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An estimated 9.8 million reproductive-age people with ovaries in the United States are impacted 

by fertility issues, oftentimes caused by the dysregulation of the tightly controlled process of 

ovarian follicle development. Impaired fertility can arise from disorders like polycystic ovarian 

syndrome (PCOS) or premature ovarian insufficiency (POI), which affect the function of the 

ovary, an integral reproductive organ that houses the ovarian follicles. POI can also negatively 

impact endocrine function, decreasing estrogen and leading to increased risk of osteoporosis, 

cardiovascular disease, and neurological disorders. Novel fertility preservation and restoration 

strategies, like ovarian tissue engineering, have emerged to address these effects of ovarian 

dysregulation and offer alternatives for those who wish to delay childbearing. Human induced 

pluripotent stem cells (hiPSCs) hold tremendous potential for tissue engineering and cell-based 

medicine, as they have the capacity of differentiating into ectodermal, mesodermal, endodermal, 

and germ cell lineages. In recent years, research into differentiating hiPSCs into cells like those 

that make up the ovary has garnered much interest, highlighting these cells as a promising source 



  

for ovarian tissue engineering and other types of cell-based medicine and research. This work 

addresses critical challenges associated with engineering ovarian tissue for reproductive and cell-

based medicine: (1) engineering the microenvironment for the cell/microtissue and (2) 

cryopreservation of the cells/microtissues. To understand the microenvironment of the ovary for 

informed tissue engineering system design, we spatially characterize the micromechanical 

properties of ovarian tissue from domestic cats to reveal both elastic and viscoelastic property 

heterogeneities, correlating these findings with the distribution of key extracellular matrix 

(ECM) molecules. We then developed a novel cryopreservation technology to enhance 

cryopreservation of ovarian follicles and hiPSCs, using sand to seed ice in the extracellular 

solution at high subzero temperatures during cooling. Together, this work investigates multiscale 

strategies for advancing ovarian tissue engineering, contributing to the advancement of 

reproductive medicine approaches for treating infertility and related endocrine dysfunction. 
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Chapter 1 : Introduction 

 

1.1 Ovarian follicles and human induced pluripotent stem cells (hiPSCs) 

The ovarian follicle, made up of a germ cell (the oocyte) and layers of somatic 

support cells (granulosa and theca cells), is the functional unit of the ovary and plays a 

vital role in mammalian reproduction. Folliculogenesis, the growth and development 

of immature ovarian follicles in the ovary so that they can release mature, fertilizable 

oocytes, is a tightly regulated process by the hypothalamic-pituitary-ovarian axis [1]. 

Dysregulation of this tightly controlled process can cause impaired fertility, which 

affects roughly 13.1%. (or ~9.8 million) of reproductive-age people with ovaries in the 

USA [2], according to the national survey of family growth conducted by the Centers 

for Disease Control and Prevention (CDC). Infertility can arise from disorders like 

polycystic ovarian syndrome (PCOS) [3] and premature ovarian insufficiency (POI) 

[4], which both negatively impact function of the ovary, an integral reproductive organ. 

Chemotherapy and radiation treatments for cancer, while increasing cancer survival 

rates in both pre- and post-pubertal patients, can be especially damaging to the ovaries 

[5-7]. Alkylating agents in the treatment of childhood cancer have resulted in acute 

ovarian insufficiency, premature menopause, and poor reproductive outcomes [8, 9]. 

An increased risk of ovarian damage and POI is also associated with nononcologic 

conditions, like various hematological disorders, autoimmune disorders, genetic 

disorders, endometriosis, and their treatments [10-12]. Hematopoietic stem cell 

transplantation, used in treatment of various non-cancerous conditions and requiring 
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large doses of chemotherapy and radiation to destroy existing bone marrow, has been 

found to be associated with a 65-85% risk of POI [13]. Aging also greatly impacts 

ovarian function and childbearing potential. The mammalian ovary contains a finite 

number of ovarian follicles formed during embryonic development; humans with 

ovaries are born with ~1 million follicles that are non-renewable and degenerate over 

time [14]. Fertility in people with ovaries begins to significantly decrease after 32 years 

of age, with this deterioration accelerating by age 37, and ultimately complete loss at 

~50 years old [15]. Beyond the clinic, fertility preservation strategies are greatly needed 

for animal genetic conservation, crucial for maintaining biodiversity and agricultural 

applications [16, 17].  

