonding characteristics [24,34]. Figure 3-4A and 3-4B indicate the peak-shift patterns 

related to symmetric and asymmetric peaks respectively at temperatures between 20°C to -10°C. 

Figures 3-4C and 3-4D highlight the difference in peak-shift characteristics at temperatures 20°C 

and -10°C for both symmetric and asymmetric peaks. The solution containing 1% sericin 

presents a significantly different trend, indicating reduced peak-shift characteristics for both 

symmetric and asymmetric peaks. At higher temperatures the symmetric peaks shift towards 

lower wave numbers with increase in sericin concentration (Figure 3-4C). However, no such 

trend is observed for the asymmetric peak shift (Fig. 3-4D). At lower temperatures, addition of 

1% sericin causes the symmetric peak to move towards higher wavenumbers, while with the 

increase in sericin concentration the trend is reversed. A similar trend is observed for the 

asymmetric peak at lower temperature indicating a unique trend in H-bonding strength at 1% 

sericin concentration. 
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Figure 3-4 Peak center shift of OH stretching bands: (A) Symmetric peak center is plotted for water-sericin solutions 

at temperatures ranging from -10°C to 20°C. A noticeable difference in slope can be observed for the 1% sericin 

solution. (B) Asymmetric peak shift for the same solutions and temperatures as 3A. With the increase in 

temperature, the peak-center converges at wave number 3417 cm-1. This indicates equal asymmetric H-bonding at 

higher temperature. (C) Symmetric peak center values for various water-sericin solutions at -10°C and 20°C. At low 
temperature, there are significant differences between the peak center values of the solutions. There is a slight trend 

towards lower frequency peak centers as sericin increases at higher temperature. (D) Asymmetric peak center values 

for water-sericin solutions. At low temperature, peak center shift follows a similar trend as the symmetric. At high 

temperature, there is no change between the peak center value. This shows sericin's ability to modulate hydrogen 

bonding (either stronger or weaker) as temperature is decreased toward freezing. Error bars indicate ±SEM, n=3. 

When the peak-shift characteristics for both symmetric and asymmetric peaks are 

compared against each-other (n1/n2), there are no appreciable differences between any of the 

trends compared for any of the solutions including pure water (Figure 3-5A).  When the slopes of 

the trend in peak shifts as observed in Figure 3-4A and 3-4B were normalized against the trend 

in peak shift exhibited by pure water, the peak shift characteristics of 1% sericin solution appear 

to be significantly different for both symmetric and asymmetric peaks (Figure 3-5B and 3-5C).  
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Figure 3-5 Raman OH stretching band shift hydrogen bonding analysis (A) The ratio of symmetric and asymmetric 

slopes for water-sericin solutions, n1 and n2, respectively. There is no statistically significant difference between the 

four solutions, indicating equal shift in both the symmetric and asymmetric peaks with respect to temperature for all 

solutions. (B) The ratio of sericin solution symmetric slope over pure water slope. The normalized slope is 

significantly lower for the 1% solution indicating less change in hydrogen bonding as temperature is decreased. 

p<0.05. (C) Similar slope comparison as in (B), here for asymmetric slope. Significantly lower normalized slope for 

1% sericin solution indicates reduced H-bonding at lower temperatures. Error bars indicate ±SEM, n=3. 

3.3.2 DSC Studies 

A comparative study was undertaken to evaluate thermodynamic responses of CPA 

formulations containing DMSO or sericin, and with or without trehalose using standard DSC 

techniques. Figure 3-6A indicates trends in freezing point depression in CPA formulations 

containing 100 mM trehalose in sericin and DMSO.  

CPA solutions containing DMSO have significant freezing point depression as the 

concentration is increased. As expected, the DMSO solutions also containing 100 mM trehalose 

have stronger freezing point depression. Sericin also had a significant effect on freezing point 

depression with solutions containing 1% w/v sericin having the most profound change in 

freezing point depression while the depression plateaus with increasing concentrations. The 

addition of 100 mM trehalose to sericin based solutions leads to even further reduction in 

freezing point, indicating a potential synergistic effect of sericin and trehalose.  
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Figure-3-6 DSC analysis of individual CPA constituents: Thermodynamic parameters were acquired for solutions 

with varied CPA compositions. Solutions were created with concentrations of 0-20% of DMSO (v/v) or sericin 

(w/v) with or without the addition of 100 mM trehalose. (A) Freezing point depression had large immediate 

increases for all conditions, DMSO had more significant effects at the highest concentrations. (B) All solutions had 

increasing melting point depression with increased CPA concentration. (C) Heat of fusion depression had similar 

trends as melting point depression, but with DMSO and sericin solutions having closer m values. Error bars indicate 

±SEM, n=3. 

Figure 3-6B indicates the trends in melting point depression in CPA formulations. Unlike 

the freezing point, melting point depression followed a linear trend for all solutions tested. The 

DMSO solutions also containing 100 mM trehalose had a stronger effect on melting point 

depression at low concentrations of DMSO, but the trend disappears as the concentration of 

DMSO is increased. Sericin had significantly less effect on the melting point depression, 

however, the addition of 100 mM trehalose further reduced the melting point depression in these 

solutions.  

The heat of fusion depression follows similar trends to melting point depression. DMSO 

solutions have a stronger effect on depressing the heat of fusion, although high sericin 

concentration solutions (10%-20%) also significantly decrease the heat of fusion. The addition of 

100 mM trehalose has opposite effects on heat of fusion depression when added to DMSO and 

sericin, respectively. Addition of trehalose to DMSO solutions increased the heat of fusion 

depression across all concentrations, while it decreased the heat of fusion depression when added 
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to sericin solutions. This behavior indicates a different form of molecular interaction between 

DMSO-trehalose and sericin-trehalose. 

 

Figure 3-7 DSC analysis of CPA solutions: (A) CPA solutions are made with pure water and contain 100 mM 

trehalose, either 5% or 10% DMSO, various concentrations of sericin (0-5% w/v) Freezing point depression is 

plotted using an exponential decay function, which decreases with increasing sericin concentration (w/v). (B) 

Change in sericin concentration has small effect on the change in melting point. (C) A drop in heat of fusion 

depression at 1% sericin is highly pronounced with 5% DMSO. Error bars indicate ±SEM, n=3. 
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As a synergistic effect between trehalose and sericin was observed in DSC thermograms 

described above. CPA formulations containing DMSO (5% and 10%) with varying amounts of 

sericin and 100 mM trehalose were studies using DSC.  When sericin concentration is increased 

from 1 – 5%, a significant increase in freezing point can be observed in CPA formulations 

containing both 5% and 10% DMSO (Figure 3-7A).  Progressive addition of sericin results in 

marginal but linear increase in melting point for CPA formulations containing 10% DMSO, 

whereas in formulations containing 5% DMSO an opposite trend is observed (Figure 3-7B). Heat 

of fusion values in 5% DMSO based CPA formulations show a significant reduction initially 

with increase in sericin concentration. However, the trend is reversed on further addition of 

sericin. A similar trend with lower heat of fusion values is observed in CPA formulations 

containing 10% DMSO (Figure 3-7C).  

Figure 3-8A indicates the post-thaw membrane integrity of the HepG2 cells cryo-

processed using different CPA formulations. Membrane integrity for cells frozen in 5% and 10% 

DMSO were 46% and 73% respectively. The addition of trehalose to both 5% and 10% DMSO 

solutions resulted in increase in membrane integrity. The addition of 1% sericin to CPA solutions 

without trehalose resulted in an increase in a 20% increase membrane integrity with no 

additional gain in membrane integrity achieved by increasing the concentration of sericin. 

Adding 100 mM trehalose to CPA formulations containing 1% and 5% sericin in 10% DMSO 

resulted in a decrease of membrane integrity. The same trend is observed in CPA formulations 

containing 5% DMSO, with maximum loss of viability (25%) is observed in solutions containing 

both 5% sericin and 100 mM trehalose.  

Figure 3-8B describes the post-thaw growth kinetics of HepG2 cells that were frozen in 

the most successful initial viability conditions. All solutions for the growth analysis contained 
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10% DMSO to ensure optimal survival and to emphasize the effect of the additives in the 

solutions. 24 hours post-thaw, cell numbers of <50% of the initially counted viability were 

observed. Growth then continued in an expected exponential growth pattern for all solutions. The 

day 5 count begins to show a marginal separation between the cell growth from the solutions 

frozen in DMSO alone and the solutions containing additives with the solution containing both 

sericin and trehalose being the most effective. This trend becomes even more obvious on day 7. 

The cells frozen in solutions containing additives show growth significantly higher than that of 

the cells frozen in just DMSO. 

 

Figure 3-8 Health outcomes of mammalian cells for various CPAs A) Immediate membrane integrity for HepG2 

cells after freezing for various CPA solutions with and without trehalose. Solutions containing 10% DMSO overall 

showed higher membrane integrity. Error bars show ±SEM, n=3. B) Growth outcomes of HepG2 cells after freezing 
for various CPA solutions. Counts were performed immediately post-thaw (day 0), 3 days, 5 days, and 7 days post-

thaw. The solution containing both trehalose and sericin had optimal growth kinetics, while all solutions containing 

additives outperformed the solution containing only DMSO. Error bars show ±SEM n =4. 

