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Abstract 
 

Cryopreservation is the technology used to stabilize cells at subzero temperature for a 

variety of applications including diagnosis and treatment of disease, and the production 

of therapeutic proteins. Current theories of cell damage during freezing were developed 

in the 1960’s, and little has changed since then. However, our understanding of cell 

biology as well as tools to interrogate cell responses during freezing has improved in the 

last 50 years. Low temperature Raman spectroscopy has been used to verify, for the first 

time using chemical spectra, the presence of ice inside the cell during freezing. With this 

tool, it is possible to internally observe frozen cells, and identify specific chemical and 

morphological changes that result in cell life or death.  

 

In this work, we propose to use this powerful tool to test two hypotheses to enhance our 

understanding of the mechanism of cell damage during freezing and thawing, and the 

manner by which the damage can be mitigated to improve cryopreservation outcome. For 

the first part of this work, we hypothesize that not all intracellular ice formation (IIF) is 

lethal and the conditions of cell membrane, cytoskeleton and mitochondria play an 

important role in determining IIF and cryopreservation outcome. Freezing responses of 

single cells as well as multi-cellular system cryopreserved and thawed in dimethyl 

sulfoxide (DMSO) solution will be examined to test this hypothesis. DMSO-free 

cryopreservation has attracted much recent interest due to the toxicity of DMSO. For the 

second part of this work, we hypothesis that non-DMSO multicomponent osmolyte 

solutions can be used to preserve cell viability and one component, disaccharide, acts to 

protect the cell through multiple interactions. Freezing responses of cells cryopreserved 
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in a combination of non-DMSO cryoprotectants such as sugars, sugar alcohols, and 

amino acids will be examined. Interactions among sucrose (a typical disaccharide), water 

and cell membrane at low temperature will be also be investigated in order to test the 

second hypothesis. 

 

Enhancing our understanding of freezing damage and strategies to mitigate damage will 

improve the methods of preserving cell therapy products and therefore enable the 

treatment to reach the patients who could benefit from them. It will also be critical to 

improve the cryopreservation outcome for many cell types that do not benefit from 

conventional freezing methods.  
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Chapter 1 

Introduction 

1.1 Motivation 

Cells used therapeutically have the potential to treat up to 100 million Americans per 

year1. Poor or inadequate methods of cell preservation have limited the ability to use cells 

to treat disease. The majority of mammalian cells are cryopreserved with DMSO using 

slow cooling rates (~1°C/min). Unfortunately, a variety of types of cells with tremendous 

clinical potential respond poorly to this conventional method of freezing. For example, 

reprogrammed cells (e.g. induced pluripotent stem cells) in the presence of DMSO 

exhibit epigenetic alterations that persist after DMSO has been removed2, making this 

method of freezing unsuitable for use with reprogrammed cells. Cryopreservation of 

Mesenchymal stem cells (MSCs) in DMSO can result in poor cell function and adverse 

effects upon infusion. As a result, DMSO-free cryopreservation has attracted much 

interest. Animals, bacteria, and plants synthesize and accumulate specific chemicals as 

cryoprotectants to adapt to extremes in temperature and osmolarity3–5.  

 

Current theories of cell damage during freezing were developed in the 1960’s6. Cell 

damage during rapid cooling rates results from the formation of ice inside the cell7. At 

slow cooling, it is postulated that exceeding of a minimum tolerable cell volume or high 

solute concentration results in damage to the cell8,9. These theories were ‘confirmed’ 

using conventional cryomicroscopy based on two observed responses: (1) darkening of 



 2 

the cell during freezing, which was assumed to result from IIF and (2) loss of cell volume 

associated with water loss from the cell. Little has changed in the intervening more than 

50 years to change that basic view of freezing damage and cell survival during freezing. 

 

Although the hypotheses regarding cellular damage have not changed, the tools available 

to interrogate cell freezing responses have improved in the last 50 years. Raman 

spectroscopy, because of its non-invasive capability, has been widely used in 

characterizing biological materials10. Previous studies in our lab utilized low temperature 

Raman spectroscopy to verify the presence of ice inside the frozen cell and illustrate the 

distribution of DMSO for the first time11. The high spatial resolution of Raman 

microscopy further allows us to investigate subcellular structures such as mitochondrion, 

lysosome and nucleus. The objective of this research is to use this powerful tool to 

enhance the understanding of cell damage during freezing and thawing, and the manner 

by which this damage can be mitigated to improve cryopreservation outcome. 

 

A new method for determining frozen cell viability based on Raman image of 

cytochrome c will be developed so that the correlation between different freezing 

responses and cell viability can be assessed at low temperature. The interactions among 

cell membrane, extracellular/intracellular ice and cryoprotectants (both penetrating and 

non-penetrating) will also be examined in detail as to reveal the mechanism of IIF and 

protective properties of cryoprotectants. This work will complement our knowledge of 

the mechanism of cell damage during freezing and thawing, and improve associated 

cryopreservation protocols. 
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1.2 Objectives 

This research proposes to use Raman spectroscopy to enhance our understanding of cell 

damage during freezing and thawing in both DMSO and non-DMSO cryoprotectants, 

based on several different types of mammalian cells, including lymphocytes (Jurkat 

cells), mesenchymal stem cells (MSCs) and human iPS cells (hiPSCs). In order to fulfill 

the objective, we proposed the following hypotheses and aims. 

 

Hypothesis 1: Not All IIF is Lethal and the Conditions of Cell Membrane, 

Cytoskeleton and Mitochondria Play an Important Role in Determining IIF and 

Cryopreservation Outcome.  

 

This hypothesis can be tested using the following aims. 

 

Aim 1.1- Characterize IIF of Lymphocytes during Freezing. 

Physical observation of cell darkening using conventional light cryomicroscopy has been 

presumed to result from IIF. However, this method is empirical and fails to explore the 

structure and distribution of ice crystals inside the cell. Raman microscopy is able to 

chemically identify the distribution of ice and other components in a frozen sample at 

high spatial resolution. In Chapter 4, Raman microscopy was used to characterize IIF of 

Jurkat cells cryopreserved in DMSO solution at three different cooling rates and the 

correlation between IIF and damage to subcellular components was examined at low 

temperature in order to test the first hypothesis.  
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Aim 1.2- Investigate Freezing Responses of Human iPS Cells in DMSO-Based 

Cryopreservation: Aggregates vs. Single Cells. 

In addition to single cells, the mechanism of freezing damage for multicellular system 

such as cell aggregates is also poorly understood. In chapter 5, Raman spectroscopy was 

used to investigate freezing responses of both single cells and aggregates of hiPSCs 

cryopreserved in DMSO solution at three different cooling rates and two seeding 

temperatures. IIF, Post-thaw membrane integrity, cell attachment, and cytoskeleton 

organization of both hiPSC single cells and aggregates were evaluated to test the first 

hypothesis.  

 

Aim 1.3- Study Intracellular and Extracellular DMSO Concentration during 

Thawing. 

Freezing is only half of the story of cryopreservation. Cryopreserved cells need to be 

thawed at appropriate warming rates to achieve satisfactory cell recovery and maintain 

cell function for downstream research and clinical use. In chapter 6, intracellular and 

extracellular DMSO concentration during thawing were examined by Raman 

spectroscopy as partitioning of solute is a factor in determining the integrity of cell 

membrane.  

 

Hypothesis 2: Multicomponent Osmolyte Solutions Can be Used to Preserve Cell 

Viability and One Component, Disaccharide, Acts to Protect the Cell through 

Multiple Interactions. 
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This hypothesis can be tested using the following aims. 

 

Aim 2.1- Examine Freezing Responses of MSCs Frozen in Combinations of 

Osmolytes. 

Due to the toxicity of DMSO, efforts are being made to use non-DMSO cryoprotectants 

for preservation of cells. In chapter 7, freezing responses of MSCs cryopreserved in 

solutions containing combinations of osmolytes, including sugars, sugar alcohols and 

amino acids, were examined to test if multicomponent osmolyte solutions can be used to 

preserve MSCs. 

 

Aim 2.2- Analyze Interfacial Interactions of Sucrose During Cryopreservation. 

The protection mechanism of one type of the osmolytes, disaccharide, was not fully 

understood. In chapter 8, interfacial interactions among sucrose (a typical disaccharide), 

cell membrane and extracellular ice were analyzed to enhance our understanding of the 

mechanism of protective properties of disaccharide. 

 

After addressing the specific aims of first hypothesis, it was found that the amount of 

intracellular ice as well as ice crystal size played a role in determining whether or not IIF 

was a lethal event and IIF depended substantially on the conditions of cell membrane, 

cytoskeleton, and mitochondria. In the thawing process, contrary to conventional 

wisdom, intracellular DMSO concentration changed quickly with changes of extracellular 

DMSO concentration and the partitioning of DMSO persisted, suggesting the 

maintenance of cell membrane integrity.  
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For the second hypothesis, post-thaw recovery of MSCs cryopreserved in combinations 

of non-DMSO cryoprotectants was comparable to that of cells cryopreserved in DMSO 

solution. Raman images of freezing behavior of different solution compositions were 

consistent with the observed post-thaw recovery. For studies of cells cryopreserved in 

sucrose, Raman spectra and images showed co-localization of nonfrozen sucrose solution 

and the cell, implying that direct interaction between sucrose and cell membrane might be 

responsible for protective properties of sucrose. At low temperature, strengthened 

hydrogen bond between sucrose and water was observed, suggesting the interaction 

between sucrose and water also played a role in the protective properties of sucrose.  

 

Taken together, the results from these studies allow us to test the two hypotheses and 

advance our understanding of cell damage during freezing and thawing as well as the 

mechanism of protective properties of both DMSO and non-DMSO cryoprotectants. 
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Chapter 2 

Background 

2.1 Jurkat Cells 

Jurkat cells used in this research were established from the peripheral blood of a 14-year-

old boy with T cell leukemia12. Jurkat cells were first used as robust producers of IL-2 

and eventually found its significance by serving as the model system for the exploration 

and development of T-cell receptor signaling13. In this study, Jurkat cells were selected as 

a model of primary immune cells to study the responses of immune cells to various 

freezing situations. The development of cancer immunotherapies such as chimeric 

antigen receptor (CAR) T cell therapy14 and natural killer (NK) cell therapy15 have 

significantly advanced the treatment of hematologic cancer. Successful delivering a 

patient-specific cell therapy is crucial and largely relies on the effective freezing and 

thawing of engineered cells.  

 

Currently, cryopreservation of CAR-T cell therapy relies on the use of 5%-7.5% DMSO 

(KYMRIAH: 7.5% DMSO and YESCARTA: 5% DMSO) with additional components 

such as Dextrose, Dextran 40 and Human Serum Albumin. The present of DMSO in the 

freezing media complicates the downstream use of thawed cell therapy products (cells 

post-thaw cannot stay in the freezing media for too long) and can cause additional side 

effects after infusion. Thus, it will be helpful both for patients and manufacturing 

facilities to use non-DMSO cryoprotectants for the preservation of cells used for therapy. 

Special considerations need to be made for the choice of non-DMSO cryoprotectants, for 
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example, these cryoprotectants should be safe for human infusion. 

 

2.2 Mesenchymal Stem Cells 

MSCs were first isolated and characterized by Friedenstein and colleagues in the 1970s16.  

Since then, MSCs have been successfully isolated from various sources, including bone 

marrow, adipose tissue and umbilical cord blood17–19. Due to their great potential to 

differentiate into various tissues and free of ethical concerns and teratoma formation, 

MSCs have gained wide interest in clinical trials for tissue repair and immune disorder 

therapy20,21. Up to date, hundreds of MSC-based clinical trials are being performed 

worldwide based on NIH clinical trials database and most of them are in combined 

Phases I and II studies. Encouraging results have been achieved from clinical trials of 

MSCs infusion for diseases including acute myocardial ischemia (AMI), stroke, liver 

cirrhosis, graft-versus-host-disease (GVHD) and cardiovascular diseases22.  

 

2.3 Human Induced Pluripotent Stem Cells 

hiPSCs were first generated by introducing a combination of factors into human 

fibroblasts23,24.  Soon after its discovery, hiPSCs have shown great potential to 

differentiate into many cell types and to be used in regenerative medicine for the 

treatment of various diseases25. The main uses of hiPSCs include disease modeling, drug 

screening, and production of cells for cell therapy purpose such as red blood cells for 

transfusion and CAR-T cell for immunotherapy26. The ability of generation of hiPSCs 

from patient’s somatic cells such as peripheral blood cells not only overcomes the ethical 

concerns for the source of pluripotent stem cells, but also minimizes the immune 
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response that can happen when transplanting  allogenic pluripotent stem cell26. The first 

clinical trial of using hiPSCs was initiated in 2013 and carried out in August of 2014, in 

which a Japanese woman was implanted with retinal tissue generated using hiPSCs 

derived from her own skin cells. 

 

2.4 Mechanism of Cell Freezing and Damage 

Successful cryopreservation of cells depends on the cooling rates used. Commonly, cells 

cannot survive cooling rates that are too high or too low and most cells exhibit an 

inverted U-shaped variation in survival with cooling rate (Figure 2.1). In the freezing 

process, the freezing medium becomes supercooled after its temperature drops below the 

freezing point. As temperature decreases further, stochastic ice crystals are formed in the 

extracellular solution, increasing the solution concentration and generating a 

concentration gradient across the cell membrane. In order to maintain the chemical 

equilibrium across the cell membrane, water is released from the cell to the extracellular 

concentrated solution. At this point, freezing responses of cells cryopreserved at high and 

low cooling rates become quite different (Figure 2.2). For low cooling rates, cells are 

allowed enough time for the outward movement of water and cell size will be reduced. 

Slow cooling rates cause the so-called ‘solution injury’, the damage mechanism of which 

is still unclear as several research groups have proposed different damaging theories. 

Lovelock proposes that increased concentration of solutes is responsible for the slow 

freezing damage27. Steponkus holds that cell injury at low cooling rates is due to the 

excessive cell dehydration which further induces plasma membrane destabilization28,29. 

Meryman believes that exceeding of a minimum tolerable cell volume is the cause of 
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freezing injury30. 

 

Figure 2.1: Cell survival as a function of cooling rate 

 

On the other hand, for high cooling rates, intracellular water does not have sufficient time 

to diffuse to the extracellular space. As freezing continues, the temperature of the 

intracellular solution becomes lower than the freezing point and the probability of IIF 

increases. It is generally accepted that interaction between extracellular ice and cell 

membrane is involved in formation of intracellular ice crystals. There have been three 

different theories speculating on the cause of IIF. Mazur believes that IIF occurs due to 

the growth of external ice through preexisting pores in the cell membrane31. Toner 

proposes the surface-catalyzed heterogeneous nucleation theory that various interactions 

between extracellular ice and cell membrane, including chemical, electrical and/or 

thermal make cell membrane an energetically favorable location for ice nucleation7. 

Dowgert and Steponkus suggest that disruption of cell membrane by extracellular ice is 

an alternative mechanism for IIF32.  



 11 

 

Figure 2.2: Slow cooling vs fast cooling 

 

It has been conventional wisdom that IIF is lethal to cells as it is commonly observed in 

cells during rapid freezing, and low post-thaw recovery and impaired cellular function are 

observed in those cells. However, the degree to which IIF is damaging to cells has been 

largely speculative. There have been studies suggesting that IIF may not be lethal in itself 

if the amount of intracellular ice can be controlled33,34. In some situations, IIF may be 

either innocuous or even beneficial for the maintenance of cell viability and function35,36. 

In fact, the amount of ice, the size of ice crystals37 and the location of ice crystals38 all 

have been found to be important factors that can influence cell recovery. The observation 

of concurrence of damaged cell membrane and IIF suggests that the presence of IIF may 

not be inherently lethal, but the resulted damage of cell membrane from the IIF is the 

lethal event34.  

 

2.5 Mechanism of Cell Damage during Thawing 

Cryopreserved cells need to be thawed at appropriate warming rates for further clinical 

and research use, such as cell therapy and regenerative medicine. The optimal warming 
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rate that achieves the highest post-thaw cell survival significantly depends on the cooling 

rate used to freeze cells. Cells cryopreserved at high cooling rate need to be thawed at 

rapid warming rate to prevent recrystallization of the small ice crystals that are formed in 

the freezing process39,40. Several studies have observed the correlation between 

recrystallization of intracellular ice and cell death for cells cooled rapidly but thawed 

slowly30. Recrystallization of intracellular ice during thawing is evidenced by cell 

darkening based on the assumption that darkening of cells is associated with ice 

formation inside the cell41. Recrystallization of intracellular ice has also been 

demonstrated by calorimetric measurements based on a population of cells42. For cells 

cryopreserved at low cooling rate that precludes IIF, the effects of slow warming rate on 

cell survival are more complicated43,44. Slow warming rate can have no effects on cell 

survival, be less damaging than rapid warming rates, or be more damaging than rapid 

warming rates. Experiment examples can be found for all three groups43–45.  

 

2.6 Cryoprotectants 

Cryoprotectants are generally classified into two categories based on their capability of 

diffusing across the cell membrane: penetrating cryoprotectant and non-penetrating 

cryoprotectant. DMSO and glycerol, as typical penetrating cryoprotectants, have been 

widely used for preservation of mammal cells for the past six decades. It is generally 

believed that the protective properties of penetrating cryoprotectants are associated with 

their effects on the depression of freezing point and ability to lower the concentration of 

salts in physiological solutions. However, the detailed mechanism of their protection to 

cells during freezing remains unclear. Molecular simulation shows that DMSO can 
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induce water pore formation in the membrane bilayer to enhance molecule penetration 

and also increase the fluidity of its hydrophobic core46,47. High concentration of glycerol 

at low temperature interacts actively with water molecules to enhance the hydrogen bond 

network of the solvent, making protein unfolding thermodynamically unfavorable in the 

solution, and stabilizing protein structure (also known as the ‘preferential exclusion 

theory’)48.  

 

Common non-penetrating cryoprotectants are sugars and long-chain polymers. Because 

of their large osmotic coefficients, non-penetrating cryoprotectants are able to dehydrate 

cells before freezing and reduce the chance of IIF. However, the protective properties of 

non-penetrating cryoprotectants may also come from their specific interaction with cell 

membrane or proteins. The interactions between sucrose/trehalose and macromolecules 

including proteins and membranes have been extensively examined, with several 

hypotheses being proposed to explain their protective properties, including the water-

replacement hypothesis49–53 and the vitrification hypothesis54. Various techniques, 

including infrared spectroscopy52,53,55, nuclear magnetic resonance56, differential 

scanning calorimeter54 and molecular modelling57, have been employed to provide 

supporting evidence for these hypotheses.  

 

Antifreeze proteins (AFPs) are also effective cryoprotectants, which are capable of 

bonding to the ice crystal front surface, reducing the average ice crystals size and 

increasing post-thaw cell recovery58,59. The low availability of AFPs has triggered the 

synthesis of biomimetic materials capable of reproducing this function and some of these 
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materials are referred as ice recrystallization inhibitors (IRIs)59,60. Modes of action of 

different types of cryoprotectants have been summarized in table 2.1. 

Table 2.1 Modes of action of cryoprotectants 

Category Example Modes of action 

Penetrating cryoprotectant DMSO 
glycerol 

Decrease the ice nucleation temperature 
Lower concentration of salts 
Preferential exclusion theory 

Non-penetrating cryoprotectant Sucrose 
Trehalose 

Water replacement theory 
Vitrification theory 

Antifreeze proteins (AFPs) 
spruce 

budworm 
AFP 

Bind to ice crystal front 
Reduce ice crystal size 

 

2.7 Raman Spectroscopy and Biological Applications 

2.7.1 Raman effect 

Raman effect (elastic scattering) is based on the interaction between a monochromatic 

light with vibrational modes of chemical bonds in the sample, which results in the 

excitation of photons and resultant gain or loss of energy of excited photons returning 

from virtual energy states to stable energy states. It was first discovered by C.V. Raman61 

in liquids and independently by Grigory Landsbery and Leonid Mandelstam in crystals62. 

Raman received the 1930 Nobel Prize for his discovery, and in 1998, the Raman effect 

was designated as a National Historic Chemical Landmark by the American Chemical 

Society.  