In addition to impaired fertility, POI can cause additional endocrine dysfunction 

that affects patients’ daily lives [18]. This can result in estrogen deficiency, which in 

turn can lead to lower bone mineral density (osteopenia and osteoporosis)  [19]. POI is 

also associated with an increased risk of cardiovascular disease and neurological 

disorders due to the endocrine effects on metabolism [20]. Thus, there is a demonstrated 

need for novel fertility restoration and preservation strategies, like ovarian tissue 

engineering, to address these concerns [5, 21]. 

Human induced pluripotent stem cells (hiPSCs) have tremendous potential for 

tissue engineering and cell-based medicine, as they are able to differentiate into 

ectodermal, mesodermal, endodermal, and germ cell lineages [22, 23]. The use of 

hiPSCs allows for personalized medicine, as the cells can be reprogrammed from the 

patient’s own cells [24], and avoids the ethical concerns associated with the use of 

human embryonic stem cells (hESCs) [25]. In recent years, hiPSCs and hESCs have 
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been differentiated into cells like those that make up the ovary to treat infertility and 

endocrine dysfunction [26-29]. The exploration of hiPSCs for ovarian tissue 

engineering is an exciting and promising strategy for fertility preservation/restoration 

and to treat endocrine dysfunction resulting from POI. Beyond this application, hiPSCs 

show great promise for research and therapy for many diseases and disorders beyond 

those that center around the ovary, like neural and cardiovascular diseases [30, 31]. 

1.2 Engineering the microenvironment of the ovary 

There are a number of challenges associated with engineering ovarian tissue, 

specifically ovarian follicles, for fertility preservation/restoration applications. 

Understanding and engineering the cell/tissue microenvironment and how the 

cells/tissues interact with the components of the system is vital for the success of tissue 

engineered systems [32].  

1.2.1 Micromechanical environment of the ovary 

The ovarian stroma, the components of the ovary that are not ovarian follicles, 

contains connective tissue, nerves, blood and lymphatic vessels, immune cells, ovarian 

stromal cells, and extracellular matrix (ECM) that play key roles in follicle 

development and ovarian function [5, 33]. The ECM, composed of fibril- and network 

forming proteins and glycosaminoglycans, not only provides a three-dimensional (3D) 

network to support the tissue architecture, but also helps to regulate follicle 

development through cell-ECM and cell-cell interactions. The ovary is comprised of 

two distinct regions—the outer cortex and the inner medulla—which have different 

stromal cell organization, ECM distribution, and structure [33-35]. Stromal cells, 
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spindle-shaped similar to fibroblasts, are organized parallel to the ovary surface and 

have a rounded structure in the ovarian cortex [5]. The collagen-rich cortex also has a 

higher ECM density than the medulla [33]. Conversely, the medulla has an ECM 

density lower than that of the cortex. During development, immature follicles in the 

cortex are activated and continue to grow as they migrate toward the medulla. The 

maturing follicle then completes its development along the perimedullar zone before 

ovulation at the ovarian surface. The difference in the physical environment of these 

two regions may direct follicle growth and could play an important role in ovarian 

tissue engineering [35]. 

Although the field has noted the physical differences in the cortex and medulla, 

few studies have characterized the mechanical properties of ovarian tissue [36-38], 

especially how they may differ between the cortex and medulla. Few studies thus far 

have explored the viscoelastic (time-dependent) behavior of ovarian tissue and none 

has investigated the viscoelastic heterogeneity in the ovary [39], even though biological 

tissue is a viscoelastic material [40, 41]. Mounting evidence also suggests that 

viscoelastic properties can affect cell behavior in ways that are not predicted when 

considering only elastic behavior [41]. Atomic force microscopy (AFM) indentation 

can be used to measure mechanical properties of biological tissues with high spatial 

resolution, allowing differentiation of mechanical properties between the cortex and 

medulla as identified using the microscope integrated in the system. With the proper 

probe selection, viscoelastic (time-dependent) properties can also be characterized 

using AFM indentation technique [40]. 
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The mechanical behavior of soft tissues is mainly governed by the content, 

distribution, and organization of ECM components, like collagen and elastin fibers 