3.4 Discussion 

Dimethyl sulfoxide (DMSO) is one of the most commonly used CPAs [4] even though 

the use of DMSO at high concentrations have been frequently and closely associated with 

cellular toxicity effects [5-7,35,36]. Use of additives that replaces or augments the cryoprotective 
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effect of DMSO have been explored as a viable strategy to reduce the need for higher 

concentration of DMSO in CPAs [37,38]. In this study we explored the effect of addition of 

sericin as an additive to DMSO and its impact on solution properties relevant to cryopreservation 

outcomes, including heat of fusion, freezing point, and H-bonding characteristics. 

The role of H-bonding in modulating cryopreservation outcomes is well accepted 

[24,39,40], there have been very few studies that directly link the H-bonding characteristics with 

the contents of CPA formulations. While some molecular dynamic simulation studies have 

looked at the effect of presence of CPA components such as DMSO, ethylene glycol and 

glycerol on H-bonding [40,41], experimental verification of the ability of the CPA components 

to influence H-bonding with water molecules is lacking. In the present study, a combination of 

Raman microspectroscopy and DSC based analysis was undertaken to understand the ability of 

sericin to influence H-bonding characteristics.  

A number of techniques, including Raman [42], NMR [43], X-ray [44], neutron 

diffraction [45], and femtosecond spectroscopy [46] have been used to study the effect of water 

molecules to understand associated physico-chemical effects. The Raman microspectroscopy 

technique used in this study is an excellent tool to characterize and quantify the effect of H-

bonding at molecular level in an aqueous environment at low temperatures [13,23]. The 

technique was used to characterize and quantify the nature of the H-bonding network by 

following changes in constituent peak intensities in the OH stretching regions in the Raman 

spectra in presence of sericin at different temperatures (Figure 3-2). In pure water the number of 

symmetrically arranged water clusters having lower energy forms increases at lower 

temperatures causing a characteristic increase in intensity of the symmetric OH stretching peak 

(Figure 3-2B). The opposite trend is observed for asymmetric OH stretching peak representing 
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incomplete water clusters. This observation is consistent with the cluster flickering phenomena 

described by Frank et al. [47] and can be quantified by comparing the rate of change of the 

intensities of symmetric and asymmetric peaks (Figure 3-2C) [23,47]. It was found that presence 

of sericin influences the ratio of the rate of change of the symmetric peak (msym) and rate of 

change of asymmetric peak (masym). This effect was particularly noticeable at higher sericin 

concentrations, decreasing the ratio significantly due to a decrease of incomplete water clusters 

and increase in overall number of strongly H-bonded water clusters (Figure 3-2D). Presence of 

DMSO in water-DMSO binary solutions is known to reduce the number of incomplete water 

clusters at lower temperature in similar fashion [31]. Considering the relationship between the 

number of symmetrically bonded water clusters and ice crystal formation [13], this indicates an 

ability of sericin to modulate ice crystal formation. This is highly significant given the fact that 

the number and size of ice crystal formation have been directly linked to post-thaw viability 

outcomes in several studies [13,48] and indicates the possible role played by sericin as an 

additive. At higher concentration of 5% sericin, there appears to be a significant increase in rate 

of change in asymmetric peak intensity with temperature. In addition to the change in number of 

H-bonded water clusters, the functional OH groups on sericin molecules may be a contributing 

factor to the intensity variation in asymmetric peak intensity.  

The effect of presence of sericin on formation of H-bonding in water clusters was 

extended to quantify the thermodynamic relationships. Van’t Hoff analysis was used to quantify 

enthalpy of H-bond formation using the spectral data (Figure 3-3B). A similar approach was 

employed by Dolenko et al. using Raman spectral data collected at different temperatures to 

quantify the differences in energy of hydrogen bonding between alcohol−water solutions [31]. 

The results indicate that the sericin can influence both enthalpy and entropy of solution by 
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modulating H-bonding interactions with water. The strongest effects were observed at a sericin 

concentration of 1% w/v where a difference of over 60% was noticed compared to pure water. 

The significant reduction in enthalpy indicates weakened H-bonding while the decreased entropy 

indicates a more highly ordered H-bonding network in presence of 1% sericin (Figure 3-3B and 

3-3C). However, with increase in sericin concentration, the trend is lost and possibly indicates an 

increase in incompletely formed water clusters. This is an important aspect that can be used to 

understand the critical parameters related to the extracellular environment at lower temperature 

in presence of sericin. While DMSO has a similar effect on enthalpy and H-bonding 

characteristics, studies indicate an absence of such trends with increasing concentrations[49,50]. 

The overall linear relationship between enthalpy and entropy in aqueous solutions of sericin 

(Figure 3-3D), despite significant depression of enthalpy at 1% w/v concentration, implies a 

strong trend of entropy-enthalpy compensation. This compensatory trend between entropy and 

enthalpy is a classic indicator of weak intermolecular interactions such as H-bonding [51,52]. he 

observed coordinated decrease in entropy and enthalpy at 1% sericin solution possibly indicates 

a decrease in entropy of activation which may indicate an increased steric hindrance. However, it 

is important to note that the degree of steric hindrance caused by the nature of the H-bonding 

network in presence of 1% sericin follow the overall reaction framework defined by the 

isokinetic line. Furthermore, in such an energetic framework, the reaction of forming a 

symmetric bond from asymmetric bond is significantly more favorable for 1% sericin solution in 

comparison with solutions containing higher concentration of sericin.  

Along with the intensities, a shift in Raman peak positions in OH stretching region 

indicates the change in energy characteristics of associated water clusters [34]. A shift towards 

lower wavenumbers indicates lower energy transition while a shift towards higher wavenumber 
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is generally associated with transition to higher energy state. The dynamics related to change in 

the wavenumber of peak positions in the OH stretching region of liquid water is often connected 

to the reorganization of H-bonding in the local solvent network [53]. However, being a collective 

phenomenon, it is difficult to quantify the extent of reorganization in the local H-bonding 

network. Recent studies indicate a linear relationship between the change in wavenumbers of the 

peaks in OH stretching region and the charge and energy transfer through donor-acceptor water 

pairs in water-clusters. This linearity of a hydrogen bond can be related to the bond stretch 

frequency exhibited by its components. Increased hydrogen bonding strength shifts the OH 

stretching band toward lower wavenumbers [34]. This shift is noticeably observed during the 

formation of ice, when the spectra shifts from a broad OH peak to a sharp OH band at a much 

lower wavenumber [54]. Both the symmetric and asymmetric peaks were found to exhibit a shift 

towards low wavenumber as temperature decreases. The ratio of the shift with change in 

temperature remains approximately proportional for all solutions tested (Figure 3-5A). 

Interestingly, observed differences between solutions with varying concentrations of sericin only 

become significant at lower temperatures (Figure 3-4C and 3-4D). This possibly indicates that 

sericin actively reduces the energy associated with the H-bonded water clusters at lower 

temperatures. While further studies are required to fully understand the effect of such behavior, it 

can be said that the rate of energy shift associated with H-bonded structure is more prominent 

among the water clusters incompletely bound by H-bonding (Figure 3-4B). For solutions 

containing 1% sericin, the symmetric and asymmetric peak shifts to higher wavenumbers are 

significant compared to water, indicating an overall weakening in bonding strength at low 

temperatures. These results agree with the general trend observed in Van’t Hoff analysis 

discussed above. 
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Spectroscopic studies were useful in developing an understanding of the fundamental 

effect of sericin on H-bonding in aqueous solutions. The thermodynamic parameters derived 

from DSC studies provide valuable insights to relate the concentrations and compositions of 

CPA solutions to post-thaw viability. During the slow cooling cryopreservation technique 

employed here, extracellular ice nucleation in supercooled condition is guided by the 

thermodynamic properties of the individual components of CPA formulation. A decrease in 

extracellular ice nucleation has been traditionally linked to the probability of incidence of 

generally lethal IIF in multiple studies [4,55,56]. Furthermore, increasing the concentrations of 

the non-permeating components of CPA formulations generally increase the tonicity of the 

extracellular solution and in turn causes the cell volume to decrease and intracellular osmolality 

to increase, which will also decrease the incidence of IIF [55]. This may be one of the 

contributing factors that can explain the increase in viability observed when certain additives are 

included in CPA formulation in addition to traditional permeating CPAs such as DMSO [18,19]. 

However, there is a possibility that additives such as trehalose and sericin may influence the 

thermodynamic properties of the extracellular solution in a unique way due to their synergistic 

interaction. When 100 mM trehalose is added to sericin solutions at different concentrations, a 

significant loss of freezing point depression trend is observed especially at the 10% w/v sericin 

concentration. (Figure 3-6A). A similar effect was observed when adding low concentrations of 

sericin (1-5% w/v) to DMSO based CPA solutions (Figure 3-7A). In addition to probabilistic 

decrease of IIF, such increase in freezing point may also prevent chilling injuries [57]. Sericin 

may also have a role to play in preventing re-crystallization injury. Studies with human oocytes 

indicate that post-thaw survival of cells can be maximized and incidence of IIF can be minimized 

by raising the freezing point close to the melting point of CPA formulation [56].  
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Sericin on its own has a minimal effect on melting point compared to DMSO. The 

addition of trehalose decreases the melting point even further, indicating the synergistic effects 

of trehalose and sericin (Figure 3-6B). However, this synergistic effect still has a lower impact 

compared to DMSO. This phenomenon is also observed by the minimal change to melting point 

caused by the addition of sericin to DMSO/trehalose-based CPA solutions (Figure 3-7B). 