 

When a photon of light incidents on the matter, molecules can be excited to a short-lived 

higher vibrational mode through direct absorption of a photon from incident 

monochromatic light (Figure 2.3 and 2.4). The excited molecules can emit a photon and 

return from the virtual energy states to stable energy states. If the scattered photon has the 
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same energy as the original absorbed photon, this process is known as Rayleigh 

scattering. Rayleigh scattering does not produce any meaningful information about the 

matter under investigation. If the emitted photon has lower energy than the absorbed 

photon, this type of scattering is labeled as Stokes Raman scattering. If the emitted 

photon has higher energy than the absorbed photon, this type of scattering is labeled as 

anti-Stokes Raman scattering63. The energy difference between the absorbed and emitted 

photon is associated with energy difference between the two energy states of the material. 

Raman spectra shows the intensity of the scattered light as a function of its frequency 

difference to the incident photons. Stokes and anti-Stokes peaks are symmetric with 

respect to the Rayleigh band at 0 cm-1. The peak position corresponds to the energy levels 

of different chemical bonds in the sample.  

 

 

Figure 2.3: Interactions between light and sample 

 

 

Figure 2.4: Rayleigh scattering, Stokes and Anti-Stokes Raman scattering 



 16 

2.7.1 Raman microscopy 

Raman microscopy consists of a Raman spectrometer and a standard optical microscope. 

A coherent monochromatic light is used to provoke Raman scattering. A X-Y-Z scanning 

stage which moves the sample itself can be used to generate 2D Raman images that 

capture detailed distribution of a specific component in the sample. Confocal Raman 

microscopy which uses a pinhole aperture to prevent the scattering from out-of-focus 

points in the sample can improve the image quality significantly. 

 

Raman scattering is a very unlikely process with an extremely low probability of 

occurrence (~1 in 108), as a result many techniques have been developed to enhance 

Raman signal intensity. For example, surface enhanced Raman spectroscopy (SERS) 

employing gold or silver nanoparticles to boost the electric field around the nanoparticles 

to increase Raman signal intensity64, making it possible to detect single molecules65. The 

introduction of nanoparticles into biological system can significantly increase the signal-

to-noise ratio. Gold nanoparticles due to their friendly biocompatibility are more often 

used than silver nanoparticles in biological studies66.  Furthermore, functionalized 

nanoparticles with molecules or antibodies linked to the nanoparticle surface have been 

used to detect interesting signals in the biological system, such as glucose sensing in the 

blood67, diagnosis of diseases 68, intraoperative guidance69, and drug delivery70,71. 

 

Resonance Raman spectroscopy is another common Raman spectroscopy technique, in 

which the vertical state of excited photons is matched to its electronic energy level, as a 

result, the probability of Raman scattering is increased and the Raman signal of a 
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particular band is enhanced72. This technique has been widely employed in the detection 

of cytochrome c release from mitochondria during apoptosis73.  

 

Coherent anti-stokes Raman spectroscopy (CARS) and stimulated Raman scattering 

(SRS) use two pulsed lasers of different wavelengths to match a particular vibrational 

mode of a molecule to increase the Raman signal intensity74. CARS and SRS are mostly 

commonly used for tissue imaging such as brain and skin tissue based on specific 

chemical contrast75. The research on SRS have recently evolved from Bulk to Nano with 

aims to develop SRS microscopy with resolution below the diffraction limit76.  

  

2.7.3 Biological applications 

Raman spectroscopy has been emerging as a powerful tool for characterizing biological 

materials by providing biochemical, biophysical and structural information of the 

material through Raman spectra and/or images10. Because of its non-invasive, non-

destructive capability and no requirement of sample preparation, Raman spectroscopy has 

been widely used in bioanalysis77. A review of Raman spectroscopy used for regenerative 

medicine has been published by Ember et al74. Raman studies of cells have been focused 

on distinguishing undifferentiated stem cells from differentiated cells78, identifying cell 

lines79, detecting structural changes in proteins and DNA in apoptotic cells80, and 

discriminating healthy and unhealthy cells for testing toxic agents81. There are reports on 

Raman spectroscopy used for tissue engineering including assessment of TE constructs of 

cells, scaffolds and proteins82. Raman spectroscopy has also found its wide application in 

pharmaceutical industry (see Paudel review for details)83, for early and late phase of 
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pharmaceutical development, process analysis and micro-structural analysis of drug 

delivery systems.  
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Chapter 3 

Methods 

3.1 Materials and Equipment 

Table 3.1 lists all equipment described in the following methods section, along with 

manufacturer information and physical location where the equipment is located. All 

products are from the USA unless otherwise indicated.  

 

Table 3.1 Equipment 

Chapters(s) Equipment Details Location Manufacturer 
4,6,8 Controlled rate freezer Planer Series 

III Kryo 10 
UMN 

Hubel lab 
Sunberry-on-Thames 

Middlesex, UK 

4,6,8  Zeiss Axioskop 50 
microscope  UMN 

Hubel lab 
Carl Zeiss Inc. 

Thornwood, NY 

4,6,8  40X air objective NA 0.75 UMN 
Hubel lab 

Carl Zeiss Inc. 
Thornwood, NY 

6,8 Synergy HT multi-mode 
Biomek plate reader  UMN 

Bischof lab 
Biotek 

Winooski, VT 

4-8 WITec confocal Raman 
system  UMN  

Charfac 
WITec 

Ulm, Germany 

4-8 100X air objective NA 0.90 UMN 
Charfac 

Nikon Instruments 
Melville, NY 

4-8 Peltier TEC4-97-49-
17-7-05 

UMN 
Hubel lab 

 Thermonamic 
Electronics Corp 

China 

4-8 Thermoelectric Cooler 
Controller Series 800 UMN 

Hubel lab 

Alpha Omega 
Instruments Corp 

Lincoln, RI 

4-8 Water bath  UMN 
Hubel lab 

ThermoFisher Scientific 
Waltham, MA 

8 Differential scanning 
calorimeter 

TA DSC 
Q1000 

UMN 
Macosko Lab 

TA instruments 
New Castle, DE 

8 Osmometer OsmetteTM UMN 
Hubel lab 

Precision systems 
Natick, MA 

8 Flow cytometer LSRII UMN 
UFCR 

BD Biosciences 
San Jose, CA 

 

Table 3.2 lists all materials described in the following methods section, along with 
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associated abbreviations and manufacturer information. All products are from the USA 

unless otherwise indicated. 

Table 3.2 Materials 

Chapters(s) Material Details Abbrev Manufacturer 
4-8 Dimethyl Sulfoxide  DMSO Bioniche Pharma 

Belleville, ON, Canada 

4-8 Dulbecco’s Phosphate 
Buffered Saline  DPBS Invitrogen 

Grand Island, NY 

4-8 Fetal Bovine serum  FBS 
Hyclone-Thermo 

Scientific 
Waltham, MA 

4-8 t-Flasks Tissue culture 
treated  Corning 

Corning, NY 

4-8 Normasol-RTM Ph 7.4  Hospira 
Lake Forest, IL 

4-8 Kapton tape   Dupont 
Wilmington, DE 

4-8 Mica   TED PELLA 
Redding, CA 

4-8 Biomek tips   Fisher Scientific  
Pittsburgh, PA 

4-7 RPMI High glucose  Life Technologies 
Carlsbad, CA 

4,6,8 Acridine Orange  AO Life Technologies 
Carlsbad, CA 

4,6,8 Propidium Iodide  PI Life Technologies 
Carlsbad CA 

4,6,8 Black walled 96-well 
plates   Corning 

Corning, NY 

4,6,8 Cryovials   
Nunc/Nalge Thermo 

Scientific 
Waltham, MA 

4,6,8 Neubauer hemocytometer   Hausser Scientific 
Horsham, PA 

6 Essential 8 media   Fisher Scientific 
Pittsburgh, PA 

6 Dissociation reagent 
ReLeSR Enzyme-free  STEMCELL Technologies 

Vancouver, Canada 

6 MycoAlert PLUS 
detection kit   Lonza Walkersville, Inc. 

Walkersville, MD 

6 TRA-1-60 antigen   BD Biosciences 
Franklin Lakes, NJ 

6 Purified anti-Oct4 
antibody   Biolegend 

San Diego, CA 

6 Accutase   
Innovative Cell 
Technologies 

San Diego, CA 
6 FLICA FAM-VAD-FMK   ImmunoChemistry 
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antibody Technologies 
Bloomington, MN 

6 7-AAD   BD Biosciences 
Franklin Lakes, NJ 

6 Hoechst 33342   Thermo Fisher Scientific 
Waltham, MA 

6 Rhodamine phalloidin   Thermo Fisher Scientific 
Waltham, MA 

6 6-well plates   Corning 
Corning, NY 

6 Matrigel 
hESC-

qualified, 
LDEV-free 

 Corning 
Corning, NY 

6,8 Molded silicone round 
well covers   

Laboratory supply 
distributers 

Melville, NJ 

7-8 Sucrose S5-3  Fisher Scientific 
Pittsburgh, PA 

8 Sorbitol S1876  Sigma 
St. Louis, MO 

8 Creatine C0780  Sigma 
St. Louis, MO 

8 Mannitol M4125  Sigma 
St. Louis, MO 

8 Ectoine 81619  Fluka analytical-Sigma 
St. Louis, MO 

8 Trehalose T5251  Sigma 
St. Louis, MO 

8 Isoleucine I2752  Sigma 
St. Louis, MO 

8 Glucose (Dextrose) 4908  Mallinckrodt 
St. Louis, MO 

8 Glycerol NDC 0395-
1031-16  Humco 

Austin, TX 

8 Alpha modified eagles 
medium base 

With 
Glutamine αMEM Life Technilogies 

Carlsbad, CA 

8 Non-essential amino acids  NEAA Life Technologies 
Carlsbad, CA 

8 Porcine gelatin   Thermo Fisher Scientific 
Waltham, MA 

8 Trypsin 0.05%  Gibco-Thermo Fisher 
Waltham, MA 

 
 
 
3.2 Cell Culture 

3.2.1 Jurkat cell culture 

Jurkat cells (ATCC, TIB-1522) were incubated at 37°C with 5% CO2 in media composed 

of high glucose RPMI-1640 (Life technologies) and 10% fetal bovine serum (qualified, 
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Life technologies). Cells were grown in suspension and maintained at a concentration of 

1-2 × 106 cells/ml.  

 

3.2.2 H9 MSC cell culture 

MSCs were obtained from Dr. Peimann Hematti’s lab at the University of Wisconsin84.  

Media used for culturing MSCs was composed of αMEM base, 10% FBS, and 1% non-

essential amino acids. Culture flasks were coated with 0.01% porcine gelatin for a 

minimum of 2 hours before cell seeding. MSCs were seeded in gelatin-coated flasks at a 

density of approximately 2500 cells/cm2 and cultured in a 37°C incubator at 5% CO2. 

Cells were split using 0.05% trypsin when they reached 70% confluence and were used 

for experiments only from passages 8 to 12. 

 

3.2.3 Human iPS cell culture 

hiPSCs (DF-19-9-11) were reprogrammed by Yu & Thomson23. hiPSCs were cultured on 

Matrigel (hESCqualified, LDEV-free; Corning) in essential 8 medium (Thermo Fisher) in 

a 37°C incubator at 5% CO2. Cells were passaged as aggregates using the enzyme-free 

dissociation reagent ReLeSR (STEMCELL Technologies). hiPSCs were routinely tested 

for mycoplasma using the MycoAlert PLUS detection kit (Lonza).  

 

3.3 Freezing and Thawing 

3.3.1 Vial freezing of Jurkats and MSCs 

Cells diluted in Normal-RTM blank solution (Hospira) were transferred to freezing vials 

and an equal volume of cryoprotectant solutions at 2 × their final concentrations were 
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added to the vials stepwise. 10% DMSO controls were also prepared in vials, in which 

cells suspended in MSC media or Jurkat media were added to vials in the same stepwise 

fashion. For incubation studies, cell suspensions were incubated at room temperature for 

0, 30 min, 1, 2, or 4 h before freezing according to the following protocol using a 

controlled rate freezer (CRF) (Planer Series III Kryo 10): 

1. Starting temperature 20°C 

2. -10°C/min to 0°C 

3. Hold at 0°C for 15 min 

4. -1°C/min to -8°C 

5. -50°C/min to -45°C 

6. +15°C/min to -12°C 

7. -3°C/min to -100°C 

 

3.3.2 Vial freezing of hiPSCs 

Aggregates and single cells re-suspended in 10% DMSO in 1 × Phosphate Buffered 

Saline containing Ca2+ and Mg2+ were transferred into cryovials and incubated at room 

temperature for 30 minutes before freezing. Cryovials were frozen using a CRF following 

the steps listed below with a cooling rate, B, of 1, 3, or 10°C/min and ice nucleation 

temperature, TNUC, of -4 or -8°C: 

1. Starting temperature 20°C 

2. -10°C /min to 0°C 

3. Hold at 0°C for 10 min 

4. B°C /min to TNUC°C 
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5. Hold at TNUC°C for 15 min; induce ice nucleation by manual seeding when sample 

temperature stabilizes at TNUC°C 

6. B°C /min to -60°C 

7. -10°C /min to -100°C 

 

Manual seeding was achieved by spraying liquid nitrogen briefly onto the outer surface 

of a cryovial using Cryogun (Brymill).  

 

3.3.3 Thawing 

Frozen vials were thawed in a 37°C water bath. Vials were submerged halfway and 

agitated until only a miniscule ice pellet remained. Cells were assessed for viability 

immediately post thaw. 

 

3.4 Post-Thaw Viability and Function 

3.4.1 Viability of Jurkats and MSCs 

Cells were assessed for viability at the conclusion of each experiment. Both pre-freeze 

and post-thaw vial counts were performed using Acridine Orange/Propidium Iodide 

(AO/PI). Briefly, cells were combined with AO/PI, loaded into a hemocytometer, and 

counted manually using a fluorescent microscope. A minimum of 200 total cells were 

counted for each sample.  

 

Viability was calculated for all samples by dividing the number of live cells by the 

number of total cells. Recovery was calculated directly by dividing the number of live 
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cells post-thaw by the number of live cells pre-freeze. 

 

3.4.2 Viability of hiPSCs  

Cells were singularized using Accumax (Innovative Cell Technologies) and stained for 

viability by membrane integrity using AO/PI. Counts were obtained both pre-freeze and 

post-thaw for all samples.  

 

Post-thaw function was assessed by quantifying the attachment rate of thawed cells. 

Passaged fresh cells served as controls. Seeding density was kept constant based on the 

post-thaw live cell count. Cells were cultured on Matrigel, undisturbed for 24h, and 

stained for viability using calcein AM and PI. The stained cells were read to obtain 

fluorescence levels using a microplate reader (BioTek, Synergy HT) with ex/em 485/528 

nm and 530/590 nm filter sets. The post-thaw attachment rate was calculated as the ratio 

of the calcein AM fluorescence level of each thawed sample to the mean calcein AM 

fluorescence level of passaged controls.  

 

3.4.3 Post-thaw time course assessments of hiPSCs 

Cells that successfully attached 24h post-thaw were fixed and stained to detect f-actin 

organization using rhodamine phalloidin (Thermo Fisher) at 4,8,12 and 24 h post-thaw. 

Fresh cells were fixed and stained f-actin at 4,8,12 and 24 h post-passage to be compared 

with post-thaw samples. Fluorescence microscopy images were obtained using a Zeiss 

Axioskop 50 microscope with a 40× air objective (Plan NeoFluor, NA 0.75; Carl Zeiss) 

and processed using FIJI ImageJ 2.0.0. 



 26 

 

Cells were cultured for 4 days post-thaw to assess cell growth over time. Cells were 

stained using calcein AM and PI over 24h and read using a microplate reader. The 

amount of cells in the culture was calculated as the ratio of the calcein AM fluorescence 

level measured at each time point for thawed samples to the mean calcein AM 

fluorescence level measured at 24 h post-passage of fresh cell controls.  

 

3.5 Temperature Controlled Cooling Stage 

Temperature controlled cooling stage consists of a four-stage Peltier (Thermonamic 

Electronics Corp. Jiangxi, China) and a series 800 temperature controller (Alpha Omega 

Instruments Corp) and is capable of cooling samples to -60°C at various cooling rates 

from 0.5°C/min to 50°C/min.  Once direct current is applied to the Peltier by the 

temperature controller, heat is removed from the top surface of the Peltier to the bottom 

surface, making top surface cooler and bottom surface hotter. A thermocouple is attached 

to the top surface of the Peltier by thermal paste in order to monitor the temperature of 

the stage as it is cooling. The bottom surface of the Peltier clings to a copper heat sink by 

thermal paste and the heat accumulated at the bottom surface is removed by a water bath 

(Thermo Fisher Scientific) that pumps 30% propylene glycol to circulate through the heat 

sink. The Raman microscopy is wrapped around with lab film to build an enclosed space, 

which is purged with nitrogen gas to prevent condensation on the sample surface. The 

sketch of the whole setup is shown in Figure 3.1. 
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Figure 3.1: Sketch of experiment setup. 

 
3.6 Raman Spectroscopy 

Confocal Raman spectroscopy measurements were conducted using a WITec Confocal 

Raman Microscope System Alpha 300R (WITec, Ulm, Germany) with a UHTS300 

spectrometer and a DV401 CCD detector with 600/mm grating. The WITec spectrometer 

was calibrated with a Mercury-Argon lamp. A 532 nm wavelength Nd:YAG laser was 

used as the excitation source. A 100X air objective (NA 0.90; Nikon Instruments) was 

used for focusing the 532 nm excitation laser to the sample. Laser power at the objective 

was 10 mW as measured by an optical power meter (THORLABS). Resolution of the 

microscope was approximately 0.3 µm based on Abbe’s diffraction formula for lateral 

resolution. 

 

3.7 Sample Freezing for Raman Measurements 

About 1-3µl of experimental solution was placed on the stage, covered with a piece of 

mica (TED PELLA) and sealed with Kapton tape (Dupont), to prevent 
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evaporation/sublimation during each experiment. 

 

3.8 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) was performed on a TA Differential Scanning 

Calorimeter Q1000 (TA Instruments). Experimental solutions without cells were frozen 

to -150°C using the following protocol: 

1. Set starting temperature to 20°C 

2. Cool to -150°C at 10°C/min 

3. Hold for 3 min at -150°C 

4. Warm to 20°C at 10°C/min 

 

3.9 Osmolarity Testing 

Osmolarity of solutions was measured using an OsmetteTM osmometer (Precision 

Systems) for each solution and all measurements were repeated in triplicate.  

 

3.10 Statistical Analysis 

Mean plus/minus standard error was reported for all measurements unless otherwise 

noted. Student t-tests were performed for two-sample comparisons and one-way ANOVA 

tests were performed for simultaneous three-sample comparisons to obtain p-values.  
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Chapter 4 

Characterizing Intracellular Ice Formation of Jurkat Cells 

Using Raman Spectroscopy 

 
Much of the text and figures in this chapter have previously appeared in the publication 
below. 
 
Yu, G., Yap, Y. R., Pollock, K., & Hubel, A. (2017). Characterizing Intracellular Ice 
Formation of Lymphoblasts Using Low-Temperature Raman Spectroscopy. Biophysical 
journal, 112(12), 2653-2663. 
 

4.1 Introduction 

Since the 1970s, the variation in cell survival as a function of cooling rate has been 

observed for a wide variety of cell types85. Most cell types exhibit an inverted U-shaped 

variation in survival with cooling rate. For cooling rates above the optimum, there is a 

rapid decrease in survival with increasing cooling rate and, similarly, there is a rapid 

decrease in survival at cooling rates less than the optimum. At high cooling rates, it has 

been hypothesized that the IIF causes damage to the cells and results in the 

loss of viability with increasing cooling rates7,86,87. However, the mechanism of IIF is still 

being debated. There are three main hypotheses: 1) Mazur hypothesizes that 

extracellular ice crystal could grow through pores in the membrane and induce nucleation 

in the cell85; 2) Asahina holds that direct disruption of cell membrane causes IIF88; and 3) 

Toner et al. propose that surface-catalyzed  nucleation is responsible for IIF7. 

Experimental support for each of these hypotheses is limited. Low temperature light 

microscopy studies have correlated darkening of the cell during freezing with IIF87 and 
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high-speed image acquisition and two-photon microscopy have improved the spatial and 

temporal resolution of cell freezing studies89,90.  