[42]. For example, collagens contribute to the tensile strength, while 

glycosaminoglycans, like hyaluronic acid (HA), work to restrain water, conferring 

elasticity to tissues and maintain osmotic equilibrium [43]. Collagen, found abundantly 

in the ovarian stroma, forms a viscoelastic matrix and exhibits stress relaxation as 

evidenced by in vitro testing of collagen gels, showing the resistance of the gel to a 

deformation relaxing over time [44, 45]. Although the ECM in the ovary has been 

characterized for several species [46-48], there is no comprehensive study that has 

explored the relationship between ECM distribution in the cortex and medulla and the 

mechanical properties of the cortex and medulla. 

 

1.3 Cryopreservation of ovarian follicles and hiPSCs 

Cryopreservation involves cooling cells and tissues to low temperatures to slow 

down metabolic processes and preserve them in a suspended state of animation for 

long-term storage. To protect the cells/tissues from damage during the cryopreservation 

process, cryoprotectants (CPA) are added to the cryopreservation solution. These can 

be penetrating CPAs, such dimethyl sulfoxide (DMSO) and propylene glycol (PG), 

which can be potentially toxic in high concentrations, or non-penetrating CPAs, such 

as trehalose and sucrose, which are usually nontoxic to cells [49]. 
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1.3.1 Cryopreservation of isolated preantral ovarian follicles as an alternative fertility 

preservation strategy 

Post-pubertal patients facing infertility have several options for preserving their 

fertility through cryopreservation. Mature oocyte and embryo cryopreservation are 

currently the most widely explored techniques [50]. For this method, at least one cycle 

of controlled hormonal ovarian stimulation is needed to collect mature oocytes either 

for immediate banking or in vitro fertilization (IVF) to produce embryos [51]. This 

option is not suitable for patients with aggressive diseases who cannot delay treatment 

to undergo hormonal stimulation. Data from a meta-analysis of seven studies 

investigating survival in patients with operable primary breast cancer suggests that 

overall survival decreased by 15% for every 4-week delay in initiation of chemotherapy 

[52]. Moreover, the hormonal stimulation may be contraindicated in patients with 

hormone-responsive diseases [53]. If a patient is a candidate for hormonal stimulation, 

it is usually preferred to cryopreserve embryos rather than oocytes for fertility 

preservation, as oocytes are more difficult to cryopreserve [54]. However, embryo 

cryopreservation does not allow for reproductive autonomy for the patient—they must 

rely on a sperm source, from either a partner or donor, in order to preserve their future 

fertility [10]. Additionally, patients may have legal, moral, ethical, and religious 

concerns regarding the freezing of embryos. [55]. Patients who have not yet undergone 

puberty do not have oocyte or embryo cryopreservation as options for preserving their 

fertility before treatment in cases of malignant disease. Conventional embryo 

technologies also currently play a negligible role in the reproductive management of 
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many animal species that are either difficult to recover mature oocytes from or resist 

(or are extremely sensitive to) hormone stimulation [17, 56-58]. 

Ovarian tissue cryopreservation (OTC) is the only viable option for pre-pubertal 

patients and post-pubertal patients who cannot undergo controlled ovarian stimulation 

[59]. OTC has also been indicated for those who wish to delay childbearing or postpone 

menopause [60]. For OTC, part or all of the ovarian tissue is surgically removed and 

banked at low temperature for future orthotopic or heterotopic transplantation. 

Although promising, this approach carries the risk of re-introducing malignant cells 

(e.g., leukemic cells, circulating tumor cells in the blood of ovary, primary ovarian 

cancer cells) back into patients and causing disease recurrence [61-63]. Although 

preantral follicles can be isolated after cryopreservation of slices of ovarian cortex, 

cryopreservation of freshly isolated preantral follicles offer distinct advantages over 

tissue freezing [64]. Cryopreservation of pieces of ovarian cortex can present technical 

problems due to the heterogenous cell population. Because of the small size of preantral 

follicles, CPA can permeate the follicle much more readily than through a larger tissue 

volume. Additionally, high follicular loss has been observed after ovarian tissue 

transplantation due to ischemia-reperfusion [65, 66]. Follicles are difficult to recover 

after ovarian tissue cryopreservation due to the difficulty in quantitatively and 

quantitatively evaluating the follicle population in tissue fragments, as follicles are 

unevenly distributed in the cortex [67, 68]. 