Furthermore, the variation in heat of fusion value can be directly related to the difference in the 

nature of extracellular ice crystals formed [58]. Even though in a multi-component system, the 

concept of latent heat is complicated by the possible internal melting and freezing at microscale 

that can happen over a wide temperature range [59],  a variation in heat of fusion will generally 

indicate a change in the overall quantity of the ice crystals formed [60]. As seen in Figure 3-6C, 

increasing the concentration of sericin in CPA formulation does not change the quantity of ice 

formation at the same freezing rate compared to DMSO. However, with an addition of 100 mM 

trehalose the heat of fusion increases indicating a significant change in the amount of the ice 

formation. This observation is supported by detailed Raman microspectroscopic study of the 

nature of the ice crystal formation in presence of 100 mM trehalose in DMSO solution by 

Solocinski et al. [13]. Addition of 100 mM trehalose in sericin solution has a similar effect and 

one can assume similar trends in ice crystal formation as in a DMSO solution containing 100 

mM trehalose. This is another possible indication that trehalose and sericin can synergistically 

modulate ice formation in extracellular environments.  

The membrane integrity of HepG2 cells cryopreserved using the CPA formulations 

described here indicate a higher viability of CPA formulations containing 10% DMSO (Figure 3-

8). This observation is consistent with increased probability of intracellular damage due to 

formation of IIF when CPA formulations containing 5% DMSO as predicted by the calorimetry 
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studies. While the addition of 100 mM trehalose to 10% DMSO solution led to an increased 

membrane integrity in comparison to 10% DMSO solution, addition of 1% sericin (w/v) to 10% 

DMSO resulted in a considerable increase in membrane integrity. Effect of addition of 1% 

sericin to 10% DMSO solution was higher than the CPA formulations containing 100 mM 

trehalose to 10% DMSO solution. This indicates the superior nature of sericin as an additive. 

While the thermogravimetric studies indicate distinct synergistic advantages of using both 

trehalose and sericin as an additive in 10% DMSO solution, the membrane integrity data indicate 

a 5% decrease, possibility due to increased hyperosmotic exposure and solution effects injury 

[55,61]. The post-thaw growth study indicates that additives can enhance long-term viability and 

growth characteristics of HepG2 cells after freezing. By day 7, there was a significant difference 

between all of the additive-containing solutions and the solution containing just DMSO, 

indicating a quicker return to normal cell growth kinetics. Interestingly, the day 1 count indicated 

a >50% loss of cells from the initial post-thaw count for all conditions. We attribute these losses 

to late onset apoptosis and the semi-rigorous procedure for trypsinizing and counting cells 24 

hours post-thaw. Further studies are underway to investigate the long-term impacts of the use of 

sericin as a CPA additive on cellular growth and health.  

The study presented here provides important insight to how sericin impacts the H-

bonding network and thermophysical properties of the CPA formulation during cryopreservation 

and provides a practical approach towards using sericin in CPA formulation as an additive to 

ameliorate post-thaw injuries in culture condition. While the prospect of using additives to 

reduce DMSO in CPAs is highly attractive, further research is required to optimize solution 

contents and determine what other additives can enhance preservation outcomes. 
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Chapter 4 Optimization and Cellular Evaluation of Cryopreservable Hydrogel  

 

4.1 Introduction 

The cells that make up tissues and organs in our bodies function and interact in a three-

dimensional (3D) environment. However even today, most cells are cultured virtually in two 

dimensions (2D). Forcing cells to adapt to an in vitro 2D extracellular matrix (ECM) can cause 

changes to the metabolism and typical functionality. In a research scenario, these changes 

manifest as results that do not properly model the parallel in vivo system [1], [2]. Major 

phenotypic differences in cell survival, differentiation, signaling, and migration have been 

illuminated when comparing cells in different geometric environments  [3], [4]. Clearly, there is 

a need for more biologically relevant and controllable 3D cell culture systems where cells can 

grow, differentiate, and function similarly to how they would in a physiological system. 

An example of the potential of in vitro 3D cell culture systems is in drug discovery and testing. 

A study shows that only 12% of drugs which make it to clinical trials are approved for use in 

humans [5]. This statistic indicates the need for more reliable cell and tissue models that can 

reveal a drugs lack of efficacy in biologically relevant systems to improve the failure rate of 

clinical trials. In addition, appropriate cell models would reduce the application of animal testing, 

especially for toxicity studies that have a high risk of being harmful [6], [7]. In fact, Atkins et. al. 

show that animal models are actually poor predictors of human toxicity in phase I oncology trials 

[8]. So, by developing improved 3D cancer cell models which are directly cultured from patients, 
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we can better predict the clinical outcome of treatments such as chemotherapy without the use of 

animal testing [9].  

Nearly all cells that make up tissue are surrounded and attached to an extracellular matrix 

(ECM). The ECM is made up of some 300 different proteins. Some of the major components 

include collagens, proteoglycans, elastin, and cell-binding glycoproteins, each with distinct 

physical and biochemical properties and functions [10]. There are several materials that have 

demonstrated applicability to provide a pseudo-ECM that can mimic several mechanical and 

biological properties. Polymer hydrogels are similar in structure to mammalian ECM [11] and 

are commonly used for cell entrapment which involves suspending the cells in a gel precursor 

and then initiating the gelation process either covalently or ionically [12]. Some examples of 

synthetic polymers that can form hydrogels are polyethylene glycol (PEG) [13], 

poly(hydroxyethyl  methacrylate) (polyHEMA) [14], Polyvinyl Alcohol (PVA) [15], and 

polycaprolactone (PCL) [16]. Natural  polymers  (and polymeric proteins)  able  to  form 

hydrogels  are  alginate [17],  chitosan [18], hyaluronan [19],  dextran [20],  collagen [21],  and  

fibrin [22].  

There are many factors to consider when selecting a material for hydrogel cell 

encapsulation. Synthetic polymers possess more reproducible mechanical and physical properties 

than natural polymers, however, many are avoided due to harsh cross-linking conditions [23]. 

With that being said, some synthetic polymers, such as PEG-acrylates [24], have been proven 

suitable for cell based hydrogel formation. Natural polymers of animal origin have strong 

biocompatibility, although using these results in a loss of experimental control due to high batch 

to batch variability. In addition, there are immunological and xenogeneic exposure concerns with 

these materials, especially in a clinical setting [25].  
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Non-animal origin nature polymers have less harsh gelation properties, while still 

maintaining strong biocompatibility. Alginate hydrogels have proven highly applicable for cell 

encapsulation due to its ability to crosslink in physiological conditions. Other properties that 

make alginate hydrogels desirable are gentle dissolution for cell retrieval, a pore network that 

allows the diffusion of nutrient and waste products, relative inertness, and easy manipulation of 

mechanical properties. Since alginate was first used to encapsulate pancreatic islets in 1980  [26], 

it has been heavily characterized for 3D cell culture of a multitude of cellular systems [27]–[31]. 

Clinical translation of novel 3D cell encapsulation-based technologies requires the development 

of efficient preservation techniques that allow long-term storage and acceptable 

viability/functionality post-preservation. Cryopreservation is the best option for long-term 

storage of cellular material and has been extensively used for banking of cell lines. However, 

there is a minimal amount of research regarding cryopreservation of hydrogel encapsulated cells.  

Pradvyuk et. al. compared the efficacy of different cooling techniques on alginate encapsulated 

mesenchymal stem cells (MSCs) and found that the MSCs slow cooled with controlled ice 

nucleation were able to achieve multilineage differentiation following thawing [32]. Another 

group compared conventional freezing and vitrification of myoblast cells encapsulated in RGD-

alginate hydrogels and concluded that conventional freezing was ideal due to simplicity of 

procedure and slightly superior post-thaw outcome [33]. Malpique et. al. determined using 

alginate encapsulation to cryopreserve neurospheres resulted in reduced recovery time and 

fragmentation post-thaw [34]. These studies confirm the efficacy of alginate encapsulated for 

cryopreservation, however, to the best of our knowledge no one has optimized the specific 

procedure and cryoprotective formulations used for alginate encapsulated cryopreservation.  
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In this study, a metabolic assay is used to assess and optimize each step of the slow-

cooling cryopreservation process of alginate encapsulated hepatocytes. Following process 

optimization, several post-thaw metabolic comparisons were performed to determine the optimal 

cryoprotective solution the hydrogels are frozen in. The results indicate incubating the cells for 

24 hours after encapsulation is the most significant step to improve post-thaw viability. In 

addition, solute injury appears to play a more significant role for encapsulated cryopreservation. 

This was indicated by a reduction in post-thaw metabolism of cells preserved in solutions 

containing additional additives that are typically used to improve cell suspension preservation. 

The optimal CPA formula was subsequently adjusted considering these findings.  