 

Raman spectroscopy has been a useful tool for understanding cell response to freezing as 

it permits label free interrogation of cells and can be used to chemically identify the 

thermodynamic state of water inside the cell (i.e., liquid water versus ice)91,92. 

Furthermore, the high spatial resolution of Raman microscopy and the ability 

to distinguish subcellular structures such as the cell membrane and the mitochondria 

imply that this tool could be used to further our understanding of interactions among IIF, 

cell membrane and mitochondria. These studies can provide direct evidence of the cause 

and influence of IIF, which will help us test the first hypothesis.  

 

4.2 Methods 

4.2.1 General methods 
 
Jurkat cells were cultured according to the methods described in section 3.2.1. Vial 

freezing and thawing of sample were carried out according to section 3.3.1 and 3.3.3. 

Viability of cells post-thaw was tested according to section 3.4.1. Cells for Raman 

measurements were frozen on a temperature controlled cooling stage according to 

sections 3.5 and 3.7. Statistical analysis was performed according to section 3.10.  

 

4.2.2 Raman image/spectra analysis 

Raman images were assembled by integrating the spectrum at each pixel based on 

characteristic wavenumbers of common intracellular and extracellular materials (Figure 
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4.1). Cells were frozen to a holding temperature of -50°C and held for 20 minutes prior to 

imaging. Each image had 60 × 60 pixels with integration time of 0.2 second for each 

pixel; as a result, it took about 12 minutes to image one single cell. Table 4.1 lists the 

Raman signals observed and the associated wavenumbers selected for these studies. The 

release of cytochrome c from mitochondria will be used as a measure of cell viability. 

Cytochrome c has strong Raman signals at 750 cm-1, 1127 cm-1, 1314 cm-1 and 1585 cm-1 

73.  For these experiments, the peak centered at 1127 cm-1 was used to generate Raman 

images of cytochrome c.  The Raman signals selected for this study do not overlap with 

each other; as a result, multivariate data analysis is not required.  

 

Table 4.1 Wavenumber Assignments for Raman Spectra 

Substance Wavenumber cm-1 Assignments11,93–97 
Trehalose 536 Skeletal exocyclic deformation 

Dimethyl sulfoxide 673 Symmetric CS stretching 
Dextran 850 a-configuration at C1 

Cytochrome c 1127 Heme vibration in cytochrome b 
Ice 3125 OH Stretch 
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Figure 4.1: Raman spectra and images of substance used. Raman spectra of 1) Trehalose, 

2) Dextran, 3) DMSO, 4) Cytochrome c from cell, 5) Ice with corresponding Raman 

images, and 6) Raman spectra of Jurkat cell cryopreserved in 10% DMSO. Images on the 

right are rendered based on the specific signal on the left and light microscopy images are 

given as a reference. All cells imaged are alive. 

 

4.2.3 Moran’s I value 

Spatial localization (quantified using Moran’s I98) of cytochrome c was used as a marker 

for viability in this study. Moran’s I tool is a measure of spatial correlation based on both 

signal locations and intensity. A value of negative one for Moran’s I indicates perfect 

dispersion of signals, positive one indicates perfect correlation of signals and zero 

indicates random distribution of signals. Raman images of cytochrome c of live cells 

were obtained and compared to the viability of the cell determined using trypan blue 

exclusion (Figure 4.2C). Raman images of cytochrome c for live cells were processed by 

transforming the image to grayscale and subtracting background using ImageJ99. Moran’s 
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I value was calculated in Geoda software by using the Univariate Moran’s I function 

based on a weight matrix calculated from each pixel’s 8 nearest neighbors100.  

 

4.2.4 Distance between the cell membrane and extracellular ice 

Dextran or trehalose forms a thin layer between the cell membrane and extracellular ice. 

The thickness of this solute-rich layer is used to approximate the distance between the 

cell membrane and extracellular ice. The distance between the cell membrane and 

extracellular ice was measured at 15° intervals around the cell in ImageJ99 based on 

Raman images of Dextran or trehalose.  

 

4.3 Results 

4.3.1 IIF and viability 

In order to determine the range of cooling rates associated with ‘fast’ cooling, cells were 

re-suspended in 10% DMSO solution and frozen at a constant cooling rate (0.5, 1, 3 and 

10°C /min). Post-thaw cell recovery is plotted as a function of cooling rate in Figure 4.2A 

and as expected, the curve took the form of a typical inverted U shape with 1-3°C /min 

being ‘optimum’ and cooling rates above that were considered ‘fast’ and therefore 

associated with IIF.  

 

The ability to correlate IIF with viability requires determination of a metric for viability 

that can be detected using Raman spectroscopy. For this investigation, the release of 

cytochrome c from mitochondria was used as a measure of cell viability and was well 

correlated with trypan blue exclusion, a widely accepted measure of viability. Cells were 
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frozen in solutions containing trypan blue and interrogated using Raman spectroscopy. 

Results confirmed by qualitative observations of these cells were as expected: trypan blue 

negative cells (live cells) had cytochrome c signals that were strong and localized, while 

trypan blue positive cells (dead cells) showed no distinguishable cytochrome c peak 

(Figure 4.2C).  

 

In order to determine a threshold level for the distribution of cytochrome c associated 

with viability, additional studies were performed with cells frozen in 10% DMSO 

supplemented with trypan blue. Raman images of cytochrome c distribution in these 

trypan blue negative cells were analyzed and values of Moran’s I were determined. The 

lowest Moran’s I value for Raman images of cytochrome c in these trypan blue negative 

cells (live cells) was 0.65 (Figure 4.2D). As a result, a Moran’s I value of 0.65 was used 

as a threshold level to distinguish live and dead cells. Raman images obtained at different 

focal planes in the frozen cell showed that images of cytochrome c at the middle (center) 

of the cell provided the strongest signal (Figure 4.2B).  
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Figure 4.2: Cell viability determined by Raman image of cytochrome c. (A) Jurkat cell 

recovery cryopreserved in 10% DMSO as a function of cooling rates (error bars represent 

SEM, n=3). Measurements are made at 0.5C/min, 1°C/min, 3°C/min and 10°C/min. (B) 
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Raman images of cytochrome c for three different frozen cells at three focal planes: 

Bottom (Middle-2µm), Middle, and Top (Middle+2µm). Cells were frozen at 10°C/min 

down to -50°C in 10% DMSO solution. Scale bar 2µm. (C) Live and dead Jurkat cell 

confirmed by trypan blue with corresponding Raman spectra of cytochrome c, Raman 

images of cytochrome c and Moran’s I values. Cells were frozen at 10°C/min down to -

50°C in 10% DMSO with trypan blue solution. Scale bar 2µm. (D) Live cells confirmed 

by trypan blue with corresponding Raman images of cytochrome c and Moran’s I values.  

 
The viability of cells frozen on at different cooling rates, specifically, 1°C /min, 10°C 

/min and 50°C /min were determined for multiple cells. Eighty percent of cells 

cryopreserved at 1°C /min were alive, sixty percent of cells cryopreserved at 10°C /min 

were alive and twenty percent of cell cryopreserved at 50°C /min were alive (Figure 

4.3A). Taken as a whole, cell viability measured for a population of single cells agreed 

with the population-averaged viability given in Figure 4.2A. The Moran’s I values of live 

and dead cells were shown in Figure 4.3D.  

 

The spectra obtained from each cell could also be analyzed for intracellular ice formation. 

Each cell examined is given a unique identifier so that they can be followed in the 

analysis given below. 

 

Intracellular ice formation was quite common; it was detected in seven of the ten cells at 

1°C/min, nine of the ten cells at 10°C/min and ten of the ten cells at 50°C/min. The 

relative amount of intracellular ice in each cell could be estimated based on the ratio of 

cross-sectional area of ice to cross-sectional area of the cell (denoted as AIC in the 

following text) (Figure 4.3A). AIC of each cell was calculated as a function of cooling 
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rates (Figure 4.3B). AIC increased with increasing cooling rate, as would be expected. 

AIC was also plotted as a function of Moran’s I value in Figure 4.3C, which showed that, 

in general, live cells had less ice than dead cells the but the variation in each population 

(alive or dead) was substantial.  
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Figure 4.3: Freezing responses of Jurkats at different cooling rates. (A) Raman images 

and black white images of cytochrome c and ice, cell viability, and AIC for cells 

cryopreserved at different cooling rates (1°C/min, 10°C/min and 50°C/min) in 10% 
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DMSO solution down to -50°C. Scale bar 2µm. The cell tracking number is given in the 

upper right corner of the Raman images. (B) AIC grouped by cooling rates. Ends of the 

whiskers represent the minimum and maximum of all of the data. The bottom and top of 

the box are the first and third quartiles, and the line inside the box is the median. The 

square inside box is the average. One-way ANOVA analysis shows statistically 

significant difference of the ratio among cooling rates (P<0.01). (C) AIC as a function of 

Moran’s I value for all the cells tested. Correlation coefficient R was -0.74. Cells 

represented by circles are not viable and cells represented by squares are viable. (D) 

Moran’s I values of live and dead cells. 

 

The average ice crystal size for IIF was calculated based on the Raman images obtained. 

Most cells had only small ice crystals present (<0.5µm) for all of the cooling rates tested 

and all viable cells with IIF had small ice crystals. The presence of large ice crystals (2-

3µm) was observed most commonly at high cooling rates and cells with large ice crystals 

were always dead (Figure 4.4). Large and small ice crystals tended to be located in 

different regions of the cell. Small ice crystals were only found at the edge of the cell 

adjacent to the extracellular ice. Large chunks of pure ice crystals were located both at 

the edge of the cell and at center of cell.  
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Figure 4.4: Raman images of two different kinds of intracellular ice. Large chunks of 

pure ice crystals and small ice crystals interspersed with cytosol with corresponding AIC, 

crystal size, Raman images of cytochrome c, viability and Raman spectra of intracellular 

ice. Raman spectra of intracellular ice was based on location of ‘star’ in Raman image of 

ice. The red arrow indicates Raman peak of ice. Cells were frozen in 10% DMSO down 

to -50°C at 50°C/min or 10°C/min. Scale bar 2µm. 

 

 
Removal of water in the form of ice can influence the intracellular concentration of 

DMSO and introduce concentration gradients. In order to quantify solute concentration 

redistribution, Raman images of one cell at each cooling rate were analyzed for DMSO 

concentration (Figure 4.5A). The spectra for a region containing extracellular ice, cell, 

and unfrozen DMSO solution (see white arrow) was analyzed. Normalized DMSO 

concentration (peak intensity of DMSO at each data point along the arrow divided by 

maximum peak intensity of DMSO in the unfrozen extracellular solution) was plotted as 

a function of horizontal distance of the arrow from its start point. For the cell frozen at 

1°C/min with no IIF, DMSO concentration inside the cell was relatively uniform. The 
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cell frozen at 10 °C/min contained small ice crystals and DMSO concentration inside the 

cell showed greater variation across ice crystals. For the cell frozen at 50 °C/min with 

large ice crystals, DMSO concentration inside the cell changes substantially across the 

cell (Figure 4.5B). The maximum intracellular DMSO concentration did not vary 

significantly across the different cooling rates; concentration gradients did however vary 

significantly.  

 

Figure 4.5: Intracellular and extracellular DMSO concentration. (A) Raman images of 

DMSO for one cell at each cooling rate (1°C/min, 10°C/min and 50°C/min). The cell 

tracking number and cell viability were given above the figure. The white arrow goes 

through different regions of the image and represents the location where peak intensity of 

DMSO at 673 cm-1 was obtained. (B) Normalized DMSO concentration (peak intensity 

of DMSO at each data point along the arrow divided by maximum peak intensity of 
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DMSO in the unfrozen extracellular solution) was plotted as a function of horizontal 

distance of the arrow from its start point. 

 
 

4.3.2 The Cell Membrane, Extracellular Ice and IIF 

The next phase of the investigation involved characterizing the interaction amongst 

external ice, the cell membrane and IIF. Cells were cryopreserved in 10% DMSO or 10% 

DMSO+10% Dextran with a cooling rate of 10°C/min (Figure 4.6A).  The images were 

analyzed for IIF and AIC. Biological cells are typically trapped in the unfrozen solution 

between adjacent ice crystals101. Two different regions were designated: (1) regions 

where extracellular ice is in close proximity to the cell membrane (noted in red); and (2) 

regions between adjacent ice crystals in which the cell membrane is distant from 

extracellular ice (noted in black) (Figure 4.6B). The proximity of the cell membrane to 

extracellular ice was approximated by measuring the thickness of unfrozen solution 

between the cell and extracellular ice crystals for both black and red areas (Figure 4.6C). 

Images were also analyzed for the physical location of ice inside the cell and fraction of 

cell membrane in close proximity to extracellular ice (Figure 4.7A, 4.7B).  
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Figure 4.6: Freezing responses of Jurkats in DMSO+Dextran solution. (A) Raman images 

of DMSO, Dextran, ice and Aic for cells frozen in 10% DMSO+10% Dextran solution at 

10°C/min down to -50°C. Raman images of DMSO, ice and AIC for cells frozen in 10% 

DMSO solution at 10°C/min down to -50°C. Scale bar 2µm. The cell track number is 

given in the upper right corner of the Raman images. (B) Schematic diagram of a frozen 

cell. (C) Red and black bars represent thickness of unfrozen solution measured at 15o 

intervals for cells frozen in 10% DMSO+10% Dextran solution to show distance from the 

cell membrane. The average thickness (with deviation) for region of membrane in close 

proximity to extracellular ice as well as intracellular ice formation was given below the 
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figure. The cell tracking number is given above. 

 
For cells frozen in 10% DMSO at 10°C/min, eight out of eight (100%) of the cells 

exhibited IIF and the AIC varied from 0.1 to 0.4.  The distance between extracellular ice 

and the cell membrane was less than the resolution of the imaging system (~296nm). For 

all of the cells studied, IIF was located in the region of the cell where the cell membrane 

was adjacent to extracellular ice (versus adjacent to gaps between adjacent ice crystals) 

and the fraction of the cell membrane adjacent to extracellular ice was 75+6% (Figure 

4.7B). In contrast, when cells were frozen in 10% DMSO+10% Dextran, only four out of 

eight cells exhibited IIF and the AIC ranged between 0.12 and 0.37 (Figure 4.7A). The 

distance between the cell membrane and the extracellular ice was greater than that 

observed for 10% DMSO alone and ranged between 0.54+0.45 and 1.14+0.73µm (Figure 

4.6C). IIF was also located in the region of the cell where the cell membrane was 

adjacent to extracellular ice, but the fraction of the cell membrane adjacent to 

extracellular ice was reduced to 57+5%. The ratio of intracellular to extracellular Dextran 

concentration defined by the ratio of intracellular to extracellular Raman peak intensity at 

850 cm-1 ranged from 5% to 29%, suggesting dextran mainly stayed outside the cell.  
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Figure 4.7: Different segments of cell membrane. (A) Schematic diagram of two different 

segments of cell membrane and the location of intracellular ice for cells frozen in 10% 

DMSO and 10%DMSO+10% Dextran solution. Black line represents the region of 

membrane in unfrozen solution between adjacent ice crystals. Red line represents region 

of membrane in close proximity to ice. Grey area represents the region where 

intracellular ice is located. (B) Fraction of cell membrane in close proximity to 

extracellular ice for cells frozen in 10% DMSO and 10%DMSO+10% Dextran solution. 

There was statistically significant difference between cells frozen in 10% DMSO and 

10%DMSO+10% Dextran solution (SEM, n=8, P<0.05). 

 
In order to test whether similar effects were observed with other cryoprotectants, Jurkat 

cells were frozen in 660mM glycerol+300mM trehalose solution down to -50°C at 
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10°C/min. Raman images were rendered for trehalose and ice (Figure 4.8A). Only two of 

the eight cells showed IIF and the AIC of the cells ranged from 0.0 to 0.37. All of the 

cells imaged were viable. As with cells frozen in DMSO, intracellular ice was located 

adjacent to the portion of cell membrane in close proximity to extracellular ice (Figure 

4.8C).  The distance between the cell membrane and extracellular ice ranged between 

0.48+0.39µm and 1.46+0.82µm, which was similar to the distance observed with the 10% 

DMSO+Dextran solution (Figure 4.8B). 

 

Figure 4.8: Freezing responses of Jurkats in glycerol+trehalose solution. (A) Raman 

images of trehalose, ice and AIC, viability for cells frozen in 660mM glycerol+300mM 

trehalose at 10°C/min down to -50°C. Scale bar 2µm. The cell tracking number is given 
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in the upper right corner of the Raman images. (B) Red and black bars represent 

thickness of unfrozen solution measured at 15o intervals for cells frozen in 660mM 

glycerol+300mM trehalose solution to show distance from the cell membrane. Average 

thickness (with standard deviation) for region of membrane in close proximity to ice as 

well as intracellular ice formation was given below the figure. The cell tracking number 

is given above. (C) Schematic diagram of two different segments of cell membrane and 

the location of intracellular ice. Average fraction of cell membrane in close proximity to 

extracellular ice is given at the far right. 

 
The plasma membrane does not act in isolation but interacts with other structures in the 

cell, particularly, the cytoskeleton102. Disrupting the cytoskeleton can result in release of 

the membrane reservoir and a reduction in membrane stiffness103. To determine the 

influence of releasing the membrane reservoir on IIF, Jurkat cells were incubated with 

50uM or 250uM cytochalasin D (CD) for 30 minutes being frozen in 10% DMSO at 

10°C/min.  Raman images were rendered for ice and AIC (Figure 4.9A). The fraction of 

cells exhibiting IIF was the same for all conditions tested (100%), but AIC increased 

significantly with increasing concentration of CD (Figure 4.9C). Large chunks of ice 

were observed in two of the ten cells for experiments in which CD was present. It is 

noteworthy that the fraction of cell membrane in proximity to extracellular ice was high 

for all of the cells studied (~83%). It was also true that cells with large chunks of pure ice 

crystals were all dead, while cells with small ice crystals could be dead or alive. 

Intracellular ice crystals were also co-located to the sections of cell membrane in close 

proximity to extracellular ice (Figure 4.9B). The distance between the cell membrane and 

the extracellular ice was still less than the resolution of the imaging system (296nm).  
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Figure 4.9: Effects of CD on cell freezing responses. (A) Raman images of ice, viability 

and AIC for cells frozen in 10% DMSO down to -50 °C at 10°C/min after incubation with 

CD for 30 minutes (50 and 250uM). Scale bar 3µm. The cell tracking number is given in 

the upper right corner of the Raman images. (B) Schematic diagram of two different 

segments of cell membrane and the location of intracellular ice for cells frozen in 10% 

DMSO with 50uM or 250uM CD. Average fraction of cell membrane in close proximity 

to extracellular ice is given at the far right. (C) AIC for cells frozen in 10% DMSO 

without CD, with 50uM and 250uM CD. Ends of the whiskers represent the minimum 
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and maximum of all of the data. The bottom and top of the box are the first and third 

quartiles, and the line inside the box is the median. The square inside box is the average. 

One-way ANOVA analysis shows statistically significant difference of the ratio among 

different groups (P<0.05). 

 
4.4 Discussion 

4.4.1 IIF and viability 

The impact of conventional low temperature microscopy techniques has been limited 

because observations of cell responses at low temperature could not be correlated to 

viability on a cell-by-cell basis. The notable exception is Stracke and colleagues who 

used two-photon microscopy in combination with fluorescent dyes to study the location 

of ice crystals and cell viability104. This study establishes our ability to correlate 

cytochrome c distribution, a signal that can be detected using Raman spectroscopy, with 

trypan blue staining for individual cells. Conventional fluorescent dyes or trypan blue 

cannot be used during Raman spectroscopy as it interferes with detection of the other 

signals of interest (water, ice and DMSO). Other spectroscopic studies have also used 

cytochrome c as a marker for cell viability73,105.  

 

It is noteworthy that similar studies were carried out using mesenchymal stem cells but 

similar responses were not observed. Specifically, localization of cytochrome c was not 

observed, suggesting that mechanism of cell death may vary from cell type to cell type.  