Encouraging results have already been obtained from investigations into 

cryopreservation of isolated follicles in several animal species [69-71]. Isolated 

secondary murine follicles cryopreserved in alginate hydrogels had ~70% survival after 
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cryopreservation and in vitro growth similar to freshly isolated controls during 12 days 

of culture [70]. However, these protocols rely on expensive or time-consuming 

materials/methods for seeding ice in the samples at high subzero temperature, an 

integral cryopreservation step to ensure good cryopreservation outcomes for ovarian 

tissue [72].  

1.3.2 Cryopreservation of hiPSCs 

The ready availability of hiPSCs enabled by long-term cryopreservation or low-

temperature banking is necessary for wide distribution and eventual success of the 

emerging stem-cell based medicine [73-76]. These hiPSCs need to maintain high 

viability and pluripotency after the cryopreservation process. Conventional 

cryopreservation of hiPSCs uses slow-freezing with the addition of 10% DMSO as the 

penetrating CPA and 10% fetal bovine serum (FBS) or serum replacement. Although 

DMSO is an effective CPA, the organic solvent is highly toxic to cells and tissues at 

body temperature [77-80]. The hiPSCs cryopreserved with DMSO require careful 

washing to remove the CPA before use, which can result in loss of up to 10% of the 

cells with each washing step [81]. Additionally, DMSO has been linked to causing 

unwanted differentiation of hiPSCs [82] and changes in the epigenetic landscape of 

cardiac cells [83]. The use of FBS in the cryopreservation solution poses a risk for the 

clinical translatability of hiPSCs, as it carries the risk of spontaneous differentiation 

and introduction of xenogeneic pathogens into the sample [84, 85]. These risks 

highlight the need for better hiPSC cryopreservation technologies. 
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1.4 Dissertation overview and outline 

The overall goal of this dissertation is to develop multiscale technologies for 

engineering and cryopreserving ovarian follicles and hiPSCs to further advance their 

utility for cell-based therapy. Chapter 1 (this chapter) gives an introduction and broad 

background of the challenges this dissertation research is aiming to address and offers 

a summary/outline of the research.  

Chapter 2 characterizes the micromechanical properties of ovarian tissue from 

reproductively younger and older domestic cats. AFM indentation is used to determine 

values for the elastic and viscoelastic properties of the cortical and medullar regions, 

which shows not only elastic but also viscoelastic heterogeneities in the ovary. 

Mathematical modeling using a second-order standard linear solid viscoelastic model 

reveals that the apparent modulus reported in literature is not the true elastic modulus 

and has a contribution from viscoelastic behavior. The distribution of two important 

ECM molecules, collagen type I and HA, is explored and linked to the mechanical 

properties characterized by AFM indentation.  

Chapter 3 details a novel cryopreservation method, using sand as a 

biocompatible ice nucleator to seed ice in the extracellular space at high subzero 

temperatures to enhance cryopreservation outcomes of ovarian follicles and hiPSCs. 

Sand is immobilized on a polydimethylsiloxane (PDMS) film and adhered to the wall 

of a cryovial to initiate ice formation in the sample in a controlled instead of 

spontaneous fashion. The ice-seeding ability of the sand is tested and characterized. 

Preantral ovarian follicles and hiPSCs are frozen in the sand-PDMS film-laden cryovial 

using a slow-freezing procedure. The cell/microtissue quality is assessed after 
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cryopreservation, storage in liquid nitrogen (LN2), and thawing of the samples. The 

immediate viability and growth potential of the ovarian follicles is investigated after 

thawing. The viability, attachment, cell cycle, pluripotency, and differentiation 

capacity are assessed for the cryopreserved hiPSCs.  