Following optimization studies, viability, growth, and metabolic studies were performed 

on cryopreserved hydrogels containing three cell types of different tissue origin – HepG2, Neuro 

2A, and RAW 264.7 cells. Because the optimization studies were performed using HepG2 cells, 

it is not surprising that these cells displayed the highest initial survivability (68%), followed by 

Neuro 2A cells (46%), and RAW cells (31%). In addition, each cell type displayed different 

growth and metabolic characteristics following thawing. These results suggest the suggested 

cryopreservation protocol and CPA formulation is acceptable for a multitude of cell types; 

however, to maximize post-thaw application, each cell type would require its own ECM, 

cryopreservation protocol, and CPA optimization study. This research is a good starting point for 

the creation of novel cryopreservation protocols of hydrogel encapsulated cells and other 3D 

pseudo-ECM applications. 
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4.2 Materials and Methods 

4.2.1 Cell Culture 

Human hepatocellular carcinoma (HepG2), mouse neuroblastoma (Neuro 2A), and 

mouse macrophage (RAW 264.7) cells were obtained from the American Type Culture 

Collection (Manassas, VA) and grown in 25 cm2 culture flasks (Corning Inc. Corning, NY). 

HepG2 cells were cultured in Opti-MEM (Gibco) culture media supplemented with 5% fetal 

bovine serum (FBS) (Gibco) and penicillin-streptomycin to yield final 100 units/mL penicillin G 

and 100 µg/mL streptomycin sulfate (Hyclone-Thermo Scientific, Logan, UT). Neuro 2A and 

RAW 264.7 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 

with 10% FBS and penicillin-streptomycin (same concentration as Opti-MEM). All cells were 

incubated in an atmosphere of 5% CO2
 and 95% air.  

4.2.2 Alginate Preparation and Cryopreservation 

Sodium alginate powder was procured from Sigma Aldrich (St. Louis, MO). Alginate 

powder was dissolved in deionized and distilled 18 MΩ water (Gibco) to reach desired 

concentration. The cells were detached and collected from culture flasks using trypsinization 

followed by centrifugation and resuspension in growth media. Typical experimentation used an 

initial alginate concentration of 2.5% (w/w) and was mixed 4:1 concentration with the cell 

solution. The final concentration of alginate in pre-gel solution becomes 2% (w/w) and the 

concentration of cells used targeted 1x105 cells per hydrogel. 100 µL of pre-gel solution was 

pipetted into each well of a 96-well plate, followed by 200 µL of a 100 mM calcium chloride 

(CaCl2) solution. The plate was then placed inside of cell incubator for 1 hour for the alginate 

hydrogels to form. Afterward, hydrogels are removed from wells and undergo several wash 
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cycles in phosphate buffered saline to remove excess CaCl2 solution. Several hydrogels are then 

placed in each 20 mm culture dish containing appropriate cell culture medium. 

Before cryopreservation, hydrogels are typically allowed to equilibrate in culture for 24 

hours. The cryopreservation protocol begins with removing 3 hydrogels from culture and 

immediately placing in the cryovial containing cryopreservation solution (CPA). A passive 

freezing container that can hold up to 12 cryovials and capable of controlling the cooling rate at 

1°C/min (Cool Cell LX, 137 Biocision, Menlo Park, CA) was used to store samples at cryogenic 

temperatures. Hydrogels were stored at -80°C for a minimum of 24 hours. The thawing 

procedure consists of quickly thawing each cryovial in a 37°C water bath until both the CPA and 

hydrogels are completely unfrozen. The hydrogels are removed from the cryovial and 

immediately washed in culture media several times to remove lingering CPA that could be toxic 

to the cells. The gels are then moved into culture dishes with media and placed in incubator until 

further processing is necessary. Figure 4-1 provides a general schematic for the formation and 

preservation of HepG2 encapsulated hydrogels. 

 

Figure 4-1 Visual schematic of cell encapsulated hydrogels and their subsequent cryopreservation 
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4.2.3 Resazurin Based Metabolic Assay 

The metabolic activity of the cells in each hydrogel was directly assessed using a 

resazurin-based in vitro toxicology assay kit (TOX8, Sigma Aldrich). Each hydrogel was placed 

into a well of a 48-well plate containing 300 µL of solution that was 90% PBS and 10% 

resazurin solution (v/v). After incubation for a specified time, hydrogels are stirred in well and 

resazurin solution is collected. Two end point absorbance readings are collected at 600 nm and 

690 nm for each sample. Final Absorbance = Absorbance (600 nm)-Absorbance (690 nm). 

4.2.4 Dissolution of Alginate Hydrogels and Cell Quantification 

Cell-laden alginate hydrogels were incubated for 30 minutes in 50 mM sodium citrate 

solution to dissolve gelled alginate. Post-dissolution, 5 mL of cell culture medium was added 

cell-containing solution to reduce viscosity and chelator concentration. The solution is then 

centrifuged and removed, followed by resuspension of the cells in growth media. Cell numbers 

were then quantified using hemacytometer (Hausser Scientific, Horsham, PA) counts and 

membrane integrity was assessed using trypan blue exclusion. 

4.2.5 Fluorescence Based Assessment of Viability and Growth 

Cells were identified inside of post-cryopreserved hydrogels using the nucleic acid stain 

SYTO13 (ThermoFisher Scientific, Waltham MA). Dead cells were identified using Ethidium 

Bromide (EtBr) dye. A SYTO-EtBr stain was formed using final concentrations of 125 µM 

SYTO13 and 250 µM EtBr. Hydrogels were incubated in a solution containing 10% stain and 

90% PBS for 20 minutes. Gels were then washed several times in PBS to diffuse out as much of 

the remaining stain as possible. Fluorescence images were collected with an IX73 microscope 

(Olympus Corp, Tokyo, Japan) containing a custom band filter with FITC/DAPI (Semrock, West 
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Henrietta NY), and a QImaging (BC, Canada) microscope camera. Analysis of fluorescent 

images was performed using ImageJ particle analysis tool. A chemical and spectroscopic 

schematic are visualized in figure 4-2.  

 

Figure 4-2 Resazurin Schematic: Chemical reaction responsible for the reduction of the resazurin molecule. 

Absorbance peaks shift to lower wavelength with the molecule’s reduction to resorufin. 

4.3 Results and Discussion - Optimization of Cryopreservation for HepG2 Encapsulated 

Alginate Hydrogels 

4.3.1 Alginate Precursor Formulation 

The optimization of alginate hydrogel cryopreservation can be broken down into three 

major objectives: Bio-ink optimization, protocol optimization, and CPA optimization with the 

latter two objectives being of primary focus. Figure 4-3 compares the recovered metabolic 

activity of HepG2 cells encapsulated in different alginate concentrations (1, 2, and 3% w/v).  
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Figure 4-3 Post-Thaw Metabolic Activity of Alginate Formulations: Alginate hydrogels contain sodium alginate 

concentration between 1-3%. The cryopreserved samples are compared to non-frozen cells (positive control) and 

cryopreserved hydrogels without cells (negative control). Error bars represent ±SEM, n = 3. 

Under standard conditions (positive control), all three concentrations of hydrogel 

promote high viability and metabolic activity, but lower alginate concentrations are moderately 

superior. Similarly, the 1% and 2% alginate concentrations resulted in significantly higher 

metabolic activity post-cryopreservation compared to the negative controls. Again, the lowest 

concentration appears to have moderately stronger metabolic activity, although there are 

degradation and workability concerns at this lower concentration. For these reasons, further 

studies were performed using 2% alginate hydrogels. 

4.3.2 Protocol Optimization 

Further optimization was performed to the cryopreservation protocol itself. The slow-

cooling protocol for alginate hydrogel cryopreservation is similar to that of standard cellular 

suspension freezing with some other considerations due to the 3D encapsulation structure. If the 

hydrogels are not exposed to CPA diffusion for an ample period to reach the inner encapsulation 
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structure, the cells experience intracellular ice formation (IIF) injury. In addition, there are 

cytotoxic injuries at longer CPA exposure times [35], [36]. Therefore, it is important to 

determine whether CPA incubation is required or detrimental protocol for the cells.  

 

Figure 4-4 Post-Thaw Metabolic Activity of Hydrogels Subject to Differing CPA Incubation Conditions: The 

hydrogels subject to no CPA incubation were immediately cryopreserved following gelation. The other two 

conditions sustained 30-minute CPA incubation periods at 4°C and 37°C respectively. Positive control represents 

cells that did not undergo cryopreservation. Error bars represent ±SEM, n = 3. 

Figure 4-4 compares immediate post-thaw metabolic activity of encapsulated HepG2 

cells subject to three different CPA incubation protocols. No incubation describes placing the 

freshly created hydrogels into the CPA solution and immediately starting standard 

cryopreservation protocol. The other two incubation conditions comprise of a 30-minute 

incubation in the CPA either at 4°C or 37°C. The hydrogels that were not subject to a CPA 

incubation display moderately higher metabolic activity following cryopreservation, while the 

30-minute incubation at low temperatures resulted in the lowest metabolic activity. Because 

these experiments were performed using slow-cooling cryopreservation, it is likely the 

encapsulated cells are exposed long enough during the 1°C/min cooling process to prevent IIF. 