The cytochrome c activity observed in this study may explain the significant post thaw 

apoptosis that has been observed for lymphocytes106,107.  
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A variety of earlier investigations have shown that IIF is a lethal event 31,108,109. This 

investigation suggests that IIF alone may not be a lethal event. Small amounts of IIF are 

common even at ‘slow’ cooling rates and are not necessarily lethal. The presence of 

either large ice crystals and/or significant fraction of the cells containing ice (AIC>0.32) 

are associated with lethal damage. This outcome agrees with other studies that have 

demonstrated that intracellular ice formation is not always lethal110–113. Although the 

threshold value for AIC above which cells were considered dead could be different for 

cells cryopreserved in different cryoprotectant compositions (not applicable to cells 

cryopreserved with glycerol+trehalose because all cells were alive; cells incubated with 

CD before cryopreserved with 10% DMSO, AIC: 0.50), the same conclusion can be 

reached that IIF is not always a lethal event.    

 

The removal of water in the form of ice inside the cell can cause changes in the 

intracellular DMSO concentration (or concentration gradients), which could be a 

potential mechanism of damage associated with IIF formation. Specifically, solute 

polarization adjacent to the IIF could produce a high-localized concentration that would 

dissipate after ice growth had stopped. The image acquisition time for Raman is long 

enough that transient changes in concentration resulting from IIF cannot be captured, so 

the analysis here represents more of an equilibrium analysis of DMSO concentration 

across the cell in the presence or absence of IIF. The maximum concentration inside the 

cell however did not change with the presence of IIF for the conditions studied.  

 

4.4.2 The Cell Membrane, Extracellular Ice and IIF 
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IIF is located adjacent to the cell membrane and, in particular, the portion of the cell 

membrane adjacent to extracellular ice. As the fraction of cell membrane in close 

proximity to extracellular ice increases, the fraction of cells with IIF increases. The co-

location of ice and the cell membrane was observed for a range of solution compositions 

and cooling rates. These studies also observed that as the distance between the cell 

membrane and extracellular ice decreased, the fraction of cells with IIF increased. These 

outcomes suggest that interaction between cell membrane and extracellular ice is 

responsible for IIF. These studies provide further insight into potential mechanisms of 

action for cryoprotectants. The results of this investigation suggest that one mechanism of 

action may be actually increasing the separation of the membrane with extracellular ice. 

 

Further support for the hypothesis that the interaction between cell membrane and 

extracellular ice is the reason for IIF can be found in the studies of cells incubated with 

varying concentration of CD before freezing. Disruption of the actin cytoskeleton 

increases the amount of available membrane material 103 and in this study, increases the 

fraction of the cell containing ice. It is noteworthy that the use of CD can bring about 

changes in both membrane stiffness as well as permeability and the increase in the 

amount of ice present in the cell may reflect that influence.  

 

Failure of the cell membrane was not observed for any of the experimental conditions 

tested in this investigation. Both dextran and trehalose are large molecules that do not 

typically penetrate the cell. Raman spectra was analyzed and showed little penetration of 

those molecules into the cell for both cells with IIF as well as those without IIF. Other 
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studies suggested that disruption of the cell membrane causes IIF. Asahina and 

colleagues suggested that destruction of protoplasmic structure of cell surface was the 

reason of IIF88. Muldrew and colleagues also proposed that cell membrane damage 

resulting from osmotic pressure across the membrane caused IIF114. 

 
4.5 Conclusion 

Raman spectroscopy was utilized to investigate the freezing responses of Jurkat cells to 

different cooling rates and freeing media compositions. We confirmed that IIF alone does 

not necessarily result in cell death. Specifically, the amount of intracellular ice as well as 

ice crystal size affects cell viability (Figure 4.3, 4.4). Intracellular ice crystals were 

further found co-located to the area of the cell membrane that was in close proximity to 

an extracellular ice crystal (Figure 4.7, 4.8, 4.9). Increasing the distance between the cell 

membrane and the extracellular ice resulted in decreasing IIF (Figure 4.6). Disruption of 

the actin cytoskeleton with CD increased the amount of IIF (Figure 4.9). The results of 

these studies directly support our first hypothesis that not all IIF is lethal and the 

conditions of cell membrane, cytoskeleton and mitochondria play an important role in 

determining IIF and cryopreservation outcome.  
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Chapter 5 

Freezing Responses in DMSO-Based Cryopreservation of 

Human iPS Cells: Aggregates vs. Single Cells 

 
Much of the text and figures in this chapter have previously appeared in the publication 
below. 
 
Li, R.*, Yu, G*., Azarin, S. M., & Hubel, A. (2018). Freezing Responses in DMSO-
Based Cryopreservation of Human iPS Cells: Aggregates Versus Single Cells. Tissue 
Engineering Part C: Methods, 24(5), 289-299. (*These authors contributed equally) 

Li, R performed experiments of cell recovery, attachment and cytoskeletal organization. 

5.1 Introduction 

hiPSCs are multicellular aggregates that can be reprogrammed from a variety of somatic 

cells and have the potential to be differentiated into all three germ-layers23,115, attracting 

much interests in tissue engineering116–118, disease modeling119,120, and personalized 

medicine15,121. For both clinical and scientific purposes, effective cryopreservation of 

hiPSCs is required for transportation, storage of frozen hiPSCs and other downstream 

uses. However, cryopreserved hiPSCs are vulnerable to the loss of viability, function or 

pluripotency122,123.  

 

hiPSCs can be frozen either as aggregates or single cells depending upon the application. 

Cryopreservation of hiPSCs typically involves two different methods: conventional slow 

cooling and vitrification. Despite attempts to improve cryopreservation of multicellular 

aggregates, the mechanisms of damage for different freezing conditions are poorly 
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understood. As with single cells, extensive IIF has been proven to be damaging40; 

exposure to high solute concentration at low temperatures can cause the “solute effect” in 

cells, and the addition, removal of cryoprotectants can result in osmotic stress123. 

However, freezing responses of cell aggregates are more complex than single cells. For 

example, propagation of IIF in cell aggregates via gap junctions has been observed 

experimentally in a variety of cell types124–126.  

 

To the best of our knowledge, there has been no Raman spectroscopy study of 

cryopreserved cell aggregates. In this study, Raman spectroscopy was used to observe 

both hiPSC single cells and aggregates frozen at three cooling rates and two seeding 

temperatures.  The seeding temperature is the temperature at which ice forms in the 

extracellular solution. In parallel, hiPSCs as single cells or aggregates were frozen using 

a programmable CRF with the same cooling rates and seeding temperatures as Raman 

spectroscopy. Cell recovery, attachment, and cytoskeletal organization will be examined 

after rapid thawing in a 37°C water bath. These studies will help us determine the 

relationship among conditions of subcellular components, IIF and cryopreservation 

outcome for both single cells and aggregates of hiPSCs and help us test the first 

hypothesis.  

 

5.2 Methods 

5.2.1 General methods 
 
hiPSCs were cultured according to the methods described in section 3.2.3. Vial freezing 

and thawing of sample were carried out according to section 3.3.2 and 3.3.3. Viability of 
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hiPSCs was tested according to section 3.4.2. Post-thaw apoptotic subpopulation and time 

course assessments of hiPSCs were carried out according to section 3.4.3. Cells for 

Raman measurements were frozen on a temperature controlled cooling stage according to 

sections 3.5 and 3.7. Statistical analysis was performed according to section 3.10.  

 

5.2.2 Raman image/spectra analysis 

Raman signals and the associated wavenumbers selected for these studies are given in 

table 5.1. Amide I and alkyl C=C stretches were used to generate a distribution of protein 

and lipid to delineate the area of frozen single cells or aggregates (Figure 5.1A). Images 

of ice were generated with background subtraction at both sides of the peak range to 

separate ice and water signals. The image size for single-cell studies was 15 × 15 µm. 

Each image had 45 × 45 pixels with an integration of 0.2 s for each pixel. Image size for 

aggregates varied depending on the actual size of the aggregate. There were two pixels 

per micrometer for images of aggregates with an integration of 0.2 s for each pixel. IIF 

was determined by the presence of an OH stretch peak at 3125 cm-1. Raman spectra of 

cell sections with IIF showed the presence of an OH stretch peak, while Raman spectra of 

cell sections without IIF showed the absence of OH stretch peak (Figure 5.1B) 
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Figure 5.1: Raman spectra and images of substance used. (A) Raman spectra of ice, 

DMSO and single hiPSCs cryopreserved in 10% DMSO. Raman images of ice, DMSO 

and amide I are rendered based on the specific Raman signal indicated on the spectra. (B) 

Raman image of ice showing cell section with IIF (1) and without IIF (2) with 

corresponding Raman spectra. The arrow indicates Raman signal of ice. 

 
Table 5.1 Wavenumber Assignments for Raman Spectra 

Substance Wavenumber cm-1 Assignments11,127 
Protein and lipid (cell) 1660 Amide I and alkyl C=C stretches 

Ice 3125 OH stretch 
DMSO 673 Symmetric CS stretching 

 
 
5.3 Results 

5.3.1 IIF of cryopreserved hiPSCs 
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IIF can be influenced by many freezing parameters, including cell type, cell-cell 

interaction, cooling rate, seeding temperature, and solution composition.128 In order to 

investigate the effects of cooling rates and seeding temperatures on the IIF of 

cryopreserved hiPSCs, single cells and aggregates in 10% DMSO solution were frozen at 

a constant cooling rate of 1, 3, or 10°C/min with seeding temperature of -4 or -8°C. 

 

Typical Raman images rendered on the signal associated with ice and amide I were 

shown for both single cells and aggregates cryopreserved at three different cooling rates 

grouped by seeding temperatures (Figure 5.2A, 5.2B, 5.2D and 5.2E). In order to 

characterize the proportion of IIF, the ratio of cross-sectional area of IIF to the cross-

sectional area of single cells or aggregates (AIC) was calculated. IIF is harmful to the cell 

so the smaller the value of AIC, the higher the cell survival34. The effect of cooling rates 

on AIC was examined for a given seeding temperature. For single cells, there is no 

statistical difference of AIC between cells cryopreserved at 1 and 3°C/min, however cells 

cryopreserved at 10°C/min showed statistically greater AIC for both seeding 

temperatures (Figure 5.2C). Similar conclusions on the effect of cooling rate on AIC can 

be drawn for aggregates (Figure 5.2F).  

 

The effects of seeding temperature on AIC were also investigated. There was no 

statistical difference in AIC between single cells seeded at -4°C and -8°C for all three 

cooling rates. For aggregates, greater AIC was observed at a seeding temperature of -8°C 

than -4°C for a cooling rate of 1 and 3°C/min. Aggregates cryopreserved at 10°C/min 

showed no difference in AIC between the two seeding temperatures (Figure 5.2G).  
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Figure 5.2: IIF of hiPSCs. (A) Raman images of ice and amide I of single cells at seeding 

temperature of -4°C. (B) Raman images of ice and amide I of single cells at seeding 

temperature of -8°C. (C) AIC of single cells grouped by seeding temperature (SEM, n=8, 

*: p<0.05). Ends of the whiskers represent the minimum and maximum of the data. The 

bottom and top of the box are the first and third quartiles and the square inside the box is 

the average. (D) Raman images of ice and amide I of aggregates at seeding temperature 

of -4°C. (E) Raman images of ice and amide I of aggregates at seeding temperature of -
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8°C. (F) AIC of aggregates grouped by seeding temperature (SEM, n=5, *: p<0.05, **: 

p<0.01). (G) AIC of aggregates grouped by cooling rates (SEM, n=5, *: p<0.05, **: 

p<0.01). 

 

5.3.2 DMSO distribution of cryopreserved hiPSCs 

Single cells and aggregates frozen without a significant amount of IIF were used to study 

whether the distribution of DMSO varied in aggregates. Raman images of DMSO in cells 

frozen at 1°C/min seeded at -4°C were shown as examples (Figure 5.3A and 5.3B). For 

single cells, a diagonal line was drawn across the image and the normalized DMSO 

concentration (DMSO peak intensity at each pixel to the maximum DMSO peak intensity 

of the line) was calculated (Figure 5.3A). Standard deviation of normalized DMSO 

concentration (SD) was calculated to represent the variation of DMSO concentration 

across the cell. It was noteworthy that 1µm from the cell membrane inward to the cell 

was not considered for the calculation because of partitioning of DMSO by the cell 

membrane (calculation within gray shading). For aggregates, two diagonal lines were 

drawn across the image and the DMSO concentration along those lines as well as its 

variation were quantified. It was found that SD was significantly greater in aggregates 

than single cells frozen at 1 or 3°C/min (Figure 5.3C).  
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Figure 5.3: DMSO concentration variation of hiPSCs. (A) Raman image of DMSO in 

single hiPSCs cryopreserved at 1°C/min with seeding temperature of -4°C. (Scale bar: 

3µm.) The white arrow goes through different regions of the image and represents the 

location where peak intensity of DMSO is obtained. Normalized DMSO concentration 

(peak intensity of DMSO at each data point along the arrow divided by maximum peak 

intensity of DMSO) is plotted as a function of horizontal distance of the arrow from its 

start point. Gray shading indicates the region used for calculation of standard deviation of 

normalized DMSO concentration. (B) Raman image of DMSO of aggregates 

cryopreserved at 1°C/min with seeding temperature of -4°C. (Scale bar: 7µm.) 

Normalized DMSO is plotted as a function of horizontal distance of the arrow from its 

start point for both arrows. (C) Standard deviation of normalized DMSO concentration 

for single cells and aggregates cryopreserved at 1 and 3°C with seeding temperature of -

4°C (SEM, n=8 for single cells, n=5 for aggregates, **: p<0.01). 
 

 
5.3.3 Post-thaw membrane integrity and attachment of cryopreserved hiPSCs 

Post-thaw recovery and attachment rates were examined for both hiPSC as single cells 

and aggregates cryopreserved using CRF with the same set of cooling rates 1, 3, 

10°C/min and seeding temperatures -4, -8°C. Post-thaw recovery was measured in terms 

of membrane integrity. Post-thaw attachment was normalized to the post-passage 
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attachment of fresh, non-frozen aggregates, so a post-thaw attachment rate close to 1 

indicates attachment ability of cryopreserved cells comparable to what was observed of 

fresh cells.  

 

The effect of different cooling rates was examined for each seeding temperature. For 

single cells, membrane integrity for both 1 and 3°C/min were significantly higher than 

10°C/min regardless of the seeding temperature (Figure 5.4A). All of the single cell 

conditions tested had few to no cells attached to culture substrate post-thaw (Figure 

5.4C), consistent with previous studies129–131. For aggregates, little difference in the 

membrane integrity was observed for the range of cooling rates studied (Figure 5.4B). 

However, aggregates cryopreserved at 1°C/min attached to the surface post-thaw at 

greater rates than either 3 or 10°C/min for a seeding temperature of -4°C (Figure 5.4D). 

The effect of different seeding temperatures was examined for each cooling rate. For cells 

frozen at 1 and 3°C/min, membrane integrity (of both single cells and aggregates, Figure 

5.4E, 5.4F) and cell attachment (of aggregates, Figure 5.4H) for seeding temperature of -

4°C were significantly higher than -8°C; for those frozen at 10°C/min, little difference in 

membrane integrity or cell attachment was observed for the seeding temperatures studied 

(Figure 5.4E-H). 
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Figure 5.4: Post-thaw recovery and attachment of hiPSCs. (A) Post-thaw recovery rate of 

single cells against cooling rate grouped by seeding temperature. (B) Post-thaw recovery 

rate of aggregates against cooling rate grouped by seeding temperature. (C) Post-thaw 

attachment rate of single cells against cooling rate grouped by seeding temperature. (D) 

Post-thaw attachment rate of aggregates against cooling rate grouped by seeding 

temperature. (E) Post-thaw recovery rate of single cells against seeding temperature 

grouped by cooling rate. (F) Post-thaw recovery rate of aggregates against seeding 

temperature grouped by cooling rate. (G) Post-thaw attachment rate of single cells against 

seeding temperature grouped by cooling rate. (H) Post-thaw attachment rate of aggregates 

against seeding temperature grouped by cooling rate. (SEM, n=3, n.s.: p≥0.05, *: p<0.05, 

**: p<0.01, ***: p<0.001). 

 
 

5.4 Discussion 

5.4.1 IIF mechanism and ice crystal propagation 

AIC values of single cells and aggregates cryopreserved at 10°C/min were significantly 

greater than those at 1 and 3°C/min, consistent with conventional wisdom that fast 
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cooling rates resulted in greater IIF30 and poor post-thaw recovery. Two different types of 

ice crystals were observed in this study: 1) small ice crystals mixed with cytoplasm and 

2) large pure ice crystals (Figure 5.5A). Type-1 ice crystals were intracellular as observed 

in a previous study132; type-2 ice crystals could be either intracellular or intercellular, 

where future study is needed to determine its location relative to cell membrane. 

However, because the size of some type-2 ice crystals was clearly greater than that of an 

individual cell, they were most-likely intercellular. Only high cooling rate (10°C/min) 

resulted in type-2 ice crystals in cryopreserved single cells. The relative insensitivity of 

hiPSC single cells to supercooling is similar to that observed with peripheral 

lymphocytes133, but differs from hepatocytes134, erythrocytes135 and hiPSC aggregates. In 

contrast, high cooling rates (10°C/min) and low seeding temperature (-8°C) resulted in 

type-2 ice crystals in aggregates. This suggests that aggregates are more sensitive to 

seeding temperature than single cells. As the seeding temperature decreased from -4°C to 

-8°C, the cooling rate threshold for IIF in aggregates also decreased from 10°C/min to 

1°C/min, which is consistent with an early study, where the higher the degree of 

supercooling, the lower the cooling rate at which IIF is observed135.  

 

A lower seeding temperature results in a greater difference in chemical potential across 

the cell membrane87. It has been hypothesized that a new equilibrium can be reached by 

dehydration of cells or solidification of water inside the cell. Several effects could 

influence the probability of IIF at lower seeding temperatures, including water 

permeability of cell membrane. Compared to single cells, aggregates have more complex 

cytoskeletal structure (Figure 5.5B), which can interact with the plasma membrane, 
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compacting the aggregates136, therefore decreasing membrane water permeability137. The 

higher sensitivity to supercooling of aggregates than single cells may be a result of this 

decreased membrane water permeability.  

 

Figure 5.5: Ice crystal types and f-actin of hiPSCs. (A) Sketches of frozen cell aggregates 

showing two types of ice crystals. (B) Attached colonies in culture 4, 8, 12, 24 hours 

post-passage or post-thaw, stained for f-actin. The honeycomb-like pattern became 

clearly visible around 8 hours post-passage and around 12 hours post-thaw for the 

aggregates cryopreserved at 1°C/min with seeding at -4°C and for those cryopreserved at 



 65 

3°C/min with seeding at -4°C. All other freezing conditions tested were not assessed here 

due to failed post-thaw cell attachment. (Scale bar: 50µm.) 

Propagation of ice crystals from cell-to-cell has been observed in non-hiPSC 

aggregates.124–126,138 In this study, small ice crystals mixed with cytoplasm were confined 

within the cell where ice was initially formed, and there was no evidence that these small 

ice crystals propagated from one cell to the next.  

 

5.4.2 DMSO distribution between single cells and aggregates 

Variation of DMSO concentration across aggregates was significantly greater than that 

across single cells frozen at cooling rates 1, 3°C/min with seeding temperature of -4°C. 

These differences could result from greater disturbance to transport by more complex 

membrane-cytoskeletal structure136 of multicellular systems. Previous studies have 

measured DMSO transport in tissues using MRI139 and demonstrated variations in the 

concentration with time and location, but no previous studies have had the spatial 

resolution to look at the distribution of cryoprotectants in a multicellular system on a cell-

by-cell basis. Raman spectroscopy served as an ideal tool to investigate the distribution of 

cryoprotectant cell-by-cell for both single cells and multicellular aggregates in this study. 