Chapter 4 provides conclusions for the research in this dissertation and 

Chapter 5 discusses potential avenues for future studies and applications of the work. 
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Chapter 2 : Micromechanical characterizations and viscoelastic 
modeling reveal both elastic and viscoelastic heterogeneities in 
ovarian tissue and the significant contribution to the apparent 
elastic modulus determined by AFM indentation* 
 

2.1 Introduction 

The ovarian follicle is the fundamental functional unit of the ovary, made up of 

a female germ cell (oocyte) and surrounding layers of somatic support cells. The 

activation and growth of the ovarian follicles are tightly regulated so that usually one 

follicle releases a mature, fertilizable egg per cycle for humans. Ovarian disorders like 

PCOS, exposure to aggressive disease treatment (e.g., chemotherapy), and 

environmental/occupational biohazard exposures can all result in infertility due to 

dysregulation of this precisely controlled process [10, 86, 87]. Aging also impacts 

fertility as the ovarian follicle reserve is nonrenewable [88], and many patients wish to 

delay childbearing beyond peak fertility age. Many fertility restoration strategies aim 

to replicate the in vivo conditions for activation and growth of immature ovarian 

follicles in vitro, to meet the increasing demand for fertility preservation [5, 21, 86]. 

Although the effects of many growth factors, hormones, and chemical medium 

additives on in vitro follicle culture have been studied and demonstrated [89, 90], the 

effect of the follicle’s surrounding mechanical environment on folliculogenesis has 

 
* Reprinted (adapted) with permission from: Stewart, S., Ou, W., Aranda-Espinoza, H., Rahaman, S., 
He, X. Micromechanical characterizations and viscoelastic modeling reveal elastic and viscoelastic 
heterogeneities in ovarian tissue and the significant viscoelastic contribution to the apparent elastic 
modulus determined by AFM indentation. Acta Biomaterialia 168 (2023) 286-297. Copyright 2023 
Elsevier. 
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attracted tremendous attention recently [91-94], with increasing evidence showing that 

mechanical regulation plays a vital role in follicle development [35, 95]. 

The ovary is comprised of two distinct physical regions—the outer cortex and 

inner medulla—which have different stromal cell organization and ECM distribution 

[33]. These differences in structure between the two regions lead to differences in 

mechanical properties: the cortex is more rigid than the medulla. The mechanical 

properties in these two zones play a crucial role in mechanotransduction for the follicle 

during its growth and development, and accounting for mechanical heterogeneity in 

follicle culture has previously been shown to improve antrum formation in outbred deer 

mice [34]. The actual mechanical properties of the ovary in these two distinct regions, 

however, have not been well characterized. Most reported values of the elastic modulus 

of ovarian tissue have focused on bulk characterization methods at the ovarian surface 

or focus solely on regions in the ovarian cortex [47]. Recent mechanical 

characterization of the mouse ovarian interior [96] and the cortex and the medulla 

regions of bovine ovaries [97] shows that the modulus varies depending on the area of 

the tissue, further motivating study of how mechanical properties may differ in the 

cortex and medulla. Moreover, the ovary is a dynamic, mechanically responsive 

structure, with follicles interacting with their surrounding matrix over time [98, 99]. 

The magnitude of these forces depends not only on the elastic behavior of the 

surrounding ovarian tissue, but also the viscoelastic response, which has not been well 

studied.  

In this work, we use atomic force microscopy (AFM) indentation to spatially 

characterize the elastic and viscoelastic properties in ovarian tissue of domestic cats for 
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revealing the direct mechanical microenvironment that follicles experience in the 

cortex and medulla. We tested tissue from reproductively younger and older (i.e., pre 

and post-puberty) samples to investigate how aging impacts the mechanical properties 

of ovarian tissue. The apparent elastic modulus was measured at points across the 

bisected ovary to determine the modulus range for cat ovarian tissue. Furthermore, we 

investigated viscoelastic behavior differences in the cortex and medulla of ovarian 

tissue for the first time and fit our experimental data with viscoelastic models to 

characterize the stress-relaxation behavior of the two different physical regions in the 

ovary. Combining this mechanical data with spatial distribution of key extracellular 

matrix (ECM) components in the ovary, hyaluronic acid (HA) and collagen type I 

(COL-1), we thoroughly characterize the mechanical microenvironment experienced 

by follicles during different reproductive ages. These insights into the ovarian physical 

environment can be used in rational design of biomaterials for building biomimetic 

culture systems to enhance assisted reproduction technologies. 