CPA incubation would become more prominent for hydrogels of larger volume, less porosity, or 
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using cryopreservation protocols that involve less inherent incubation times (vitrification). 

Interestingly, the 30-minute incubation at 4°C resulted in lower metabolic activity than the 30-

minute incubation at 37°C. This result disagrees with other studies that conclude DMSO and 

other membrane-penetrating CPAs are more toxic at higher temperatures [37], [38]. However, it 

is difficult to conclude whether this is a discernible difference for hydrogel freezing or if “cold-

shock” reduction of metabolic activity [39] is outweighing cytotoxicity of DMSO for short 

incubation times. We can conclude that CPA incubation is unnecessary and even detrimental to 

post-thaw HepG2 metabolism and will therefore not be included in slow-cooling protocol. 

3D structure also needs to be considered when thawing slow-cooled hydrogels back to 

ambient temperatures. Figure 4-5 compares the immediate post-thaw metabolic activity of 

HepG2 encapsulated hydrogels for thaw times ranging between 60 and 120 seconds.  

 

Figure 4-5 Comparison of Post-Thaw Metabolic Activity for Differing Thaw Times: Thaw times ranged between 60 

seconds and 120 seconds. Hydrogels thawed at low end of time spectrum do not undergo full thawing until later in 

protocol. In comparison gels thawed at high end of time spectrum have been thawed and undergo shear stress due to 

thawing procedure. Error Bars represent ±SEM, n = 3.” *” represent ANOVA with p value < 0.05. 
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The metabolic activity is measured as a percentage of the positive control cells that did 

not undergo cryopreservation. There was no significant metabolic difference between the 60, 80, 

and 100 second thaw time conditions; however, there appears to be a moderate linear 

improvement up until 100 seconds. We hypothesize that this is due to incomplete hydrogel 

thawing for the 60 and 80 second conditions. The metabolic activity then steeply drops off at the 

120 second condition.  This is likely due to sheer stress from thawing procedure injuring the 

encapsulated cells that have already been fully thawed. The results indicate there is an optimal 

thawing time of approximately 100 seconds for these hydrogels as there are cell injury 

considerations on both sides of the non-optimal spectrum. It is also important to note that optimal 

thaw times will likely change if the CPA or bio-ink formulation is changed. 

The final protocol-based optimization performed tested the importance of pre-

cryopreservation alginate incubation and the addition of 5 mM L-glutamine to the bio-ink 

formula. L-glutamine is an essential amino acid that is commonly included in mammalian cell 

culture media to promote growth and metabolism [40]. In addition, L-glutamine has been used as 

been shown to improve cryopreservation outcome of mammalian spermatozoa cells [41]. 

Figure4-6 displays these post-thaw metabolic activities as percentages of respective positive 

controls (not frozen) to remove metabolic contribution from growth; however, it is important to 

note that due to potential maximum reduction of resazurin to resorufin this normalization could 

be unreliable.  
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Figure 4-6 Post-Thaw Metabolic Activity Comparison of Equilibration and L-Glutamine in Alginate Precursor: 

Cells without incubation were immediately frozen after gelation, while other condition is frozen 24 hours after 

gelation. The L-glut condition contained an additional 5 mM L-glutamine in the alginate precursor solution. . Error 

Bars represent ±SEM, n = 3.”*” represent ANOVA with p value < 0.05. 

The addition of L-glutamine resulted in a moderate increase in post-thaw metabolic 

activity for both incubation conditions. More significant differences were observed when 

comparing the incubation conditions of the hydrogels. Gels that were incubated for 24 hours 

before cryopreservation had a 18% and 20% increase in metabolic activity for the added L-

glutamine and no added L-glutamine conditions. These results would suggest that allowing the 

cells to equilibrate for 24 hours in the hydrogel pre-cryopreservation is beneficial to post-thaw 

metabolic activity and that the addition of L-glutamine to the bio-ink is most-likely is not 

beneficial enough to incentivize further use.  
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4.3.3 CPA Formulation 

The remaining optimization studies are focused on characterizing and improving post-

thaw metabolic activity of encapsulated HepG2 cells by adjusting the CPA formulation. The base 

CPA that is commonly used for HepG2 suspension freezing consists of 90% Opti-MEM media 

that is supplemented with 5% (v/v) serum and 10% DMSO. Previous studies have shown the 

benefit of using CPA additives such as trehalose and sericin to improve post-thaw biological 

outcome. Therefore, these studies begin by assessing previously optimal additive formulations 

(100 mM trehalose and 1% w/v sericin) to determine whether they have the same beneficial 

effect on hydrogel cryopreservation. 

 

Figure 4-7 Additive Comparison Post-Thaw Metabolic Activity: Base CPA contained Opti-MEM media 

complimented with 5% FBS and 10% DMSO. Further CPA additives are 100 mM trehalose, 1% (w/v) sericin or 

both. Error Bars represent ±SEM, n = 3. 
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and base CPA with both concentrations of additives. Surprisingly, the addition of any additive to 

the base CPA solution resulted in a negative impact on the post-thaw metabolic activity. In 

particular, the conditions including 100 mM trehalose had significantly lower metabolic activity 

and there was no observable color change of the resazurin solution during the assay. Other 

studies have highlighted the potential risk of osmotic injury when using trehalose in CPA 

formulations at a concentration higher than 100 mM [42]. It is possible that osmotic stress injury 

is enhanced in the 3D hydrogel cryopreservation and further studies were performed to study this 

phenomenon.  

It is possible that the osmolarity of the base CPA is already cryogenic injury in the 

alginate encapsulated environment. Typical Opti-MEM media has an average osmolality of 

272.7 mOsmol/kg [43] and the added FBS typically has an osmolality between 280-340 

mOsmol/kg [44] depending on the batch. So, a 5% v/v FBS supplemented Opti-MEM media 

should have an estimated osmolality of ~275 mOsmol/kg or osmolarity of 275 mOsmol/L.  

 

Figure 4-8 Metabolic Activity of CPA Solutions Containing Different Concentrations of Media: Media 

concentration differs between 0x (pure water solvent) and normal 1x media. Error Bars represent ±SEM, n = 3.”*” 

represent ANOVA with p value < 0.05. 
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 Figure 4-8 compares the post-thaw metabolic activity of HepG2 encapsulated cells that 

were frozen in CPA solutions that are made up of different concentrations of media + 10% v/v of 

DMSO. The 1x is our base CPA. The 0.5x and 0.25x media concentrations are base media that is 

diluted with pure water and the 0x CPA contains pure water with DMSO. The data shows that 

cell hydrogels frozen in CPA solutions containing full concentration of media and no media had 

the lowest metabolic profile after cryopreservation. Diluting the media concentration by half 

resulted in a moderate uptick of metabolic activity post-thaw, but the cells frozen in CPA 

solution containing a quarter of the typical osmolarity from the media had significantly higher 

metabolic activity. These results suggest reducing the osmolarity via media dilution is an 

effective technique to improve post-thaw cellular outcome. In addition, it appears that the 

alginate encapsulation of the cells itself is adding to the osmolarity of the cells during 

cryopreservation. This could be one explanation for why the cells frozen in lower concentration 

alginate encapsulations had higher metabolic activity post-thaw. This is a potential opening for a 

large breadth of research moving forward in encapsulation freezing; however, this research 

continues using the same alginate encapsulation characteristics and attempts to improve post-

thaw outcome by improving CPA formulation.  

The next study determines whether trehalose can be added at lower concentrations by 

reducing osmolarity of the CPA through media dilution.  
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Figure 4-9 Comparison of CPA Formulations with Differing Media and Trehalose Concentration: Reduction of 

media concentration appears to allow slight increase in trehalose concentration without negative impact. Error Bars 

represent ±SEM, n = 3.” *” represent ANOVA with p value < 0.05. 

Figure 4-9 compares the post-thaw metabolic activity of encapsulated HepG2 cells that 

are frozen in varying media and trehalose concentrations. The data from Figure 4-9C agrees with 

previous data from Figure 4-7 that the encapsulated cells frozen in non-diluted media with 100 

mM trehalose have significantly lower metabolic activity post-thaw. This data also suggests that 

lower concentrations of trehalose (25-50 mM) can be used without the negative effect; however, 

no positive impact can be statistically differentiated. In addition, diluting the media concentration 

appears to allow a higher concentration of trehalose to be added into the CPA without major 

negative cellular outcome. The cells frozen in 0.5x diluted media were able to withstand up to 

100 mM trehalose with a minimal impact on the post-thaw metabolic activity. Further dilution 

allowed a positive impact on the post-thaw metabolic activity of the cells up to 100 mM 

trehalose, but still see major decline in metabolic activity at the 200 mM condition. This data 

supports the osmolarity injury hypothesize proposed previously. If it is assumed that media 

osmolarity is approximately 275 mOsmol/L, then a 50:50 dilution reduces the osmolarity by 

137.5 mOsmol/L and a 25:75 dilution reduces osmolarity by 207 mOsmol/L. Data from Figure 

4-9C suggests that the osmolarity of the CPA solution can be potentially raised to ~300 

mOsmol/L before significant negative impacts are observed. A 0.5x media dilution CPA with an 
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additional 100 mM trehalose is still well under that 300 mOsmol/L limit, while an additional 200 

mM trehalose goes over the limit. Interestingly, the CPA containing 0.25x diluted media and 200 

mM trehalose would still be under the supposed osmolarity limit, however a significantly 

negative cellular metabolism is still recorded. This data suggests that membrane damage caused 

by an increase in solutes may be more significantly connected to tonicity instead of osmolarity 

alone. Tonicity is considered effective osmolarity and is affected by solutes that are restricted to 

one side of the membrane [45]. There are several dissolved molecules in media that add to the 

osmolarity; however, they do not add to tonicity because they are able to cross the plasma 

membrane freely. Therefore, a direct reduction in media osmolarity does not allow 100% 

replacement by an effective osmol such as trehalose.  