 

5.4.3 Membrane integrity, cell attachment, and intracellular ice formation 

For single cells, slow cooling rates (1, 3°C/min) allowed significantly better preservation 

of membrane integrity than higher cooling rate (10°C/min) regardless of the seeding 

temperature. This outcome was consistent with the observation that AIC increased with 

increasing cooling rate.  
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For aggregates, however, slow cooling rates (1, 3°C/min) combined with high seeding 

temperature (-4°C) had little effect on the membrane integrity but resulted in significantly 

better cell attachment than higher cooling rate (10°C/min) or low seeding temperature (-

8°C). The clear advantage of seeding temperature -4°C compared to -8°C suggests that 

the range of seeding temperatures of -7 to -12°C being used in literature140 is suboptimal, 

and that seeding temperature should be considered as a critical parameter when designing 

cryopreservation protocol for hiPSCs. Cell attachment of the aggregates correlated with 

AIC. The two freezing conditions that successfully attached post-thaw both had little 

intracellular ice, while those freezing conditions that formed large pure ice crystals all 

failed to attach post-thaw. Similar to the results observed with hMSCs141, membrane 

integrity of hiPSC aggregates did not always correlate with cell attachment. All 

conditions tested using aggregates had reasonable levels of post-thaw membrane 

integrity, but only two of these conditions had detectable cell attachment post-thaw 

(Figure 5.4). It is not clear the specific mechanism for the impaired attachment observed 

in this study. Previous studies have found that freezing can result in damage to 

cytoskeleton142 or exposure to DMSO can result in damage to DNA and protein143,144 that 

does not alter membrane integrity. This suggested that the two metrics, post-thaw 

recovery rate and post-thaw attachment rate, could be decoupled. The conventional 

approach of optimizing hiPSC cryopreservation based on only post-thaw membrane 

integrity maybe insufficient. Functional metrics like post-thaw attachment should be 

incorporated into screening of cryoprotectants and tuning of freezing protocols.  
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5.4.4 Post-thaw behavior of hiPSC aggregates 

F-actin cytoskeleton has been evaluated by previous studies in ROCKi-conditioned 

adherent single cells145. In this study, f-actin cytoskeletal organization was monitored in 

attached colonies of ROCKi-free culture (Figure 5.5B). The colonies underwent 

remodeling and reestablishing of f-actin organization both post-thaw in the cryopreserved 

samples and post-passage in the fresh sample, where f-actin fibers progressed to localize 

near the cell-cell interfaces and the edge of the colony, forming a honeycomb-like 

pattern. Impaired f-actin organization was seen in the cryopreserved cells up to 8 hours 

post-thaw compared to fresh cells, which could be explained by actin depolymerization 

due to osmotic stress during freeze-thaw142. The dense f-actin at the edge of the colony 

was identified in a recent study as a contractile actin fence that reinforces colony 

structure and pluripotency136, supporting that the f-actin organization plays an important 

role in post-thaw survival and growth of these multicellular aggregates. 

 

Another recent study found that the survival of cryopreserved aggregates depended on the 

size of aggregates, preferring those around 109µm in diameter to larger sizes146. 

Combined with our findings, it is clear that hiPSCs as a multicellular system respond to 

freezing in very complex fashion, and successful establishment of post-thaw culture 

depends on various critical factors. Further studies will need to not only continue 

exploring additional factors to optimize the freezing protocol for hiPSCs but investigate 

the biological pathways connecting the factors and the observed cryopreservation 

outcomes to provide targets for future development of cryoprotectants. 
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5.5 Conclusion 

Raman images of ice and DMSO show that aggregates of hiPSCs were more sensitive to 

supercooling than single cells as IIF was observed in all aggregates cryopreserved at 

lower seeding temperature (Figure 5.2). This can be explained by the complex 

cytoskeletal structure of aggregates which can interact with the plasma membrane, 

compact the aggregates, therefore decrease membrane water permeability. Cryoprotectant 

transport was also limited in aggregates, which could result from greater disturbance to 

transport by more complex membrane-cytoskeletal structure of multicellular system 

(Figure 5.3). The ability of cryopreserved aggregates to attach to culture substrates was 

decoupled from cell membrane integrity, but correlated with AIC (Figure 5.4). Impaired 

f-actin organization was seen in the cryopreserved aggregates up to 8 hours post-thaw 

compared to passaged fresh aggregates (Figure 5.5). The results of these studies 

demonstrate the first hypothesis that the conditions of cytoskeleton and cell membrane 

are associated with IIF and cryopreservation outcome, especially for aggregates of 

hiPSCs in this study. 
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Chapter 6 

Raman Spectroscopy Study of Intracellular and Extracellular 

DMSO Concentration during Thawing 

 
6.1 Introduction 

Cells frozen down to low temperatures have to be appropriately thawed for any potential 

downstream use. The same range of temperatures experienced during freezing is 

traversed during warming and cells that have successfully survived freezing can be 

damaged during warming30. The proper warming rate for a sample is influenced by the 

cooling rate used147. It has been postulated that cells cryopreserved at high cooling rates 

require high thawing rates to prevent recrystallization of small ice crystals when cells are 

thawed39,128. For cells cooled at low cooling rates, the effects of warming rates on cell 

survival are more ambiguous43–45.  Little has been done experimentally to measure 

biophysical changes during thawing. For single cells, it was largely based on the 

shrinkage and swell of cells to speculate the movement of cryoprotectant and water148. 

Several other techniques have also been used to investigate the mechanisms of cell 

damage during thawing including low temperature electron microscopy41 and differential 

scanning calorimetry42.  

 

In this study, Raman spectroscopy was used to study cell responses during two different 

thawing rates, with a focus on the change of intracellular and extracellular DMSO 

concentration as the partitioning of DMSO across the cell membrane is a factor in 
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determining damage to cell membrane. The change of DMSO concentration would be 

represented by two-point Raman line scan method which could capture the incident as 

quickly as possible as well as Raman image method which was used to show the change 

in a detailed 2D perspective. This study will advance our understanding of the condition 

of cell membrane during thawing and its effects on cryopreservation outcome.  

 

6.2 Methods 

6.2.1 General methods 
 
Jurkat cells were cultured according to the methods described in section 3.2.1. Cells for 

Raman measurements were frozen on a temperature controlled cooling stage according to 

sections 3.5 and 3.7. Statistical analysis was performed according to section 3.10.  

 
 
Raman image/spectra generation 

Table 6.1 lists the Raman signals observed and the associated wavenumbers selected for 

these studies (Figure 6.1A). Averaged Raman spectra over the cell area or extracellular 

unfrozen DMSO area could be obtained by K-means cluster analysis in Project FOUR 

plus version 4.0 software (WITec). The cluster analysis can automatically find similar 

spectra in an image data object and create an averaged spectrum for each cluster. Typical 

Raman spectra of Jurkat cells frozen in 10% DMSO solution at -50°C was also shown to 

indicate that Raman signals from the cell itself did not affect the Raman signals that were 

chosen for generating Raman images (Fig. 6.1B). All the Raman spectra and images were 

based on the cells that were not affected by the condensation of water on top of the 

sample (Fig. 6.1C).  
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Table 6.1 Wavenumber Assignments for Raman Spectra 

Substance Wavenumber cm-1 Assignments11,95,96 
Dextran 850 α-configuration at C1 

Ice 3125 OH stretch 
Dimethyl sulfoxide 673 Symmetric CS stretching 

 

 
Figure 6.1: Raman spectra and images of substance used. (A) Raman spectra of 1) ice, 2) 

DMSO and 3) Dextran with corresponding Raman images and light microscopy images. 

Images on the right were rendered based on the specific signal on the left and light 

microscopy images were given as a reference. (B) Typical Raman spectra of Jurkat cell 

cryopreserved in 10% DMSO solution at -50°C. (C) Light microscopy image showed that 

frozen cells used in this study were not affected by condensation on the top of sample.  

 
 

6.3 Results 

6.3.1 Intra and extracellular DMSO concentration during thawing 

Melting of extracellular ice during thawing resulted in a decrease in concentration of the 



 72 

extracellular solution and potential movement of water and/or cryoprotectant across the 

cell membrane. Models for transport of water and cryoprotectant at low temperatures 

suggest that transport at these low temperatures (-30°C to -50°C) would be minimal149. In 

order to characterize the concentrations inside and outside the cell during thawing, a two-

point Raman line scan with one point inside the cell and the other point outside the cell 

was made. Raman spectra of each point had three accumulations with integration time of 

0.2 second for each accumulation. A cell that was frozen at 10°C/min to -50°C and 

thawed at 15°C/min to -30°C was used to illustrate the process. A line scan was 

performed after the cell was frozen down to -50°C and both the intracellular and 

extracellular concentrations measured at the location of the two dots (Figure 6.2A). 

Subsequently, the cell was thawed to -30°C and another line scan was made at one-

minute intervals after the thawing process has completed for a total of 6 scans. Raman 

spectra of the line scan at -50°C and the first line scan at -30° (one minute since thawing 

process was finished) demonstrated the change of DMSO concentration (Figure 6.2B). 

The intracellular space can be distinguished from extracellular space by the signals from 

the cell, such as signals of lipid bodies at 1660 cm-1 150. The integral of Raman signal of 

DMSO from 650 cm-1 to 740 cm-1 with background subtraction was used to quantify the 

intracellular and extracellular DMSO concentration during thawing. The integral of 

intracellular Raman spectra was lower than that of extracellular Raman spectra at both -

50°C or -30°C, indicating there was a partitioning of DMSO concentration across the cell 

membrane and the partitioning persisted during thawing. The ratio of the integrals of all 

the other Raman spectra to the integral of extracellular Raman spectra at -50°C was 

calculated (Figure 6.2C). There was a statistically significant difference of the ratio 
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between -50°C and the first line scan at -30°C both for intracellular and extracellular 

DMSO concentration. However, one-way ANOVA analysis showed no statistically 

difference for the DMSO concentration obtained at different times at -30°C. The results 

suggested that after cells were thawed to -30°C, both the extracellular and intracellular 

DMSO concentration decreased and reached equilibrium quickly (~ 1 minute). For cells 

frozen at 10°C/min down to -50°C and thawed at 120°C/min to -30°C, a similar trend of 

the change of intracellular and extracellular DMSO concentration was observed (Figure 

6.2D).  
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Figure 6.2: Intracellular and extracellular DMSO concentration during thawing. (A) Light 

microscopy image of the same frozen cell thawed from -50°C to -30°C at 15°C/min, with 

two dots showing the location of the two points of Raman line scan. (B) Intracellular and 

extracellular Raman spectra at -50°C and at -30°C after one minute since thawing was 

finished. All the spectra were normalized to the highest peak of extracellular Raman 

spectra at -50°C. (C) Normalized DMSO concentration was plotted as a function of 

temperature for cells thawed at 15°C/min. At -30°C, the ratio was further plotted as a 

function of time since thawing was finished. There was a statistically significant 

difference of the ratio between -50°C and -30°C (SEM, n=5, p<0.05), however no 
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significant difference of the ratio between different time at -30°C (SEM, n=5, p>0.05). 

(D) Normalized DMSO concentration was plotted as a function of temperature for cells 

thawed at 120°C/min. At -30°C, the ratio was further plotted as a function of time since 

thawing was finished. There was a statistically significant difference of the ratio between 

-50°C and -30°C (SE, n=5, p<0.05), however no significant difference of the ratio 

between different time at -30°C (SEM, n=5, p>0.05). 

 

6.3.2 Spatial variations during thawing 

Previous studies using Raman have demonstrated that spatial variation in cell response 

can be significant132. High resolution Raman images of single cells were used to 

determine spatial variations in cell response during thawing. A cell frozen at 10°C/min 

down to -50°C and thawed at 120°C/min to -30°C was used to illustrate the results 

obtained (Figure 6.3A). An arrow spanning the extracellular region and the cell region 

was analyzed. Normalized DMSO concentration (peak intensity of DMSO at each data 

point along the arrow divided by maximum peak intensity of DMSO of the arrow at -

50°C) was plotted as a function of distance along the arrow from its start point (Figure 

6.3B). The differences in intracellular and extracellular DMSO concentration were 

obvious at both -50°C and -30°C. The integral of DMSO peak from 650 cm-1 to 740 cm-1 

for the averaged Raman spectra were calculated at -50°C and -30°C for both intracellular 

and extracellular compartments. The ratios of the integrals of averaged spectra over cell 

area or extracellular unfrozen DMSO area to the integral of averaged spectra over 

extracellular unfrozen DMSO area at -50°C and -30°C were calculated (Figure 6.3C). 

There was a statistically difference of the ratio between -50°C and -30°C for both 

intracellular and extracellular DMSO concentration, suggesting decrease of both 
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intracellular and extracellular DMSO concentration. Same analysis was applied to cells 

that were frozen at 10°C/min and thawed at 15°C/min to -30°C and similar results were 

observed (Figure 6.3D).  

 

Figure 6.3: Raman image of DMSO during thawing. (A) Light microscopy images, 

Raman images of ice and DMSO for the same cell thawed from -50°C to -30°C at 

120°C/min. The arrow in the Raman image of DMSO represented the location where 

peak intensity at 673 cm-1 was obtained. (B) The ratio of DMSO peak intensity of the two 

arrows to the highest DMSO peak intensity of the arrow at -50°C was plotted as a 
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function of distance of the arrow from its start point. (C) Normalized DMSO 

concentration was plotted as a function of temperature for cells thawed at 120°C/min. 

There was a statistically significant difference of the ratio between -50°C and -30°C for 

both intracellular and extracellular DMSO concentration (SEM, n=5, p<0.05). (D) 

Normalized DMSO concentration was plotted as a function of time for cells thawed at 

15°C/min. There was a statistically significant difference of the ratio between -50°C and -

30°C for both intracellular and extracellular DMSO concentration (SEM, n=5, p<0.05). 

 

6.3.3 Cell Membrane Integrity 

Disruption of the cell membrane can influence the intracellular concentration measured. 

In order to investigate whether cell membrane was still intact during thawing, Jurkat cells 

were frozen in 10%DMSO + 10%Dextran40 solution at 10°C/min and afterwards thawed 

at 15°C/min or 120°C/min. Dextran40 has a large molecular weight and normally does 

not penetrate into cells. Raman images of dextran as well as images of ice were generated 

for the same cell at -50°C and -30°C (Figure 6.4A and Figure 6.4B). Dextran solution 

was mainly accumulated around the exterior of cell membrane with discernible 

partitioning across the cell membrane at all temperatures, indicating cell membrane was 

still intact during thawing. Experiments were repeated on five different cells and 

consistent results had been observed. In contrast, some cells that were observed of loss of 

cell membrane integrity and lysed during the freezing process did not exhibit partitioning 

of Dextran 40 (Figure 6.4C). 
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Figure 6.4: Cell membrane integrity during thawing. (A) Light microscopy images, 

Raman images of ice and Dextran for the same cell thawed from -50°C to -30°C at 

15°C/min.  (B) Light microscopy image, Raman images of ice and Dextran for the same 

cell thawed from -50°C to -30°C at 120°C/min. (C) Light microscopy image, and Raman 

images of ice and dextran for the cell frozen at 10°C/min to -50°C without partitioning of 

Dextran. 
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6.4 Discussion 

The formation of extracellular ice increased the extracellular DMSO concentration 

substantially and drove DMSO to be loaded into cells during freezing. This phenomenon 

was referred as ‘solute loading’ and had been observed before11,148. Despite of the loading 

of DMSO into cells, Raman measurements suggested that extracellular DMSO 

concentration was still higher than intracellular DMSO concentration and the partitioning 

continued after cells were thawed from -50°C to -30°C. It has been proposed that, as 

extracellular ice melt during thawing, the extracellular DMSO concentration suddenly 

decreased, and the delay of diffusing out of intracellular DMSO concentration resulted in 

movement of water into cells, caused cell swellness and further damaged the cell148,151. 

Our studies partially supported this theory by showing that intracellular DMSO 

concentration decreased during thawing, suggesting the potential movement of water into 

cells during thawing.  

 

The two-point Raman line scan study demonstrated that the change of DMSO 

concentration was fast and reached equilibrium within one minute after thawed to -30°C. 

Permeability of water and cryoprotectants are expected to have an Arrhenius-type 

dependence on temperature149. As a result, it is expected that transport at these 

temperatures should be small. This study suggested that transport of water and/or DMSO 

at the temperature range studied were significant. Molecular dynamic simulations suggest 

that  DMSO can induce thinning and expansion of cell membrane and at high 

concentration it can even induce transient water pores into the membrane46,47,152. The 
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permeability of the cell membrane to water or DMSO might be increased because cell 

membrane was immersed in concentrated DMSO solution.  

 

Changes in DMSO content during thawing may reflect disruption of the cell membrane. 

Thawing studies in the presence of dextran demonstrated that cells maintained integrity 

during the thawing process and failure of the cell membrane did not explain the responses 

observed. Two different thawing rates were used in this study and similar results were 

observed, suggesting the decrease of DMSO concentration could happen over a large 

range of thawing rates, not unique of slow or fast thawing rate. 

 

Raman signals of water around 3400 cm-1 could be used to examine intracellular and 

extracellular hydration level directly. However, the water signals around 3400 cm-1 did 

not change much in Figure 6.2B. Water signals were not sensitive to the change of 

DMSO concentration, making it less meaningful in this study. Change of cell volume was 

conventionally used as another indicator of water movement. However, in this study, cell 

volume was not merely affected by the movement of water. The squeezing and pressing 

of extracellular ice on frozen cells during thawing could also affect cell volume.  

 

6.5 Conclusion 

This study demonstrated the decrease of intracellular and extracellular DMSO 

concentration during thawing. Contrary to conventional wisdom, this study suggested that 
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transport of water and/or DMSO at the temperature range studied were significant (Figure 

6.2 and 6.3). The studies of thawing in the presence of dextran demonstrated that the cells 

maintained integrity during the thawing process and failure of the cell membrane did not 

explain the responses observed (Figure 6.4).  

 

Combined with studies in chapter 4, and 5, the first hypothesis that not all IIF is lethal 

and the conditions of cell membrane, cytoskeleton, and mitochondria can affect IIF and 

cryopreservation outcome can be confirmed. In the next two chapters, studies will be 

focused on freezing responses of cells cryopreserved in non-DMSO cryoprotectants as 

well as protection mechanism of disaccharide to test the second hypothesis.  
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Chapter 7 

Combinations of osmolytes acting in concert to improve post 

thaw viability of mesenchymal stem cells 

Much of the text and figures in this chapter have previously appeared in the publication 
below. 
 
Pollock, K.*, Yu, G.*, Moller-Trane, R., Koran, M., Dosa, P. I., McKenna, D. H., & 
Hubel, A. (2016). Combinations of osmolytes, including monosaccharides, disaccharides, 
and sugar alcohols act in concert during cryopreservation to improve mesenchymal 
stromal cell survival. Tissue Engineering Part C: Methods, 22(11), 999-1008. (*These 
authors contributed equally) 

Pollock, K performed post-thaw viability assessment of MSCs. 

7.1 Introduction 

MSCs have generated much interest in the field of cell therapies and the unique 

biological properties of this cell type have led to the development of MSC-based 

therapies for a wide range of diseases, see Sharma 2014 for review 153. The ability to 

preserve cells enables transportation of the cells from the site of manufacture to the site 

of administration and coordination of the therapy with patient availability. Conventional 

methods of cell freezing typically use the cryoprotectant DMSO, which is associated with 

poor post-thaw behavior 154,155 and with dangerous systemic side effects 156.  

 

There is demand for non-DMSO cryoprotectants that maintain cell viability without 

causing systemic toxicity or poor post thaw function.  Single molecule replacement of 

DMSO has been explored, but results have been sub-optimal.  Multi-component solutions 

have also been explored, and factorial experiments to identify favorable combinations 
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and freezing protocols have shown increased success 157,158. 

 

Diverse biological systems (plants, insects, etc.) survive high salt environments, 

dehydration, drought, freezing temperatures and other stresses through the use of 

osmolytes159.  It is common for multiple osomolytes to be present in order to stabilize the 

cells.  For example, a mixture of five osmolytes have been used to stabilize the cells160 in 

the human kidney ex-vivo. Sugars, specifically trehalose, have been studied extensively 

for the osmoprotective effects they exert and have shown moderate cryoprotectivity at 

appropriate concentrations 161–163. Polyols (such as glycerol) have been used as 

cryoprotectants for proteins, functionally stabilizing protein structure by maintaining 

hydrogen bonding in protein-bound water 164,165. Amino acids have been utilized 

for liposomal cryopreservation 166,167, and ampholytic amino acid polymers have 

demonstrated cryoprotection and result in cellular recoveries similar to DMSO168,169.  

Evidence from several groups indicates that the use of multiple cryoprotectants from the 

different families above, such as trehalose and proline 167, or trehalose and glycerol170, 

exhibit improved cellular survival compared to either cryoprotectant alone, suggesting 

additive164 or synergistic stabilizing effects are possible when multiple cryoprotectants 

are used171. However, the concentrations of these cryoprotectants determine whether they 

will be stabilizing or destabilizing172,173 and concentrations that result in stabilization 

optimums may differ when cryoprotectants are combined174. 