2.2 Results and Discussion 

In this study, we characterized the micromechanical (both elastic and 

viscoelastic) behavior of cat ovarian tissue. To spatially resolve differences between 

the cortical and medullar regions of the ovary, AFM probe indentation was used for 

analyzing the mechanical environment experienced by the ovarian follicles. The ovary 

was bisected to reveal the ovarian interior and embedded in agarose gel to stabilize it 

during the measurement. Measurements were performed across a line in the middle of 

the ovary, from one edge through to the other edge (Fig. 2.1A), to study the elastic and 

viscoelastic heterogeneity of the tissue. The apparent modulus was extracted from the 
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resultant force-indentation curves (Fig. 2.1B) to create a modulus profile across each 

ovary tested. A second order SLS model (Fig. 2.1C) was fit to stress relaxation 

measurements of the ovarian tissue to characterize the viscoelastic behavior of the 

cortex and medulla of each ovary. Finally, the spatial distributions of ECM molecules, 

HA and COL-1, were analyzed across the same middle region of the ovary (Fig. 2.1D) 

to relate the mechanical properties to the tissue composition.  

 

Figure 2.1 A schematic illustration of the characterization of mechanical properties of cat 
ovarian tissue. A, Schematic of mechanical testing of the cat ovary using atomic force 
microscopy (AFM) indentation. The ovary was embedded in an agarose gel and bisected to 
reveal the inner ovarian tissue. A line scan across the ovary was analyzed, mapping the 
mechanical properties at approximately 200 µm intervals. At each mapping site, force-
indentation maps were taken to determine the apparent elastic modulus of the tissue using the 
Hertz model. Stress relaxation measurements were also performed by AFM indentation at each 
mapping site. Scale bar = 1 mm.  B, Representative force-indentation curve that was used for 
Hertz model fitting to extract the apparent modulus. C, 2nd order standard linear solid (SLS) 
viscoelastic model used for fitting the stress relaxation data. The model is made up of elastic 
solid elements represented by springs and viscous Newtonian fluid elements represented by 
dashpots. The model consists of a purely elastic spring arm with modulus 𝐸! in parallel with 
two viscoelastic Maxwell arms. The first Maxwell arm consists of a solid spring with modulus 
𝐸" and fluid dashpot with viscosity 𝜇". The second Maxwell arm has a solid spring with 
modulus 𝐸# and fluid dashpot with viscosity 𝜇#. The stress and strain are indicated as 𝜎 and 𝜀, 
respectively. Each of the two Maxwell arms represents a different viscoelastic kinetics with 𝜏" 
and 𝜏# as the relaxation time constants, where 𝜏" = 𝜇"/𝐸" and 𝜏# = 𝜇#/𝐸#. D, Extracellular 
matrix (ECM) characterization of the cat ovary. The representative image shows a fluorescence 
image of the cat ovary stained for hyaluronic acid (HA). The intensity of HA was quantified 
across the middle of the ovary, similar to the profile of AFM measurements in panel A, 
represented by the red box. Scale bar: 1 mm. 
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2.2.1 Heterogeneity of elastic modulus 

We measured the apparent modulus (𝐸!) of 14 ovaries collected from domestic 

cats (n=14). This modulus is referred to as “apparent” because this value could be 

impacted by the indentation rate of the probe and not reflect the true intrinsic material 

property [100]. The ovary shows a wide range of modulus values across the tissue (0.2 

kPa – 17.9 kPa, Fig. 2.2A) with a mean apparent modulus across all ovaries of 2.7 ± 

0.3 kPa. The distribution of values shows that most measured sites on the ovary had a 

modulus under 3 kPa (Fig. 2.2B).  