A CPA formulation study would not be complete without examining arguably the most 

important component DMSO. DMSO is considered a membrane penetrating cryoprotectant that 

is used in most standard CPA formulations. At higher concentrations, DMSO is toxic to cells 

within a relatively short period of time; therefore, it is important to determine optimal DMSO 

concentrations within different CPA formulations. 

 

Figure 4-10 Comparison of CPA Containing Differing Concentrations of Media and DMSO: Decreasing media 

concentration shifts the optimal DMSO concentration for hydrogel cryopreservation. . Error Bars represent ±SEM,  

n = 3. 
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Figure 4-10 compares the post-thaw metabolic activity of encapsulated HepG2 cells 

frozen in CPAs consisting of different concentrations of media and DMSO. Interestingly, the is 

an observable shift in the optimal DMSO concentration as the media concentration of the CPA is 

diluted. At normal media concentrations, immediate post-thaw metabolic activity is measured 

highest for the 15% DMSO concentration. Interestingly, the cells frozen in 5% DMSO for this 

media condition performed equally as the cells frozen without any DMSO. In addition, there is a 

significant drop-off of metabolic activity at the highest DMSO concentration (20%) due to the 

toxicity issues for the cells. As the media concentration is dropped, the optimal DMSO 

concentration shifts and the 5% DMSO condition performs equal to (0.5x) or higher than the 

other conditions (0.25x). This data suggests that the addition of DMSO to the CPA helps to 

mitigate solute injury sustained during cryopreservation. This is most likely explained by 

DMSO’s ability to increase membrane porosity, allowing water and other larger dissolved 

molecules to flow through the membrane more freely, this decreasing the osmotic pressure [46], 

[47].  

These results have potential implications for the reduction of toxic DMSO in CPA 

formulations. A similar study was performed on cells cryopreserved using the suspension 

freezing method to determine whether these findings are limited to hydrogel freezing.  
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Figure 4-11 Comparison of Media and DMSO Change in CPA for Suspension Freezing: Cells were frozen in 

suspension instead of encapsulation. At higher media concentrations, addition of DMSO results in linear increase of 
membrane integrity. At lower media concentration, DMSO has plateauing beneficial effect at higher concentrations. 

Error Bars represent ±SEM, n = 3. 

Figure 4-11 compares immediate post-thaw membrane integrity counts of HepG2 cells 

suspension cryopreserved using the slow-cooling method in differing concentrations of media 

(0.5x, 1.0x, and 2.0x) and DMSO (0-15% v/v). Cells frozen in the lower media concentrations 

(0.5x and 1.0x) had higher overall viabilities for all DMSO concentrations. Similarly, to the 

hydrogel studies, the 5% DMSO CPA condition was highly ineffective at producing viable cells 

post-cryopreservation with the highest media concentration (2.0x). In addition, the 15% DMSO 

condition produced significantly higher post-thaw viability compared to the lower 

concentrations. With lower overall solute concentration in the CPA, there is no statistically 

significant difference in the post-thaw viability of the cells frozen in solutions containing 5,10, or 

15% DMSO. These results closely agree with what was observed in the hydrogel freezing 

experiments; however, it is important to note that these studies only consider membrane 

integrity. The minor differences observed in the CPA effectiveness may be due to a disconnect of 

cell viability and cell metabolism after cryopreservation.  
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The final CPA formulation study focused again on the use of sericin as an additive to the 

CPA formula. Previous studies showed that the addition of sericin was detrimental to post-thaw 

metabolic activity of the cells frozen in the standard CPA formulation.  

 

Figure 4-12 Comparison of Sericin Additive: Post-thaw metabolic activity if evaluated for gels frozen with 0.5x base 

CPA + 0-2% w/v sericin. Reducing media concentration to 0.5x allows minor beneficial impact on metabolic 

activity with sericin. Error Bars represent ±SEM, n = 3. 

Figure 4-12 examines post-thaw metabolic activity of encapsulated HepG2 cells that 

were frozen in a CPA formulation containing the 0.5x media dilution and different 

concentrations of sericin (0-2% w/v). Results prove that the addition of up to 2% sericin to the 

CPA can have a positive impact on post-thaw metabolic activity of the cells in the lower tonicity 

media solutions. However, it is important to note that the potential impact is minimal and non-

statistically significant.  
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4.3.4 Final Alginate, Protocol, and CPA Selection 

The final product of the optimization studies is primarily focused on maximizing post-

thaw metabolic output of encapsulated cells. Other secondary factors are considered and often 

account for reasoning why a more extreme parameter was not selected for use in further 

cryopreservation studies and will be discussed in detail. The protocol for slow-cooling hydrogel 

freezing is like that of typical cell suspension freezing. A 24-hour equilibration period was added 

to the protocol to begin forming their own ECM and start growing as they would in a normal 

physiological environment. This step could also potentially allow higher concentrations of CaCl2
 

to be used for gelation as there would be ample time for the excess CaCl2 molecules to diffuse 

out of the hydrogel. It was determined that no additional CPA incubation step was required for 

hydrogels with these specific geometric and porosity properties; however, it would be important 

to consider this step should major changes be made to these properties. Finally, a rapid thawing 

step using water bath agitation was again optimized for these specific bio-ink and CPA 

properties. Although, if the thaw-time is not the low or high extreme, there should not be a major 

impact on the cellular health from this step alone.  

Many of the major discoveries were made in the bio-ink and CPA formulation studies. 

After several studies it appears that bio-ink formulation has a significant impact on the post-thaw 

cellular outcome. Preliminary studies suggested that using a lower concentration (1% w/v) of 

alginate for gelation would result in improved post-thaw metabolic activity; however, it was not 

significant compared to the 2% alginate concentration at the time and it was selected for further 

studies. CPA formulation studies suggest that the alginate encapsulation is adding to osmotic 

pressure applied and therefore makes the use of other additives non-beneficial. Other studies 

have shown that sodium alginate itself has cryoprotective abilities both in a gel and non-gel form 
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[48], [49], so the addition of other non-membrane penetrating additives may have higher 

potential for negative impact without significant CPA or bio-ink modulation. For this reason, no 

additional trehalose or sericin are used in the final CPA formulation for alginate hydrogel 

freezing. Further studies are required to determine whether lower alginate concentration would 

make a significant difference on metabolic activity and solute concerns. The final bio-ink for this 

research will utilize the 2% alginate hydrogels for workability and tested success reasons and 

will adjust the CPA around the bio-ink selection.  

There are many factors to consider when choosing DMSO concentration in the CPA. The 

alginate and suspension freezing data supports the conclusion that DMSO is more necessary 

when the overall extracellular environment has a higher osmolarity or tonicity (including the 

CPA). With this is mind, the 5% DMSO condition was only effective at the lowest media 

concentration (0.25x) and there are time considerations to consider when using this low of a 

media concentration for cells that may be exposed to this environment for longer periods of time. 

The 10% DMSO concentration is the most commonly for suspension freezing [50] and gives the 

most consistently high post-thaw metabolic activity output other than the 15% concentration. 

Ultimately the 10% DMSO concentration was chosen for the final CPA selection due to toxicity 

concerns of the 15% DMSO condition. In addition, the use of a 0.5x diluted media was chosen as 

this is the concentration where the 10% DMSO condition was the most optimal. Further studies 

will test viability, growth, and metabolism characteristics of multiple cell types frozen using 

these specifically chosen parameters.  

4.4 Results and Discussion – Evaluation of Optimized Cryopreservation System 

Previously, a broad optimization study was performed to adjust the hydrogel properties, 

cryopreservation protocol, and CPA formulation to optimize the immediate post-
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cryopreservation metabolic activity of HepG2 cells. The remaining research was focused on 

evaluating whether this cryopreservation methodology is effective long-term health and growth 

of HepG2 cells. In addition, identical studies were performed on two other cell types of 

neurological and immunological origin to determine whether this exact methodology can be 

applied to a multitude of cells or whether further optimization is required for each cell type. 

4.4.1 HepG2 Cells 

To begin, the metabolic activity of encapsulated HepG2 cells was evaluated across 7 days 

under both frozen and non-frozen conditions. Figure 4-13 plots the metabolic activity of non-

frozen encapsulated HepG2 cells. The data points represent absorption readings performed the 

day of encapsulation (day 0), 1-, 4-, and 7-days following encapsulation. 