 

The focus of this investigation involves expanding our understanding of multicomponent 

osmolyte solutions and their ability to preserve cell viability during freezing.  The study 
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characterizes interactions between solutes to describe how concentrations of multiple 

components contribute to recovery.  Differences in single cell response to freezing using 

different experimental parameters (incubation time, composition) were captured using 

low temperature Raman spectroscopy.  These studies will help us test the second 

hypothesis whether multicomponent osmolyte solutions can be used to preserve cell 

viability.  

 

7.2 Methods 

7.2.1 General methods 
 
MSCs were cultured according to the methods described in section 3.2.2. Vial freezing 

and thawing of sample were carried out according to section 3.3.1 and 3.3.3. Viability of 

MSCs was tested according to section 3.4.1. Cells for Raman measurements were frozen 

on a temperature controlled cooling stage according to sections 3.5 and 3.7. Statistical 

analysis was performed according to section 3.10. DSC studies of experimental solutions 

were carried out according to section 3.8.  

 
7.2.2 Raman image/spectra analysis 
 
Spectrum at each pixel were analyzed using characteristic wavenumbers of common 

intracellular and extracellular materials (Table 7.1), and were integrated with background 

subtraction to result in an image. Spectra for the osmolytes used in the investigation 

overlapped, so a broad peak centered at 850 cm-1 was used to generate Raman images for 

all osmolytes.  

Table 7.1 Wavenumber Assignments for Raman Spectra 
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Component Wavenumber cm-1 Assignments 
Ice 3125 OH stretching 

Protein and Lipid (Cell) 1660 Amide I and Alkyl C=C stretching 
Glycerol 851 C-C stretching 
Sorbitol 878 C-C=O stretching 
Glucose 840 C-C stretching 
Sucrose 836 C-C stretching 
Creatine 840 C-N torsion 

 

7.3 Results 

7.3.1 Permeation/partitioning of solute 

Several of the osmolytes studied here are larger (> ~300 Da) and, as a result, may take 

longer to enter the cell.  Other large molecules including trehalose are known to have 

very limited penetration175.  In order to determine the proper incubation time for the cells 

in the multicomponent osmolyte solutions, solutions of SMC (sucrose = 150mM, 

mannitol = 125mM, creatine = 12.5mM) and SGC (sucrose = 150mM, glycerol = 2.5%, 

creatine = 12.5mM) were incubated with cells at room temperature in Normasol ® for 0 

min, 30 min, 1 hour, 2 hours, or 4 hours before undergoing freezing at 3°C/min.  Live 

cell recovery increased and experienced a maximum at 1 hour for SGC samples, and 2 

hours for SMC samples.  Longer incubation times (4h) decreased the viability.  As 

expected, incubation times of more than 30 minutes resulted in a decrease in viability for 

cells in DMSO.   

 

Increased incubation times have a profound influence on cell response to freezing as 

imaged using Raman spectroscopy (Figure 7.1B).  MSCs were incubated for 30 and 120 

minutes in the same SMC composition described above, frozen to -50oC and imaged 
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using low temperature Raman spectroscopy.  Cells incubated for 30 minutes exhibited 

large internal ice crystals for 10/10 of the cells imaged.  In contrast, cells incubated for 

120 minutes exhibited ice in only 3/10 cells imaged.  The formation of ice inside the cell 

is considered to be a damaging event and the ice formation observed here is consistent 

with the poorer post-thaw viability observed (Figure 7.1A) for cells incubated only 30 

mins.  

 

Figure 7.1: Maximum recovery with appropriate incubation. (A) Fraction of live cells 

recovered for DMSO-free solutions SMC and SGC and DMSO solutions as a function of 

incubation time prior to freezing at 3°C/min; (B) Raman images obtained of MSCs frozen 

at 3°C/min in SMC solution after 30 and 120 minutes of incubation prior to freezing.  

Raman images are rendered for both amide I and ice. 

 

7.3.2 Influence of osmolarity and composition 

The range of solution compositions studied is important.  It is common for 

cryopreservation solutions to contain high concentrations of cryoprotectants and therefore 

exhibit high solution osmolarity.  For example, a 10% DMSO solution has an osmolarity 

of ~1400 mOsm.  MSCs suspended in different combinations of sucrose, mannitol and 

creatine (SMC), and sucrose, glycerol and creatine (SGC) were frozen at 3oC/min, 
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thawed and post thaw recovery was measured. The post-thaw recovery of SGC and SMC 

were plotted as a function of total osmolarity for a range of different tested compositions 

(Figure 7.2).  For SMC solutions, the range of solution osmolarities is low (< 500 mOsm) 

and there is a weak negative correlation between osmolarity and post thaw recovery of 

MSCs (Figure 7.2A). In contrast, SGC solutions were evaluated over a higher range of 

osmolarities (< 1200 mOsm) and exhibited a weak positive correlation with the 

compositions tested (Figure 7.2B). These weak correlations suggest that higher solution 

concentration does not necessarily correlate to higher levels of post-thaw recovery.  

 

Figure 7.2: Post thaw recovery of MSCs as a function of total solution osmolarity. Linear 

best fit is given with correlation coefficient. (A) Recovery of cells has slight negative 

correlation for different osmolarity sucrose-mannitol-creatine solutions.  (B) Recovery of 

cells has slight positive correlation for different osmolarity sucrose-glycerol-creatine 

solutions. 

 

For the same 3-component solution compositions used in Figure 7.2, MATLAB was used 

to generate scattered interpolant plots that mapped the post thaw recovery measured as a 

function of solution composition for two of the three components present in solution 

using 20-25 experimental points (recovery was averaged for vectors with same values for 
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the 2 components being plotted). As described previously, the post thaw recovery varied 

significantly with composition for solutions containing the same three components 

(Figure 7.3). It is noteworthy that the variation in the fraction of recovered cells post-

thaw exhibited an inverted “U” shaped behavior. For example, the relationship between 

sucrose and creatine exhibits a maximum cell recovery for concentrations ~150 mOsm of 

sucrose (Figure 7.3B, 7.3E).  The fraction of recovered cells diminishes for 

concentrations above and below that optimum. Something similar is observed in Figure 

7.3D where the optimum concentration of mannitol ~150 mOsm and the fraction of 

recovered cells increases with increasing sucrose concentration to the highest 

concentration tested (300 mOsm).  

 

Figure 7.3: Recovery vs two of components for SGC (A, B, C) and SMC (D, E, F).   

 

In order to understand differences in freezing response for different combinations of the 

same three osmolytes, freezing studies using two different compositions of SGC (SGC-A 
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and SGC-B) were repeated (Figure 7.4). MSCs were frozen under the same conditions 

(total osmolarity and cooling rate) and imaged using low temperature Raman confocal 

microscopy. Cells frozen in SGC-B exhibited ice inside the cells for 10/10 cells imaged 

and the formation of ice inside the cell is known to be damaging 7.  In contrast, cells 

cryopreserved in SGC-A exhibited intracellular ice formation for 3/10 cells imaged, 

implying that 7/10 cells survived freezing. Post thaw recovery trends (average ± SEM, 

n=4) for cells frozen in SGC-A (0.82 ± 0.07) and SGC-B (0.71 ± 0.05) using 

conventional controlled rate freezing were consistent with the ice formation trends 

observed using Raman, in that SGC-A had higher recovery and fewer cells with ice 

crystal formation than SGC-B. 

 

 

Figure 7.4: Raman images of MSCs cryopreserved at 3°C/min in SGC. Images are 

rendered on ice, osmolyte mixture and amide I.  The fraction of cells with ice is described 

for 10 cells measured. 

 

7.3.3 Solidification behavior 

It is common to formulate cryopreservation solutions to result in full or partial 
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vitrification (see 176 for review).  The next phase of the investigation involved 

characterizing the solidification behavior of the solutions tested. SMC solutions with 

similar osmolarity and significantly different (p<0.05) recovery (recovery ± SEM, n = 4; 

SMC-A = 0.73±0.03, SMC-B = 0.62±0.02) were seeded at -6oC, cryopreserved without 

cells (solution only) at 3oC/min and imaged using Raman microscopy.  Representative 

images are given (Figure 7.5A). There is little difference in the macroscopic solidification 

patterns observed between the two solutions imaged (in spite of the significant difference 

in post thaw viability observed between the two solutions). There is also no statistical 

difference in the area of ice crystals between the two solutions. As a control, a DPBS 

solution was seeded at 0oC, cryopreserved at 3oC/min and imaged using Raman 

microscopy. Only very small amount of solution was incorporated into ice and 

hydrohalite could be found in the narrow solution gap based on Raman spectra.  

 

Additional studies were performed using DSC to determine whether the different 

compositions exhibited differences in glass forming tendency (Figure 7.5B). No change 

in the melting curves was observed for either pair, and no signs of full or partial 

vitrification of the solutions were observed using DSC.  
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Figure 7.5 Physical behavior of multicomponent solutions. (A) Low temperature Raman 

spectroscopy of two SMC solutions at -50°C.  Two different compositions with similar 

osmolarity were studied:  one associated with high recovery (SMC-A) and the other 

associated with lower recovery (SMC-B) (B) DSC thermograph for the same SMC 

solutions during warming.  The melting curves are almost identical and display a large 

exotherm associated with melting of the solution, and no glass formation is observed for 

either solution. 

 

7.3.4 Component substitution 

There has been considerable interest in the use of sugars (specifically trehalose) for the 

preservation of cells175.  The next phase of the investigation involved determining 

whether the structure of the sugar has a significant influence on post thaw recovery. 

Specifically, a monosaccharide, glucose, was substituted for sucrose at the same 

concentration (solution compositions: SMC (sugar = 150mM, mannitol = 125mM, 

creatine = 12.5mM), SGC (sugar = 150mM, glycerol = 2.5%, creatine = 12.5mM)). 

When a monosaccharide is substituted for a disaccharide for both of the solution 
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compositions tested, the post thaw recovery of MSCs is reduced and those differences are 

statistically significant (Figure 7.6A).  Cells in SGC and GGC were cryopreserved and 

imaged using Raman spectroscopy. For cells cryopreserved in SGC, Raman images 

demonstrated that a small fraction of the cells exhibited ice during freezing (4/10) when 

compared to cells cryopreserved in a solution containing GGC exhibited ice inside the 

cell during freezing (6/10) (Figure 7.6B).  Images of the cell freezing response are 

consistent with the controlled rate freezing experiments described in Figure 7.6A. 

 

Figure 7.6: Recovery and ice formation behavior of sugar substitution. (A) post thaw 

recovery of MSCs cryopreserved in glycerol+creatine and mannitol+creatine solutions 

with either sucrose or glucose (SEM, n=9, p<0.05) (B) Low temperature Raman 

microscopy of MSCs cryopreserved at 3°C/min in SGC and GGC concentrations listed.  

Images are rendered on ice, osmolyte mixture and amide I.  The fraction of cells with ice 

is consistent with cell recovery described in (A). 

 
7.4 Discussion 

7.4.1 Permeation/partitioning of solutes 

Conventional cryoprotectants (DMSO and glycerol) have small molecular weights (78 

and 92 Da respectively) and permeate the cell in a matter of minutes (see 177 for review).  
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Little has been done to characterize the uptake of osmolytes with the exception of 

trehalose 178, which appears to penetrate poorly into the cell.  The results of this 

investigation suggest that longer incubation times may be needed for cells frozen with 

non-DMSO cryoprotectants to allow for penetration of larger components and elicit 

maximum cell recovery. Raman measurement of mannitol indicated that permeation for 

this molecule takes ~90 mins (data not shown), which is consistent with the results of this 

study. The observation that post-thaw recovery increases and the prevalence of ice inside 

the cell decreases with increasing incubation time also suggests that the presence of 

osmolytes inside the cell is needed for protection. This observation is consistent with 

previous studies of the protective effect of trehalose 179, which demonstrated a similar 

outcome. 

 
 
7.4.2 Influence of osmolarity and composition 
 
It has been postulated that one mechanism of action for cryoprotectant results from a 

colligative effect 180. Specifically, higher concentrations of cryoprotectants reduce 

concentrations of damaging solutes and thereby protect the cell. In contrast, the outcome 

of this investigation suggests that there is little relationship between total osmolarity of 

the solution and post-thaw recovery for multi-osmolyte solutions (Figure. 7.2). Similarly, 

the solidification behavior of the solutions (crystallization patterns and DSC 

thermograms) for the different compositions tested does not exhibit significant 

differences from one SGC or SMC composition to the other. 

 

Based on the results in Figure 7.2, osmolarity alone is not enough to predict cell recovery. 
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Additionally, as shown in Figure 7.5, there was no change in the physical solution 

behavior at these low osmolarity solution concentrations below -30°C.  There is no 

eutectic peak indicating that a glass transition occurred in any of the samples at these 

concentrations (it would be expected around -80°C if it existed).  Because this physical 

change is absent, we hypothesize that the mechanism of protection for these solutions is 

biological. This suggests that there is a biological ‘sweet spot’ solution composition that 

results in maximum cell recovery. 

 

One reason these solution compositions may be successful could be the result of their 

interactions to stabilize proteins within the cell. Osmolytes are well known for stabilizing 

protein folding by providing a thermodynamically unfavorable environment for 

denatured proteins 181, including during cryopreservation51. Additionally, mixtures of two 

different osmolyte monomers have been found to have better stabilization effects than 

that of a single type of monomer at the same molar concentrations 182. Thus, literature 

supports the possibility that different osmolytes could stabilize different proteins and 

different parts of the cell to result in increased viability. Within mixtures of osmolytes, 

each osmolyte exerts independent protein stabilization effects183. This effect is due to the 

low binding affinity between osmolytes and proteins, resulting in neither competition nor 

cooperation between osmolytes183. Therefore, the activity of each osmolyte should be 

considered individually without cooperation between them.  

 

Different combinations of osmolytes may also stabilize the cell membrane. Both surface 

and internal membranes are main areas of injury regardless of cooling rate30.  Normal 
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cells have a layer of water surrounding the cell surface, which helps maintain surface 

protein folding184. During freezing the concentration of liquid water is decreased, which 

can lead to destabilization of these proteins 184. Combined with observations that 

membrane proteins are denatured and lost post-thaw 184, stabilization of proteins in the 

membrane is very important to the success of cryopreservation.  Meryman proposed that 

conformational stability of surface macromolecules depends on the interactions of solute 

and water at the cell surface 184, and osmolytes themselves have been postulated to 

replace water in the cell membrane during freezing185. Osmolytes also play a role in 

preferential exclusion, which has been associated with protein stabilization caused by 

increases in surface tension due to sugars and amino acids present in solution 186. In the 

solutions used in this study, each component could differ in location (intracellular or 

extracellular), the macromolecules it stabilizes, and the surface area it stabilizes. These 

differences could help to protect multiple critical structures, thus decreasing the 

cumulative damage to the cell. 

 

It is well established in literature that larger sugar osmolytes provide better stabilization 

173,182,187, due to their increased polar contact area 182. Sugars can provide stabilization by 

replacing water surrounding membranes during dehydration 51,182. The trend observed for 

improved disaccharide behavior may be due to insertion between the phospholipid heads 

of the lipid membrane, creating more space than monosaccharides for additional binding 

187. Binding of sugars to membranes can increase the rigidity of the membrane, which 

provides greater resistance to disruption 187. Cells dehydrate at slow cooling rates, making 

stabilization with osmolytes important. During thawing, changes in the protein 
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environment could induce denaturing, but osmolytes, including sugars, can help with 

stabilization. This can reduce damage to membrane proteins, as well as internal proteins. 

 

In a study that supplemented cryopreservation media with monosaccharides or 

disaccharides during freezing of boar sperm, glucose was found to be the most effective 

of the monosaccharides in maintaining post-thaw sperm quality188.  Gomez et al found 

that disaccharides containing the same monomers with different links had similar results 

188. Additionally, disaccharides are known for being better stabilizers than 

monosaccharides 182, and this is supported by the results presented here in Figure 7.6. 

 

As the field of cryobiology expands to include new applications that require non-toxic 

alternatives to DMSO, it is important to understand the role of multicomponent solutions 

in preserving cell function. In this study, we demonstrate that incubation time must be 

sufficient for penetration of components, concentration of components (not total 

osmolarity) determines recovery, and molecular substitution results in changes in 

recovery.  We hypothesize that these differences are biological, as we have found no 

evidence of physical changes in ice crystal formation between these solutions.  

Ultimately, these observations increase our understanding of multicomponent solution 

behavior, and move the field closer to clinically acceptable DMSO alternatives for 

cryopreservation of MSCs and other cryo-sensitive cell types. 

 

7.5 Conclusion 

In this chapter, we demonstrated that post-thaw recovery of MSCs cryopreserved in in 
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solutions containing multiple non-DMSO cryoprotectants was comparable to that of 

MSCs frozen in 10% DMSO (Figure 7.3). The recovery of MSCs substantially depends 

on the concentration of each component in solution, and was not strongly correlated with 

osmolarity (Figure 7.2). It is hypothesized that the differences of solutions are biological, 

as we have found no evidence of physical changes in ice crystal formation between these 

solutions (Figure 7.5). Ultimately, these observations proved the second hypothesis that 

non-DMSO multicomponent osmolyte solutions are effective in protecting cell viability.   
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Chapter 8 

Interfacial Interactions of Sucrose During Cryopreservation 

Detected by Raman Spectroscopy 

 
Much of the text and figures in this chapter have submitted to Langmuir for review.  
 
Yu G, Li R, Hubel A. Interfacial Interactions of Sucrose During Cryopreservation 
Detected by Raman Spectroscopy. Langmuir. In review.  
 
 
8.1 Introduction 

Numerous studies have been performed to understand the mechanisms of protective 

properties of sucrose, most of which aimed at the interactions between sucrose and water, 

protein and membranes. In dilute aqueous solutions, the destructuring effect of sucrose on 

the water tetrahedral hydrogen bond network has been observed in both experimental 

studies and molecular dynamics simulations189,190. In sucrose/water mixture at 

concentrations over 30%, it was found that all the water molecules were involved in 

hydrogen bonds with sucrose191, and that the hydrogen bonds formed between sucrose 

and water significantly slowed down the water dynamics192. In these studies, the 

interactions between sucrose and water were examined based on a limited range of solute 

concentrations; however, the change of solute composition induced by the formation and 

growth of ice crystals in the real situation of cryopreservation might be substantial. As a 

result, it will be beneficial to explore the interactions between sucrose and water in a 

frozen sucrose solution.  

The interactions between sucrose and membranes have been extensively examined using 
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various techniques. However, there have been no studies to visualize the interactions 

between sucrose and cell membrane at a low temperature directly. Interactions between 

cell and extracellular ice and their influence on cell survival have been systematically 

studied by the encapsulation and partitioning of cells in growing ice crystals193–197. It has 

been shown that interactions between cell and solidifying interface can produce a 

beneficial local environment to protect cells from damage198. However, information 

regarding the solute concentration at the interface between cell and extracellular ice was 

still lacking except for a couple of simulation studies198,199. It is still unclear how the cells 

interfere with the local solute transport ahead of the interface. Detailed knowledge of the 

distribution and concentration of sucrose relative to the cryopreserved cell is essential for 

understanding the interactions between the nonfrozen sucrose solution and cell, 

interactions between extracellular ice and cell, and dehydration induced cell damage. 

 

Raman spectroscopy is sensitive to the structure of hydrogen bond network, making it a 

suitable tool to examine the effects of cryoprotectants on the water hydrogen bond 

network at a low temperature190. In this work, Raman spectroscopy was utilized to study 

the interactions between sucrose and water during freezing and to explore the biophysical 

environment at interfaces between cell and nonfrozen sucrose solution, between cell and 

extracellular ice, and between nonfrozen sucrose solution and ice. This work will enhance 

our understanding of the behaviors of sucrose solution at a low temperature and the 

mechanisms of its protective effects on cell and help us test the second hypothesis. 
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8.2 Methods 

8.2.1 General methods: 
 
Jurkat cells were cultured according to the methods described in section 3.2.1. Cells for 

Raman measurements were frozen on a temperature controlled cooling stage according to 

sections 3.5 and 3.7.  