 

Figure 4-13 Metabolic Grow-out of Non-Frozen HepG2 Hydrogels: Grow-out data collected from 0-7 days. Data 

fitted with exponential decay model. Error Bars represent ±SEM, n = 3. 

The plotted data is fitted with an exponential decay model. This data suggests that there is 

no lag period of growth or metabolism for HepG2 cells following encapsulation. In addition, 

there appears to be a plateau phase to the metabolism at later days in the experiment; however, it 
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is likely this plateau is due to the limited reduction capacity of the resazurin molecule. Figure 4-

14 plots the same grow-out metabolic activity for encapsulated HepG2 cells following 

cryopreservation.  

These data points are fitted with a sigmoidal model due to the 1–2-day metabolic growth 

lag experienced by cells. Following this lag period, the cells enter an exponential growth phase, 

and a reach a similar plateau observed for the non-frozen cells. 

 

Figure 4-14 Metabolic Growth Profile of Cryopreserved HepG2 Hydrogels: Metabolic activity follows sigmoidal 

model from day 0 to day 7. Error Bars represent ±SEM, n = 3. 

A grow-out cell quantification study was performed on frozen encapsulated HepG2 cells 

to confirm that most metabolic activity change was due to cellular growth inside of the hydrogel. 

Hydrogels were dissolved using a calcium chelator and counted using standard trypan blue 

exclusion technique.  
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Figure 4-15 Cell Quantification of Cryopreserved HepG2 Hydrogels: Cells maintain exponential growth following a 

short lag period at day 1. Inset figure plots pre-freeze viability to post-freeze viability. Error Bars represent ±SEM,  

n = 3. 

Figure 4-15 plots the subsequent cell counts following cryopreservation. The inset figure 

plots the comparison of live cells within the hydrogels immediately pre-freeze and post-freeze. 

The immediate post-thaw viability was calculated to be 66.8% ± 10.7%. Growth following 

cryopreservation is characterized by a minor lag period and continual exponential growth 

throughout the 7-day period. Cell number is plotted against cell metabolic activity for the parallel 

growth days (0, 1, 4) in figure 4-16 and a linear regression is fitted with an r value greater that 

0.99; indicating increase in metabolic activity for the HepG2 cells is due to an increase in cell 

number. 
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Figure 4-16 Growth and Metabolic Comparison of Cryopreserved HepG2 Hydrogels: Growth and Metabolic activity 

fit a linear regression model with R > 0.99. Growth continues while metabolic assay reaches upper limit at day 7. 

Error Bars represent ±SEM, n = 3. 

A live-dead assay employing fluorescence microscopy was used to further characterize 

the growth of encapsulated HepG2 cells following cryopreservation. Using image processing 

software, the viability of the cells on day 0 was assessed to be 66.1 ± 6.2% (data not shown), 

which is within 1 percentage point of the viability recorded using trypan blue exclusion. Figure 

4-17 displays a set of fluorescent images for growth day 0, 1, 4, and 7.  

 

Figure 4-17 Fluorescent Evaluation of Post-Thaw HepG2 Hydrogel Growth 
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Figure 4-18 Cluster Growth of Cryopreserved HepG2 Hydrogels: Cluster size growth follow sigmoidal model. Error 

Bars represent ±SEM, n = 3. 

Each growth day has a set of two images showing the total number of cells (SYTO13) 

and the dead-cells (EtBr). Cells appear to be growing in clusters that are increasing overall size 

at each progressive day. The average cell cluster size was assessed using an image particle 

analysis (Figure 4-18). Average cell cluster size grew from 4.42±.045 µM on day 0 to 

16.33±0.78 µM with a maximum cluster size of 307 µM observed.  

4.4.2 Neuro 2A Cells 

Neuro 2A cells are a mouse neural crest-derived cell line that is extensively used to study 

neuronal differentiation, growth, and signaling pathways because of their ability to quickly 

differentiate into neurons within a few days [55]. Therefore, these cells are a good candidate for 

studying the growth and metabolic effects that the newly developed hydrogel cryopreservation 

system has on neural origin cells.  
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Figure 4-19 shows the increase in recorded metabolic activity of encapsulated Neuro2A cells 

cultured under physiological conditions.  

 

Figure 4-19 Metabolic Growth of Non-Frozen Neuro 2A Hydrogels: Data fitted with sigmoidal model. Error Bars 

represent ±SEM, n = 3. 

As expected, there is a minor lag period immediately after exposing the cells to the new 

encapsulated environment followed by typical exponential growth period and a plateau likely 

due to a previously mentioned assay limitation. Studies have shown that neuronal interaction 

with their environment have implications on growth, morphology, and functionality [56]. In 

alginate hydrogels specifically, a study showed that hydrogel systems that had an elastic modulus 

like that of brain tissue best promoted neuronal growth. They found that neuronal stem cells 

grown in alginate hydrogels consisting of 0.25% w/v alginate and cured with 10 mM CaCl2 

resulted in the highest growth potential over a 7 day period [57]. Interestingly, the hydrogels 

used in this study would potentially have elastic moduli over 100-fold greater than the optimal 

growth hydrogels used in other studies. This suggests neuronal growth and function could be 

improved by reducing the moduli of the hydrogels; however, there are potential mechanical 
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issues related to cryopreservation of these constructs that may impose a limitation on the moduli 

reduction.  

 

Figure 4-20 Metabolic Growth of Neuro 2A Hydrogels Following Cryopreservation: The data is fitted with 

sigmoidal model and is similar to that of non-frozen cells. Error Bars represent ±SEM, n = 3. 

Figure 4-20 plots the post-thaw metabolic activity of Neuro 2A hydrogels that were 

cryopreserved. The fitted metabolic data follows a similar trend to that of the non-frozen 

hydrogels with a minor lag phase, exponential growth, and assay limit plateau. This data 

suggests that the cells can recover from cryopreservation stress quickly and resume similar 

activity. However, there appears to be a disconnect between cellular metabolism and cell growth 

if we compare the cell quantification data displayed in Figure 4-21 to the metabolic activity.  
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Figure 4-21 Cell Quantification of Cryopreserved Neuro 2A Hydrogels: Results point to delay-onset of Neuro 2A 

cells in hydrogels post-thaw. This delayed cell death is followed by exponential growth of surviving cells. Error 

Bars represent ±SEM, n = 3. 

This is primarily characterized by 30% reduction in the number of cells recorded 24 

hours after thawing compared to the initial count. To the best of our knowledge, this is the first 

indication of delayed-onset apoptosis of cryopreserved Neuro 2A cells in an encapsulated 

environment. Following this delayed cell death, the cells enter an exponential growth phase and 

there is a 3.4-fold increase in cell number by the 7th day of growth compared to pre-freeze 

quantification.  
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Figure 4-22 Growth and Metabolic Comparison of Frozen Neuro 2A Hydrogels: There is a disconnect of cell count 

and metabolic activity for day 1. Even though cells appear to be dying, there is an increase in overall metabolic 

activity due to increased cellular metabolism. Error Bars represent ±SEM, n = 3. 

Figure 4-22 illustrates this disconnect between cell number and cell metabolism recorded 

for the neuro 2A cells following preservation. Even though there is a reduction in the cell 

number 24-hours post-thaw there is still a recorded increase in the overall metabolic activity, 

indicating an enhanced stress response. However, this response appears to reduce by the fourth 

day of incubation in growth media. Overall, this data suggests there is a delayed period for the 

Neuro 2A cells to return to normal metabolic and growth activity compared to the HepG2 cells. 

This indicates a potential for improvement to the alginate matrix to improve neurological cell 

outcome following cryopreservation. The fluorescent images for a grow-out following 

cryopreservation of encapsulated Neuro 2A cells agree with the metabolic and growth data 

(Figure 4-23).  
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Figure 4-23 Fluorescent Evaluation of Frozen Neuro 2A Hydrogels 

Interestingly, the initial viability calculated from the day 0 images indicates a viability 

similar to the day 1 record from the cell quantification. This suggests that the fluorescent images 

are better able to detect delayed onset apoptosis of the neuro 2A cells than the standard trypan 

blue exclusion assay. In addition, Neuro 2A cells are growing in similar spherical clusters that 

characterize the HepG2 growth. Again, this growth pattern is a result of limited attachment to the 

alginate matrix and the clustered growth is detected across multiple cell origins. The average size 

of these cell clustered were recorded in Figure 4-24.  
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Figure 4-24 Cluster Growth of Cryopreserved Neuro 2A Hydrogels: Cluster growth of Neuro 2A cells follows 

similar pattern to that of HepG2 cells indicating an attachment dependent growth mechanism. Data fitted with 

sigmoidal model and error bars represent ±SEM, n = 3. 

The increase in size of the average cluster size follows a similar logistic curve as the 

metabolic data. There is a minor increase in the cell cluster size 1 day after thawing; indicating 

that even though some cells experience delayed onset apoptosis, there is still growth occurring in 

less injured cells. There is a large spike in average crystal size 4- and 7-days following 

cryopreservation indicating exponential cell growth, Interestingly, the Neuro 2A cells had larger 

average cell cluster sizes than the HepG2 cells. This result could be explained by smaller number 

of viable cells following cryopreservation and excess growth materials are absorbed by the 

smaller number of surviving cells. 

4.4.3 RAW 264.7 Cells 

RAW 264.7 cells are a monocyte/macrophage transformed cell line cell originating from 

Abelson leukemia virus of mice. These cells are described as an appropriate model of 

macrophages and can perform pino- and phagocytosis [58]. In addition, these cells can kill target 
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cells via antibody dependent cytotoxicity [59]. RAW 264.7 cells were used in this study to 

evaluate the effectiveness of the developed cryopreservation system on encapsulated immune 

cells and study their response following cryopreservation. Figure 4-25 plots metabolic activity of 

RAW 264.7 cells immediately (day 0), 1-, 4-, and 7-days following hydrogel crosslinking.  

 

Figure 4-25 Metabolic Activity of Non-Frozen RAW 264.7 Hydrogels: RAW 264.7 cells follow typical growth 

characteristics in the hydrogel. Error bars represent ±SEM, n = 3. 

Observed metabolic increased follow similar trends to those of Neuro 2A cells where 

there an approximate 1-day lag period before exponential metabolic growth and an assay plateau. 

Figure 4-26 then plots the post-thaw metabolic activity of these encapsulated cells 0-, 1-, 4-, and 

7-days following cryopreservation. Interestingly, the metabolic response following 

cryopreservation is significantly different compared to normal growth conditions.  
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Figure 4-26 Metabolic Activity of Cryopreserved RAW 264.7 Hydrogels: Cryopreserved RAW 264.7 cells follow 

different metabolism characteristics vs. non-frozen cells. There is an immediate growth phase following thawing 
followed by a decrease in metabolic activity at day 7 lower than the typical assay limit. error bars represent ±SEM, n 

= 3. 

The increase in metabolic activity is immediately in the exponential phase. Interestingly, 

this metabolic increase tapers off and even decreases on day 7 at much lower levels that the 

expected assay limitation. Therefore, we can draw the conclusion that the metabolic decrease 

here is a function of the cell response itself. There is a lack of literature corresponding to 

macrophage response to cryopreservation; however, we hypothesize that their innate stress 

response characteristics results in an atypical metabolic activity response following 

cryopreservation. The cell quantification growth results pictured in Figure 4-27 follow similar 

trends to that observed in the metabolic cryopreservation response.  
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Figure 4-27 Cell Quantification of Cryopreserved RAW 264.7 cells: Cell quantification results align well with 

metabolism data. There appears to be immediate growth followed by a plateau after day 4. error bars represent 

±SEM, n = 3. 

The immediate viability was calculated to be 31.2 ± 8.7%, which is much lower than that 

calculated for the other tested cell types. It is important to note, however, that these hydrogels 

contained a significantly lower cell number than what would be typically used (~32,000 cells/ 

gel). The growth inside of these hydrogels appears to be immediate with a doubling of the cell 

number from day-0 to day-1. Interestingly, the cell growth appears to stagnate following day 4, 

which corresponds to the metabolic plateau observed in Figure 4-26.  The comparison of growth 

and metabolic activity can be observed in Figure 4-28.  
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Figure 4-28 Comparison of Growth and Metabolism for Cryopreserved RAW 264.7 Hydrogels 

From day 0 to day 4 the growth and metabolism almost correspond with a linear 

coefficient; however, there is a slight disconnect on day 1. We observe the effect of the growth 

and metabolic plateau on day 7, suggesting a relaxation of stress response a few days following 

cryopreservation. RAW 264.7 growth following cryopreservation was further evaluated using a 

green/red fluorescence assay (Figure 4-29).  

 

Figure 4-29 Fluorescent Evaluation of Cryopreserved RAW 264.7 Hydrogels: Growth appears to be more uniform 

compared to HepG2 and Neuro 2A cells across 7 days. This is likely due to RAW 264.7 cells being able to grow in 

suspended or lightly attached environment. 
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Interestingly, the immediate post-thaw viability calculated using this method was 62.4 ± 

7.4% (data not shown). This result is significantly different from that calculated using the other 

method. This could suggest that hydrogel cell density is an important factor to the viability and 

growth response of RAW 264.7 cells following cryopreservation. In addition, the average cluster 

growth characteristics are significantly different than what was recorded for HepG2 and Neuro 

2A cells. The increase in cluster size recorded from day 0 to day 7 follows a linear trend 

increasing from 2.97 µM in average size to 8.37 µM.  

 

Figure 4-30 Cluster Size of Cryopreserved RAW 264.7 Hydrogels: Cluster growth follows a linear growth model, 

indicating uniform growth in RAW 264.7 cells and less clustering.  error bars represent ±SEM, n = 3. 

The overall smaller increase in cluster size suggests that either the cells are not growing 

as quickly in the hydrogels, or the cells are growing more evenly. RAW 264.7 cells are 

considered semi-adherent and are able to grow without strong ECM attachment and even in 

suspension, which would explain why the growth cluster are more homogeneous in hydrogels 

compared to cells which are heavily attachment dependent.  
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Chapter 5 Concluding Remarks and Future Studies 

 

Using knowledge gleaned from CPA formulation and characterization, a cryopreservation 

methodology was successfully developed for alginate-based hydrogels encapsulating cells. 

HepG2 cells were used as the model cell type for the optimization of this system across various 

aspects of alginate precursor formulation, cryopreservation protocol, and CPA formulation. In 

addition, this system was used to cryopreserve hydrogels containing Neuro 2A cells and RAW 

264.7 cells with acceptable post-that viability and metabolism recovery. This work is an 

important step towards understanding and developing a much-desired preservation system for 3D 

biosystems. This work proves that traditional slow-cooling cryopreservation methods can be 

effective for the preservation of small 3D encapsulation systems; however, there are several 

limitations and factors that must be considering as research in this area continues 

5.1 ECM Selection 

In this work, alginate was chosen as the primary ECM for the cells to be encapsulated in. 

Alginate was selected for its biocompatibility and tunable properties, which make it ideal for 

creating biomimetic ECM conditions and cryopreservation optimization. However, there are 

some disadvantages of using alginate. While alginate is a biocompatible, it does not have typical 

attachment sites for cellular adhesion. In some cases, this aspect is desirable; however, for the 

advancement of this research into more biologically relevant areas, knowing the effect ECM-

adhesion has on cryopreservation outcome will be necessary. One way around this problem is to 

introduce extracellular proteins such a collagen to the precursor solution. In addition, alginate 
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molecules can be modified to include peptide motifs for cell adhesion (most commonly 

arginylglycylaspartic acid (RGD)) which promote cell adhesion to the alginate molecules 

themselves. Either of these cell-adhesion-promoting methods introduces another level of 

complexity to the 3D system which could drastically effect cryopreservation outcome and would 

require in-depth study for reconciliation. 

5.2 Preservation Methodology 

The work performed in this study, including suspension freezing, preserved cellular 

material using a slow-cooling cryopreservation method. However, there are other long-term 

preservation methods that have proven effective, vitrification is the most common.  Vitrification 

involves the solidification of the aqueous cell material into a non-crystalline glassy phase. 

Vitrification is an attractive technique because it completely avoids ice formation and the 

coinciding injury [1]. Reproductive cells are particularly susceptible to ice crystal injury and 

vitrification is the most commonly use method for cryogenic storage [2]. These cellular 

differences emphasize a potential need for different preservation techniques depending on the 

cell/tissue type. In addition, studies have shown vitrification is a viable option for the 

preservation of hepatocyte spheroids [3]. Future studies should include a comparison of slow-

cooling cryopreservation, vitrification, and potentially other techniques to ensure optimal 

procedure for each specific case. 

5.3 Volumetric Diffusion Concerns 

Hydrogels created for this study are made using 100 µL of alginate-cell precursor 

solution and are less than 10 mm in diameter. Certain cryopreservation-based diffusion concerns 

were concluded to not be an issue with hydrogels of this size. However, as the volume of 
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hydrogel and the complexity of these systems increases, so will the likelihood of diffusion 

concerns. In terms of cryopreservation itself, there are concerns with diffusion-based removal of 

the divalent cation solution used to cross-link the alginate precursor. It was shown that 

unsuccessful removal of excess concentrations of this solution will result in cell injury from 

osmotic injury. With increased volume of construct, the time scale of this removal could 

potentially become very high. Additionally, there are diffusion concerns with the CPA formula. 

It is vital that the membrane-penetrating molecules (DMSO) are given enough time to penetrate 

throughout the hydrogel; however, it is unlikely this will become a major concern until 100x fold 

increase in volume. The final and likely most important diffusion concern is thermal diffusion. 

As the size of the construct becomes larger, so will the non-homogeneous nature of heat flow 

throughout the construct. This can potentially affect the overall post-thaw outcome and will 

affect the homogeneous outcome through the entirety of the construct. 

5.4 Functionality Assays 

This research utilized viability, growth, and metabolism quantification to determine the 

post-thaw cellular health. While these assays prove some level of normal cellular activity, 

additional functionality assays will be necessary to verify proper protein expression and 

phenotypical results mimic what should be seen in vivo. Ideally, the cell/tissue construct will 

come out of cryopreservation almost entirely intact with a minimal time scale for recovery time 

for normal activity. 
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