 

8.2.2 Raman image/spectra analysis 

Raman signals and the associated wavenumbers selected for these studies were given in 

Table 8.1. Raman images were generated using the same method as previous discussed in 

section 5.2.2 (Figure 8.1).  

 

Table 8.1 Wavenumber Assignments for Raman Spectra 

Substance Wavenumber cm-1 Assignments34,95,200 
Ice 3125 OH stretching 

Protein and Lipid (Cell) 1660 Amide I and Alkyl C=C stretching 
Sucrose 850 CH2 twisting 
DMSO 673 symmetric CS stretching 
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Figure 8.1: Raman spectra and images of substance used. Raman spectra and images of 

ice, cell (amide I), sucrose, and DMSO. Raman images were rendered based on the 

specific Raman signals indicated on the spectra. 
 

 
8.3 Results 

8.3.1 Interactions between sucrose and water at low temperature 

In order to characterize the behaviors of an unfrozen sucrose solution at low temperature, 

730mM sucrose solution was seeded at -6°C and cooled at 1°C/min to -10°C and -50°C. 

Raman images rendered on the signals associated with ice and the unfrozen sucrose 

solution were generated (Figure 8.2A). Spectra was averaged over the unfrozen sucrose 

solution area (excluding the influence of ice) for both temperatures and further 

normalized to the CH2 stretching peak at 2936 cm-1 of the spectra at -50°C201 (Figure 

8.2B). The stronger intensity of CH2 stretching peak at -50°C, when compared to that at -

10°C, indicates a substantial increase of sucrose concentration as the temperature 

decreases. In order to assess the concentration of unfrozen sucrose solution at a low 

temperature, Raman spectra of sucrose solutions with concentration ranging from 

2920mM to 4380mM was collected. A calibration curve was developed based on the ratio 

of peak intensity at 2936 cm-1 to the peak intensity at 3420 cm-1 (Figure 8.2C and 8.2D). 

The concentration of sucrose in the unfrozen solution at -10°C was approximately 

3650mM. However, the calibration curve was not able to estimate the accurate sucrose 

concentration at -50°C, only suggesting the concentration would be greatly higher than 

4380mM (Figure 8.2D) 
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Figure 8.2: Behaviors of sucrose solution at low temperature. (A) Raman images of ice 

and nonfrozen sucrose solution at -10ºC and -50ºC for 730mM sucrose solution. (B) 

Raman spectra averaged over the nonfrozen sucrose solution area at -10ºC and -50ºC. (C) 

Raman spectra of 2920mM and 4380mM sucrose solution. (D) Peak intensity ratio of 

2936cm-1 to 3420 cm-1 for a range of sucrose concentration. This ratio for Raman spectra 

averaged over nonfrozen sucrose solution at -10ºC and -50ºC were 1.6 and 3.5 

respectively. 

 

The Raman spectra could also be used to characterize the hydrogen bond network of the 

unfrozen solution. The broad OH stretching peak from 3100 cm-1 to 3800 cm-1 has been 

decomposed into symmetric OH stretching centered at 3230 cm-1 (corresponding to 

tetrahedral hydrogen bond of water molecules) and asymmetric OH stretching centered at 

3420 cm-1 (corresponding to a partially developed hydrogen bond of water molecules) for 

dilute sugar solutions190,202. However, in this work, the high concentration of unfrozen 

sucrose solution did not qualify for dilute sugar solution anymore, and the OH stretching 

from sucrose also contribute to the broad OH stretching peak, so the method of 
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decomposing OH stretching peak into symmetric and asymmetric OH stretching of water 

was not performed. However, it could still be observed that peak intensity at 3420 cm-1 

decreased from -10°C to -50°C in Figure 8.2B, suggesting less partially bonded water 

molecules in the unfrozen solution. The whole OH stretching peak shifted to a lower 

wavenumber as the temperature decreased.  

 

Complex solutions, such as sucrose and water, freeze over a range of temperatures and 

the high spatial resolution of the Raman microscopy enabled us to closely investigate the 

unfrozen solution between two adjacent ice crystals. Across the gap filled with nonfrozen 

sucrose, a point-by-point line scan with 6 data points (3 data points per µm) was 

performed in the nonfrozen sucrose solution in order to avoid the ice/sucrose interface 

(Figure 8.3A). Normalized sucrose concentration (sucrose peak intensity at 850 cm-1 

along the line scan divided by maximum peak intensity of sucrose on the line scan) was 

plotted (Figure 8.3B). It was found that the concentration of sucrose was not uniformly 

distributed across the nonfrozen solution with 12% difference between the highest and 

lowest sucrose concentrations observed.  
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Figure 8.3: Nonfrozen sucrose solution. (A) Raman images of sucrose and ice at -50ºC 

for 730mM sucrose solution. The red arrow indicates where the line scan was performed. 

(B) Normalized sucrose concentration along the line scan.  

 

8.3.2 Freezing behavior in the presence of Jurkat cells 

It is generally accepted that sugars such as sucrose and trehalose do not penetrate into the 

cells, although several techniques have been proposed to load sugars into cells to improve 

cell survival163,203,204. However, studies that explore the precise distribution of sucrose 

relative to the cryopreserved cells are limited. To remedy this gap, Jurkat cells were 

cryopreserved in 730mM sucrose solution at 1°C/min to -50°C and Raman images were 

rendered on the signals associated with sucrose, as well as of the ice and cell (amide I) 

(Figure 8.4A). Raman images of sucrose demonstrated that sucrose was predominantly 



 105 

distributed outside the cell. The cell membrane was either in close proximity to the 

extracellular ice or connecting with an unfrozen sucrose solution between adjacent ice 

crystals. It is noteworthy that sucrose was present at the interface between cell membrane 

and extracellular ice and formed a thin layer of unfrozen solution surrounding the cell, 

which, to the best of our knowledge, has never been observed before. The thickness of 

the sucrose solution between the cell membrane and the extracellular ice was calculated 

and the average thickness turned out to be in the range of 0.4-0.9 µm (Figure 8.4B). 

Raman images of ice showed little IIF in cryopreserved cells and images of the cells 

showed that the cells maintained a regular rounded shape. 

 

Figure 8.4: Jurkats frozen in sucrose solution. (A) Raman images of ice, cell (amide I) 
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and sucrose for Jurkat cells cryopreserved in 730mM sucrose solution. (B) The thickness 

of the nonfrozen sucrose solution around the cell. For the regions where solution 

thickness is not indicated, the thickness is less that the spatial resolution of the 

microscope (300 nm). 

 
Cells were trapped between adjacent ice crystals whose geometric proximity to the cell 

are not uniform. The next phase of investigation involved quantifying the variation in the 

sucrose concentration in a gap between a cell and the ice phase. Peak intensity of sucrose 

at different locations in the image of sucrose was obtained and the normalized sucrose 

concentration (sucrose peak intensity at 850 cm-1 of all points divided by maximum peak 

intensity) was calculated (Figure 8.5A and Figure 8.5C). The lowest sucrose 

concentration at the interface between cell and extracellular ice was 40% of that in bulk 

unfrozen solution. The width of the gap between the cell and extracellular ice was also 

measured for data points from 4 to 16 (Figure 8.5D), and it was apparent that a narrower 

gap correlated with a lower sucrose concentration. It was also noteworthy that the ice 

front was curved when close to the cell (Figure 8.5B). 
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Figure 8.5: Interface between cell and extracellular ice. (A) Raman image of sucrose and 

19 different data points where normalized sucrose concentration was obtained. (B) 

Raman image of ice with arrows showing concaved ice front. (C) Normalized sucrose 

concentration obtained from the 19 data points. (D) Width between cell and extracellular 

ice for data points from 4 to 16. 

 

In order to further examine the interactions between cell and sucrose solution, a cell 

engulfed in ice was analyzed (Figure 8.6A). The location and area of sucrose solution and 

cell were sketched based on Raman image of sucrose and cell (amide I), and the overlay 

of the two sketches was observed (Figure 8.6B). Averaged Raman spectra over the 

sucrose mask in Figure 8.6B showed both peaks of sucrose (box 1) and amide I (bar 2), 

substantiating the overlap between sucrose solution and cell (Figure 8.6C). Raman 

spectra averaged over the cell area showed much lower OH stretching peak than that of a 

cell in DPBS solution at room temperature, indicating the dehydration of cells 

cryopreserved in sucrose solution (Figure 8.6D).  
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Figure 8.6: Intracellular and extracellular concentration of sucrose. (A) Raman image of 

ice, cell (amide I) and sucrose for a Jurkat cell cryopreserved in 730mM sucrose. (B) 

Masks of location and area of unfrozen sucrose solution and cell, and corresponding 

overlay of the two masks. Rectangle area showing the location of cell membrane relative 

to the sucrose solution. (C) Raman spectra averaged over the sucrose mask. Box 1 

indicates Raman signal of sucrose and box 2 indicates Raman signal of amide I. (D) 

Raman spectra of a cell cryopreserved in 730mM sucrose solution at -50°C and in DPBS 

at room temperature. 

 
The partitioning of sucrose across the cell membrane was quantified by correlating 

intracellular and extracellular sucrose concentration. A red arrow was drawn in the 

Raman image of sucrose, and normalized sucrose concentration (sucrose peak intensity at 

850 cm-1 along the arrow divided by maximum peak intensity on the arrow) was 

calculated (Figure 8.7A). The intracellular sucrose concentration was less than 10% of 
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the extracellular sucrose concentration. The same method was employed on another 

Jurkat cell frozen in 934mM sucrose solution, showing that the intracellular and 

extracellular sucrose concentration was comparable. This implied the breakdown of cell 

membrane (Figure 8.7B), which was consistent with the fact that Jurkat cells frozen in 

934mM sucrose exhibited poor post thaw recovery (data not shown). A Raman image of 

the cell (amide I) also showed that a cell with a strong partitioning of sucrose maintained 

its circular shape and the cell with sucrose penetration showed an irregular shape and a 

decrease in peak intensity of amide I. There was little IIF in both cells, based on the 

Raman images of ice. The partitioning of 10% DMSO across the cell membrane was also 

examined. It was found that the intracellular DMSO concentration was about 60% of the 

extracellular DMSO concentration (Figure 8.7C). Unlike sucrose, the gap between the 

cell and extracellular ice was beyond the resolution limit of the Raman microscopy. 

 

Figure 8.7: Partitioning of sucrose and DMSO. (A) Brightfield picture and Raman image 
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of ice, cell (amide I) and sucrose for a cell cryopreserved in 730 mM sucrose solution. 

Normalized sucrose concentration was obtained across the red arrow. (B) Brightfield 

picture and Raman image of ice, cell (amide I) and sucrose for a cell cryopreserved in 

934mM sucrose solution. Normalized sucrose concentration was obtained across the red 

arrow. (C) Brightfield picture and Raman image of ice, cell (amide I) and DMSO for a 

cell cryopreserved in 10% DMSO solution. Normalized DMSO concentration was 

obtained across the red arrow. Representative images were shown from eight different 

cells. 

 

8.4 Discussion 

Low temperature Raman spectroscopy was used to explore the biophysical environment 

to which cells were exposed when cryopreserved in a sucrose solution. The interactions 

between sucrose and water—as well as the phenomenon at the interfaces among unfrozen 

sucrose solution, cell membrane and extracellular ice—were emphasized in this study.  

 

The high resolution of the Raman microscopy allowed us to intently examine the 

interactions between sucrose and water in the unfrozen sucrose solution. The shorter OH 

stretching peak at 3420 cm-1 at a lower temperature suggested fewer “free” water 

molecules, and strengthened the intermolecular hydrogen bond between sucrose and 

water189,205,206, which was consistent with substantially increased sucrose concentrations 

at -50°C measured in this investigation. Previous studies suggest that sucrose molecules 

in concentrated solutions form chains via hydroxyl groups and create polymer-like 

structure with cavities191. As a result, unfrozen water molecules could be constrained or 

trapped in the highly viscous sucrose glass and the dynamics of water molecules 

halted192,207. The shift of wide OH stretching peak to lower wavenumber also indicated an 
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enhanced hydrogen bond network of the nonfrozen solution as lower OH stretching 

frequency is associated with stronger hydrogen bond48. However, it is not possible to 

discern whether this shift resulted from an increased sucrose concentration or decreased 

temperature itself or a combination of both, and will require further investigation. 

 

In this investigation, the heterogeneity of sucrose concentration in the nonfrozen channel 

is consistent with the poor mobility of highly concentrated sucrose observed in Figure 

8.2. The heterogeneity of cryoprotectant distribution in micro channels has been observed 

in other studies before92. It is noteworthy that the images were taken roughly one hour 

after seeding and 30 minutes after researching -50°C. 

 

The interaction between solidifying interface and biological cells have been investigated 

by both experimental and simulation studies193,196–198,208–211. The engulfment or 

entrapment of the cells between ice crystals in sugar solution have been studied before. It 

was previously suggested that molecular level interactions between the cell and sugar 

were important193. However, without having accurate knowledge about the solute 

concentration, the effects of solute concentration and solidification surface on the 

biological cells could not be precisely estimated. For a concaved ice/liquid interface, the 

concentration of solute at the interface should be higher than that of a planar interface for 

the same freezing conditions 212. However, the results in this study showed that sucrose 

concentration at the interface between the cell and the extracellular ice was lower than 

that of bulk unfrozen solution. This means the cells are exposed to a heterogeneous 

chemical environment during freezing6. The most likely cause of this outcome results 
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from the outflow of water from the cell, thereby diluting the concentration of sucrose in 

the unfrozen solution. The timing of the exoösmosis from the cell is unclear (during 

freezing, during the hold period or both) but it is likely that the lower concentration of 

sucrose in the narrow regions of the gap may reflect the inability of the water to quickly 

diffuse out of the gap and into the regions of high sucrose concentration, which is 

consistent with the observed heterogeneity of sucrose concentration in Figure 8.3.  The 

presence of the unfrozen solution between cell and extracellular ice results in the growth 

of ice around the cell, which was consistent with simulation studies of cell/particle 

capture in binary solidification213,214.  The presence of a thin layer of unfrozen sucrose 

solution also increases the distance between the cell membrane and the ice phase, which, 

in turn, reduces the potential for IIF34. 

 

During freezing, cells respond to the change of composition of an unfrozen solution by an 

efflux of water6,27,215. Cells cryopreserved in 730mM sucrose solution were significantly 

dehydrated, as demonstrated by the Raman spectra; however, the cell membrane was still 

intact. Raman also enables us to determine loss of membrane integrity during freezing, 

which could not be detected by brightfield microscopy. The freezing of cells in higher 

concentrations of sucrose demonstrated such a loss in membrane integrity and 

corresponding post thaw recoveries were poor. 

 

Although sucrose was generally not able to penetrate into cells, Raman imaging of the 

sucrose and cell (amide I) showed that sucrose was not completely excluded from the 

cell. The overlap of the Raman heat map with the amide I signal suggests that sucrose is 
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adjacent to the cell membrane and is potentially integrated into the cell membrane.  The 

spatial resolution of the Raman (300 nm) makes it difficult to determine definitively the 

relationship between sucrose and the cell membrane. The interaction between sugars and 

the cell membrane during freezing have been postulated by others53. The results of this 

investigation are consistent with those observations. 

 

 
8.5 Conclusion 

Raman spectroscopy detected strengthened hydrogen bond network in concentrated 

sucrose solution at low temperature (Figure 8.2). Variations in concentration of sucrose in 

the nonfrozen sucrose solution and in the gap between ice and the cells suggest that the 

chemical environment around the cell during freezing many be more heterogeneous than 

previously thought (Figure 8.3, 8.5). Overlap between nonfrozen sucrose solution and 

cryopreserved cell was visually observed for the first time, suggesting that protective 

properties of sucrose might originate from its direct interaction with cell membrane 

(Figure 8.6). The results presented in this study suggest that protection mechanism of 

sucrose relies on its interacting with both water and cell membrane.  

 

For the second hypothesis in this study, we hypothesize that multicomponent osmolyte 

solutions can be used to preserve cell viability and one type of osmolyte, disaccharide, 

acts to protect the cell through multiple interactions. The studies in chapter 7 and 8 have 

proven this hypothesis directly.  
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Chapter 9 

Conclusions/Future Work 

9.1 Conclusions 

The objective of this research is to use Raman spectroscopy to enhance our understanding 

of cell damage during freezing and thawing, and the manner by which this damage can be 

reduced to improve cryopreservation outcome. To fulfill this goal, we proposed the 

following hypotheses and aims: 

 

Hypothesis 1: Not All IIF is Lethal and the Conditions of Cell Membrane, 

Cytoskeleton and Mitochondria Play an Important Role in Determining IIF and 

Cryopreservation Outcome.  

 

Aim 1.1- Characterize Intracellular Ice Formation of Lymphocytes during Freezing 

Raman spectroscopy was used to quantify freezing response of cells to various cooling 

rates and solution compositions in Chapter 4. The distribution pattern of cytochrome c in 

individual cells was used as a measure of cell viability in the frozen state and this metric 

agreed well with the population-averaged post-thaw viability and trypan blue staining 

experiments (Figure 4.2). Raman imaging of cells demonstrated that IIF was common 

and did not necessarily result in cell death. The amount of intracellular ice as well as ice 

crystal size played a role in determining whether or not ice inside the cell was a lethal 

event (Figure 4.3 and Figure 4.4). Intracellular ice crystals were co-located to the sections 

of cell membrane in close proximity to extracellular ice (Figure 4.7). Increasing the 
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distance between extracellular ice and cell membrane decreased the incidence of IIF 

(Figure 4.6 and Figure 4.8). Reducing the effective stiffness of the cell membrane by 

disrupting the actin cytoskeleton using CD increased the amount of IIF (Figure 4.9). 

These observations support the first hypothesis that not all IIF is lethal and the conditions 

of cell membrane, cytoskeleton, and mitochondria play an important role in determining 

IIF and cryopreservation outcome.  

 

Aim 1.2- Investigate Freezing Responses in DMSO-Based Cryopreservation of 

Human iPS Cells: Aggregates vs. Single Cells 

In chapter 5, freezing responses of multicellular system were studied. IIF, post-thaw cell 

membrane integrity, cell attachment, and cytoskeleton organization were evaluated to 

understand the different freezing responses between hiPSC single cells and aggregates, 

among cooling rates of 1, 3, and 10°C /min, and between seeding temperatures of -4°C 

and -8°C. Raman spectroscopy images of ice showed that a lower seeding temperature (-

8°C) did not affect IIF in single cells, but significantly increased IIF in aggregates, 

suggesting higher sensitivity of aggregates to supercooling (Figure 5.2). This is consistent 

with the complex cytoskeletal structure of aggregates, which compacts aggregates and 

decreases membrane water permeability136,137. In the absence of IIF, Raman images 

showed greater variation of DMSO concentration across aggregates than single cells, 

suggesting cryoprotectant transport limitations in aggregates (Figure 5.3). The ability of 

cryopreserved aggregates to attach to culture substrates did not correlate with membrane 

integrity for the wide range of freezing parameters, but correlate with IIF (Figure 5.4). 

Impaired f-actin organization was seen in the cryopreserved cells up to 8 hours post-thaw 
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compared to fresh cells (Figure 5.5). The results of these studies further approve the first 

hypothesis that the conditions of cytoskeleton and cell membrane in multi-cellular system 

also play an important role in determining cell freezing responses (IIF and cryoprotectant 

transport) and cryopreservation outcome (the ability of aggregates to attach to substrates). 

 

Aim 1.3- Study Intracellular and Extracellular DMSO Concentration during 

Thawing 

Other than freezing responses discussed in chapter 4 and chapter 5, Raman spectroscopy 

was used to quantify cell responses during different thawing rates in Chapter 6. At -50°C, 

the intracellular concentration was lower than the extracellular. As the temperature 

increased, two-point Raman line scans and Raman images demonstrated that the 

extracellular and intracellular DMSO concentrations decreased during thawing over the 

temperature range studied (-50 to -30°C) and little difference was observed for the two 

different warming rates examined (Figure 6.2 and Figure 6.3). Contrary to conventional 

wisdom, intracellular DMSO concentration changed quickly with changes in extracellular 

concentration over the range of temperatures tested. Cell membrane maintained its 

integrity during warming, evidenced by the clear partitioning of non-penetrating 

cryoprotectant dextran, suggesting that change of intracellular DMSO concentration did 

not result from the breakdown of cell membrane (Figure 6.4). This study proves that cell 

membrane integrity of single cells is not impaired during thawing process.  

 

Hypothesis 2: Multicomponent Osmolyte Solutions Can be Used to Preserve Cell 

Viability and One Component, Disaccharide, Acts to Protect the Cell through 
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Multiple Interactions. 

 
Aim 2.1- Examine Freezing Responses of MSCs Frozen in Combinations of 

Osmolytes 

In Chapter 7, controlled cooling rate freezing, Raman microscopy, and DSC were utilized 

to evaluate the differences in cell recovery and ice crystal formation behavior for 

solutions containing multiple cryoprotectants, including sugars, sugar alcohols, and small 

molecule additives. Post-thaw recovery of MSCs in solutions containing multiple 

osmolytes have been shown to be comparable to that of MSCs frozen in 10% DMSO 

(Figure 7.3). Maximum post-thaw recovery was observed in these multiple osmolyte 

solutions with incubation times of up to 2 h before freezing. Raman images demonstrate 

large ice crystal formation in cryopreserved cells incubated for shorter periods of time 

(30 min), suggesting that longer permeation times are needed for these solutions (Figure 

7.1). It is noteworthy that the post-thaw recovery varied significantly with the 

composition of solutions containing the same three components and this variation 

exhibited an inverted U-shape behavior, indicating that there may be a ‘‘sweet spot’’ for 

different combinations of osmolytes (Figure 7.3). Raman images of freezing behavior in 

different solution compositions were consistent with the observed post-thaw recovery. 

Phase change behavior (solidification patterns and glass-forming tendency) did not differ 

for solutions with similar osmolarity, but differences in post-thaw recovery suggest that 

biological, not physical methods of protection are at play (Figure 7.5). Lastly, molecular 

substitution of glucose (a monosaccharide) for sucrose (a disaccharide) resulted in a 

significant drop in recovery (Figure 7.6). Taken together, the results represented in this 
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study demonstrate that multi-component non-DMSO osmolytes can be used to protect 

cell viability of MSCs and successfully fulfill aim 2.1. 

 

Aim 2.2- Analyze Interfacial Interactions of Sucrose During Cryopreservation 

In Chapter 8, low temperature Raman spectroscopy was used to characterize the 

behaviors of non-DMSO cryoprotectants during freezing and sucrose was selected for 

demonstration. The hydrogen bond network between sucrose and water was investigated 

at -10°C and -50°C and the Raman spectra showed strengthened sucrose-water and 

sucrose-sucrose hydrogen bonds in more concentrated sucrose solution at -50°C (Figure 

8.2). The concentration of nonfrozen sucrose solution between two adjacent ice crystals 

was not uniform (Figure 8.3). The biophysical environment at interfaces between the cell 

and nonfrozen sucrose solution and between the cell and extracellular ice were also 

studied. A thin layer of nonfrozen sucrose solution was observed at the interface between 

the cell and extracellular ice (Figure 8.4). The concentration of sucrose at this interface 

was generally lower than that of bulk nonfrozen sucrose solution (Figure 8.5). Raman 

spectra and images showed co-localization of nonfrozen sucrose solution and the cell, 

implying that direct interaction between sucrose and cell membrane might be responsible 

for protective properties of sucrose (Figure 8.6). Sucrose was predominantly distributed 

outside the cell, and the observation of strong partitioning of sucrose across the cell 

membrane is consistent with substantial cell dehydration detected by the Raman spectra 

(Figure 8.7). These studies suggest that sucrose as a typical disaccharide protects cell by 

multiple interaction with both water and cell membrane at low temperature. 
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9.2 Future Work 

9.2.1 New Raman spectroscopy techniques 
 
Although Raman microscopy has many advantages over conventional cryomicroscopy, it 

also comes with limitations. It takes about 15 minutes to generate a 15µm × 15µm Raman 

image of single cell and 30-60 minutes to generate Raman image of cell aggregates based 

on their actual size. Accordingly, Raman microscopy is not able to capture the dynamics 

of ice formation inside the cell and movement of cryoprotectants across the cell 

membrane. The knowledge of the time required for the penetrating of cryoprotectants 

into cells is extremely helpful for determining the optimal pre-freeze incubation time. An 

innovative solution to this problem is to use stimulated Raman spectroscopy, which 

allows an instant generation of a very large portion of the sample by two laser beams 

based on specific chemical contrast. In stimulated Raman scattering, two laser beams at 

frequency ωp and ωs coincide on the sample. When the frequency difference Δω=ωp-ωs 

matches a particular molecular vibrational frequency, Raman signals can be amplified as 

a result of stimulated excitation of molecular transition rate.  

 

The resolution of the Raman microscopy used in this study is sufficient to detect 

subcellular organelles, such as mitochondria, nucleus and other intracellular lipids and 

proteins. However, when cells are cryopreserved with cryoprotectants, Raman peaks 

from these cryoprotectants will substantially overlap with Raman peaks of lipids and 

proteins from the cell. In order to solve this problem, Alkyne-Tag Raman probes can be 

used for visualization of interesting molecules in frozen cells. Alkyne has a unique 

Raman peak that does not overlap with Raman scattering from any endogenous molecule 
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in live cells or cryoprotectants216 and several different kinds of Alkyne-tag Raman probes 

have been developed for imaging a broad spectrum of components in live cells such as 

DNA, RNA, proteins, phospholipids and triglycerides217. Alkyne-tag Raman probes are 

commonly coupled with stimulated Raman scattering to enhance Raman signals of these 

probes and decrease the time of Raman image generation.  

 

Another advanced technique that can be used to access valuable information from the cell 

is surface enhanced Raman spectroscopy (SERS), which has been widely used for 

biological and biomedical applications such as direct intracellular analysis, investigation 

of biological processes and cellular functions, and imaging of cell surface species218. 

SERS has also been used to study cell death mechanisms219,220 and reactive oxygen 

species related DNA damage221, which are helpful to us for understanding the damaging 

mechanism of cells at low temperature.  

 

9.2.2 New techniques for examining cell damage at low temperature 

Recently, two-photon microscopy has been a merging tool for characterizing cell damage 

at low temperature90. With the capability of deep sectioning, two-photon microscopy is 

extremely suitable for imaging thick frozen samples. During the two-photon excitation 

process, two photons with the same wavelength are simultaneously absorbed by a 

fluorophore. The wavelength of the two photons are about twice that required for one-

photon excitation. Two-photon microscopy has been widely used for characterizing 

membrane phases for both model and natural membranes222–224. The order of membranes 

affects the efficiency of protein-protein interactions, which in turn influences the 
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effectiveness of signaling pathway and transport of chemicals and irons through 

membranes. Various types of damage during freezing may result in membranes 

malfunction and leakage of intracellular components. Therefore, it is essential to 

investigate the effects of different cryoprotectants on the change of membrane phases 

during freezing as to better understand the protection mechanisms of these 

cryoprotectants. More ordered lipid packing excludes water molecules from the nonpolar 

bilayer and results in a change in the local environment polarity, which can be detected 

by polarity sensitive fluorescent probes, such as laurdan. Penetrating of water into more 

loosely packed membranes results in polar water molecules adjacent to the probe 

(laurdan) and induces a 50nm shift to longer wavelength in laurdan emission profile. This 

shift of emission profile of laurdan allows a quantitative assessment of membrane order 

by calculating the Generalized Polarization (GP) values, which are defined as the 

normalized intensity ratio of the two emission channels of laurdan.  

 

Some preliminary studies have been carried out in this lab cooperated with Fraunhofer 

Institute for Biomedical Engineering in Germany to characterize the membrane phase 

change of MSCs cryopreserved in DPBS and DMSO solution (See Appendix A.1). For 

room temperature demonstration, cell membrane has higher GP values than intracellular 

membranes, indicating that cell membrane is more ordered than intracellular membranes. 

This could be due to the presence of lipid rafts which are cholesterol and sphingolipid 

rich domains in the cell membrane. Even for the cell membrane itself, GP values are not 

uniformly distributed, which is consistent with conventional wisdom that lipid rafts as 

ordered membrane phases are floating in a less ordered environment of non-raft 
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membrane.   

 

In the freezing process, GP values are increased with decreasing temperature, suggesting 

the order of all membranes is enhanced at low temperature. Seeding at -3ºC induces a 

sharp increase of GP values, suggesting the order of membranes is significantly 

influenced by the formation of ice. As laurdan senses the presence of water content in the 

membranes, the sudden increase of GP value implies the decrease of water content in the 

membranes, which is probably caused by the formation of extracellular ice that extracts 

water from the membranes. This observation is also consistent with other FTIR studies 

that detected freezing-induced cellular and membrane dehydration. More studies of 

MSCs cryopreserved in non-DMSO cryoprotectants such as sucrose and trehalose, which 

have been proved the capability of protecting cell membranes at low temperature, will be 

beneficial for us to understand the stabilizing effects of sugar on cell membrane during 

freezing.  

 

9.2.3 Additional Raman signals of cell 

In this work, only two Raman signals of cell were used: 1) Amide I (lipids and proteins) 

which was used to show cell location and area; 2) cytochrome c whose distribution was 

used to determine cell viability. In future work, additional Raman signals from the cell 

such as nucleus can be used to obtain meaningful information about the freezing damage 

to frozen cells. And the correlation between IIF and damage to nucleus can be explored to 

help us further understand the damaging mechanism of IIF. For some specific kind of 

cells, such as NK cells, Raman signals of granules can be used to examine the function of 
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the cells and Raman signals of carotene can be used to determine cell activity at low 

temperature.  

 

9.2.4 Protection mechanism of non-DMSO cryoprotectants  

One potential protective mechanism of non-DMSO cryoprotectant is that these 

cryoprotectants are able to alter the water hydrogen bond network and inhibit the 

formation of tetrahedral hydrogen bond of ice189,192. However, none of these studies were 

carried out at low temperature. In this work, the effects of sucrose on water hydrogen 

bond network were investigated and it was found that at low temperature sucrose could 

bind to water molecules and significantly slow down water molecule dynamics. In further 

work, it is essential to examine the effects of other non-DMSO cryoprotectants such as 

trehalose, glycerol, mannitol, sorbitol on water hydrogen bond network to fully 

understand the protective mechanism of these non-DMSO cryoprotectants. The effects of 

non-DMSO cryoprotectants on the size and morphology of ice crystals during freezing 

and thawing are also worth exploring. Some cryoprotectants may have the capability of 

decreasing size of ice crystals during freezing, inhibiting recrystallization during thawing 

and protecting cell from being damaged. Other than investigating interactions between 

osmolytes and water, examining interactions between osmolytes and cell is also helpful 

to enhance our understanding of their protective properties. Additional studies that 

investigated the freezing responses of cells cryopreserved in sucrose, glycerol and 

isoleucine solutions are included in the appendix A.2.  

 

9.2.5 Cytoskeletal drugs to enhance actin polymerization 
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In aim 1.1, different concentration of cytochalasin D was used to treat Jurkat cells before 

freezing to induce actin depolymerization. Disruption of the actin cytoskeleton was found 

to increase the fraction of the cell containing ice (increased AIC values). Future work will 

include studying the influence of enhanced polymerization of the cytoskeleton on IIF to 

further explore the relation between cytoskeleton and IIF. Cells will be treated with 

different concentration of a specific cytoskeletal drug Jasplakinolide that can promote 

actin polymerization and stabilization before freezing, and corresponding cell freezing 

responses including IIF, cryoprotectant distribution and cell viability will be examined 

and compared to freezing responses of cells treated with cytochalasin D and cells without 

any treatments. 
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Appendix 
 
A.1 Membrane phase during freezing revealed by two-photon microscopy  

 
GP values of MSC in DPBS and 10% DMSO at room temperature. (A) Fluorescence image of ordered 
channel (B) Fluorescence image of disordered channel (C) HSB GP intensity image for MSC in DPBS at 
room temperature. (E) Fluorescence image of ordered channel (F) Fluorescence image of disordered 
channel (G) HSB GP intensity image for MSC in 10% DMSO at room temperature. (D) GP intensity for 
MSC in DPBS. (H) GP intensity for MSC in 10% DMSO.  
 

For room temperature demonstration, cell membrane has higher GP values than 
intracellular membranes, indicating cell membrane was more ordered than intracellular 
membranes. This could be due to the presence of lipid rafts which were cholesterol and 
sphingolipid rich domains in the cell membrane. Even in the cell membrane itself, the GP 
values were not uniform distributed, which was consistent with conventional wisdom that 
lipid rafts as ordered membrane phases were floating in a less ordered environment of 
non-raft membrane.   
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GP values of MSC in DPBS during freezing. (A) Image of ordered, disordered, and GP for MSC at 23.7 ºC. 
(B) Image of ordered, disordered, and GP for MSC at -3 ºC. (C) Image of ordered, disordered, and GP for 
MSC at -4 ºC. (D) Image of ordered, disordered, and GP for MSC at -39.3 ºC. (E) GP values as a function 
of temperature for the cell shown in (A) to (D). (F) GP values as a function of temperature for three 
different cells imaged. 
 
 
For freezing studies, GP values were generally decreased with decreasing temperature, 
indicating the order of all membranes was increased at low temperature. Seeding at -3ºC 
induced a sharp increase of GP values, suggesting the order of membranes was 
significantly influenced by the formation of ice. As laurdan senses the presence of water 
content in the membranes, the sudden increase of GP value implied the decrease of water 
content in the membranes, which was probably caused by the formation of extracellular 
ice that extracted water from the membranes. The observation was also consistent with 
other FTIR studies that detected freezing-induced cellular and membrane dehydration.  
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A.2 Freezing responses of cells in sucrose, glycerol and isoleucine 

 
Raman image of Jurkat cells cryopreserved in 730mM and 1460mM sucrose solution. (A) Raman images 
of ice, amide I, and sucrose of cells cryopreserved in 730mM sucrose solution. (B) Raman images of ice, 
amide I, and sucrose of cells cryopreserved in 1460mM sucrose solution. (C) AIC of cells cryopreserved in 
730mM and 1460mM sucrose solution (SEM, n=8, p=0.033).  
 
 
To explore the effects of sucrose concentration on the freezing response of cells, Jurkat 
cells in 730mM and 1460mM sucrose solution were cryopreserved at a constant cooling 
rate of 1°C/min down to -50°C, and Raman images rendered on the signals associated 
with ice, amide I and sucrose were generated (Figure A and B). Cells cryopreserved in 
730mM sucrose solution showed small ice crystals (indicated by the white arrow in the 
image of ice) based on the presence of OH stretching peak. In contrast, large pieces of 
pure ice were observed in the center of cells cryopreserved in 1460mM sucrose solution 
(3 out of 8 cells). Accordingly, AIC of cells cryopreserved in 1460mM sucrose solution 
was significantly greater than that of cells cryopreserved in 730mM sucrose solution 
(Figure C). For cells cryopreserved in 730mM sucrose solution, Raman images showed 
that sucrose was predominantly distributed in the unfrozen solution, forming a thin layer 
encircling the frozen cell (<1µm). For cells cryopreserved in 1460mM sucrose solution, 
substantial penetration of sucrose into cells was detected in five of the eight cells studied, 
suggesting cell membrane of those cells was possibly damaged. Raman images of amide I 
also showed that cells cryopreserved in 730mM sucrose solution maintained normal but 
smaller cell size. On the contrary, cells cryopreserved in 1460mM sucrose solution 
showed irregular cell shape.  
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Freezing responses of Jurkat cells in sucrose, glycerol and SGI155 solution. (A) Raman images of ice, 
amide I, and sucrose of cells cryopreserved in 146mM sucrose solution. (B) Raman images of ice, amide I, 
and glycerol of cells cryopreserved in 10% glycerol solution. (C) Raman images of ice, amide I, and 
glycerol of cells cryopreserved in SGI155 solution. (D) AIC of cells cryopreserved in 146mM sucrose 
solution, 10% glycerol solution and SGI155 solution (SEM, n=8, p=0.1253 between Sucrose (Suc) and 
Glycerol (Gly), p=0.0002 between Suc and SGI155, p=0.0009 between Gly and SGI155 ). (E) Cross-
sectional area of cells cryopreserved in 146mM sucrose solution, 10% glycerol solution and SGI155 
solution (SEM, n=8, p=0.0004 between Suc and Gly, p=0.4504 between Suc and SGI155, p=0.0007 
between Gly and SGI155). (F) Cell boundary of cells cryopreserved in 146mM sucrose solution, 10% 
glycerol solution and SGI155 solution.    
 
 
Cells were cryopreserved in 146mM sucrose solution (sucrose level 1), 10% glycerol 
solution (glycerol level 5), or combination of 146mM sucrose, 10% glycerol and 46mM 
isoleucine solution (SGI155) at a constant cooling rate of 1°C/min down to -50°C, and 
typical Raman images rendered on the signals associated with ice, amide I, sucrose or 
glycerol were generated (Figure A, B and C). 
 
Cells cryopreserved in 146mM sucrose solution displayed both small ice crystals and/or 
large pieces of ice. On the contrary, only small ice crystals were formed in cells 
cryopreserved in 10% glycerol solution. For cells cryopreserved in SGI155 solution, little 
IIF was observed. The AIC of cells cryopreserved in single component solution was 
significantly greater than that of cells cryopreserved in multicomponent solution (Figure 
D). In contrast with sucrose, Raman images of glycerol showed considerable penetration 
of glycerol into all frozen cells. It was noteworthy that cells cryopreserved in single 
component glycerol solution appeared in larger size than those cryopreserved in solutions 
containing sucrose, suggesting the high capability of dehydration of non-penetrating 
protective agents (Figure E). In addition to larger cell sizes, cells cryopreserved in single 
component glycerol solution also showed irregularities on the cell membrane consistent 
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with blebbing (Figure F). 

 

Freezing responses of cells in SGI353 solution. (A) Raman images of ice, amide I, and glycerol of cells 
cryopreserved in SGI353 solution. (B) AIC between cells cryopreserved in SGI155 and SGI353 
solution (SEM, n=8, p=0.0001). 

 
 
Raman images of ice, amide I and glycerol for cells cryopreserved in SGI155 (i.e., 
optimal) and SGI353 solution (438mM sucrose, 10% glycerol and 26mM isoleucine 
solution) were generated. More IIF was observed in cells cryopreserved in solution 
SGI353 solution than cell in SGI155 solution, accordingly, AIC of cells 
cryopreserved in SGI353 solution was greater than that of cells in SGI155 solution 
(Figure B). 
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Intracellular and extracellular concentration of sucrose and glycerol. (A) Raman spectra of an extracellular 
spot (labeled 1), an intracellular spot (labeled 2) and a third spot at interface between cell and extracellular 
ice (labeled 3) for a cell cryopreserved in 730mM sucrose solution. (B) Raman spectra of an extracellular 
spot (labeled 4) and an intracellular spot (labeled 5) for a cell cryopreserved in 10% glycerol solution. 
 

The Raman spectra for an extracellular spot (labeled 1), an intracellular spot (labeled 2) 
and a third spot at interface between cell and extracellular ice (labeled 3) were analyzed 
(Figure A). As expected, the Raman spectra of the extracellular spot exhibited a strong 
signal of sucrose, but no signal of amide I, a marker for the cell. For the intracellular spot, 
only signal of amide I was observed, indicating little penetration of sucrose into the 
cytoplasm. Both signals of sucrose and amide I were detected in Raman spectra in the 
region at the interface between cell and extracellular solution. The observed phenomenon 
was consistent with long-held theory that the protective properties of sucrose partially 
result from its interaction and stabilization of membranes.  
 
It has been the conventional wisdom that glycerol works as a penetrating protective agent 
by depressing the freezing point, preventing the formation of ice crystals for a given 
temperature and lowering the concentration of salts. In this study, Raman spectra for an 
extracellular (labeled 4) and an intracellular spot (labeled 5) of one of the cells 
cryopreserved in 10% glycerol solution were used to show the relative difference of 
glycerol concentration across the cell membrane (Figure B). For Raman spectra of the 
extracellular spot, there was strong signal of glycerol but no signal of amide I. Both 
signals of glycerol and amide I were observed in Raman spectra of intracellular spot, 
however the peak intensity of glycerol inside the cell was consistently lower than that 
outside the cell.  
  