 

Figure 2.2 Characterization of the apparent elastic modulus of cat ovarian tissue. A, 
Apparent modulus (𝐸$) of all tested mapping sites (average of all individual force-indentation 
measurements at mapping site) across all ovaries tested (n=14). B, Histogram representing the 
overall distribution of apparent moduli (𝐸$, kPa) across all probed ovaries (n>100). The x-axis 
values correspond to upper limit of the bin (i.e., modulus value). Each value within the 
histogram represents one analyzed mapping site. Inset shows same data with finer bins, 
focusing on values from 0-6 kPa. 

Interestingly, our range of measured values is similar to those reported for modulus of 

dissected mouse ovarian tissue [96] and whole-ovary measurements of reproductively 

young (pre-puberty) mice [47]. To our knowledge, this work is the first report of AFM 

characterization of ovarian tissue modulus for the domestic cat. The wide range and 
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distribution of the apparent modulus data underscores the importance of exploring the 

micromechanical environment rather than relying on bulk modulus characterization.  

 The apparent modulus of the cat ovarian tissue was further analyzed based on 

reproductive age. Ovaries from 7 cats below 6 months of age were characterized as 

reproductively younger (pre-puberty), and ovaries from 7 cats above 6 months of age 

were characterized as reproductively older (post-puberty) [101]. Looking at the 

individual line modulus scans of each ovary, for both reproductively younger and older 

cats, there is heterogeneity of the apparent modulus across the tissue (Fig. A.1). The 

modulus is highest at the two edges and decreases into the middle, with few exceptions. 

This is more clearly seen when plotting all the modulus profiles of all 7 cats together 

for reproductively younger (blue) and reproductively older (orange) ovaries in Figure 

2.3A and 2.3B, respectively. For both age groups, the ovarian tissue shows its highest 

modulus value in both outer edges of the tissue, with a dip in the middle region. 

Noticeably higher modulus values can be seen in the two edges of reproductively older 

ovaries (~5-7 kPa) than reproductively younger ones (~2-4 kPa), with similar values in 

the middle interior for both reproductive age groups (~1.5 kPa). Again, for both age 

groups, the higher modulus values are seen in the outer edges of the tissue, with the 

lower modulus values measured in the middle of the ovary.  
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Figure 2.3  Analysis of apparent modulus (𝐸$, kPa) heterogeneity in cat ovaries. A, 
Apparent modulus line-scans of reproductively younger ovaries (<6 months, n=7). Each ovary 
linescan is represented by a different symbol. B, Apparent modulus line-scans of reproductively 
older ovaries (>6 months, n=7). Each ovary linescan is represented by a different symbol. C, 
Normalized apparent modulus line scan profiles of all the seven reproductively younger cat 
ovaries. The cortex (C, light blue shading) is noted as 0.0 – 0.3, and 0.7 – 1.0 of the tissue based 
on normalized position. The medulla (M, darker shading) is noted as 0.3 – 0.7 of the tissue 
based on normalized position. D, Normalized apparent modulus line scan profiles of all the 
seven reproductively older cat ovaries. The cortex (C, light orange shading) is noted as 0.0 – 
0.3, and 0.7 – 1.0 of the tissue based on normalized position. The medulla (M, darker shading) 
is noted as 0.3 – 0.7 of the tissue based on normalized position.  E, Individual apparent modulus 
for the cortex (C) and medulla (M) areas of each reproductively younger (Y) cat ovary tested. 
F, Individual apparent modulus for the cortex and medulla areas of each reproductively older 
(O) cat ovary tested. G, Mean overall apparent modulus of the regions defined as cortex and 
medulla in both reproductively younger and older cats. H, Mean overall apparent modulus of 
reproductively younger cat ovaries versus apparent modulus of reproductively older cat 
ovaries. Student two-tailed, unpaired t-test for samples between age groups, student two-tailed 
paired t-test for values of cortex and medulla from same cat. *p < 0.05, and **p < 0.01. Error 
bars represent standard deviation. 
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The modulus heterogeneity 

in each and all of the seven ovaries 

can be better appreciated by 

normalizing the linescan of 

modulus for each ovary to its 

respective maximum modulus 

measured in each linescan (Fig. 

2.3C-D). Based on aforementioned 

analysis and stereoscopic 

examination of tissue architecture of 

the tested ovaries (Fig. 2.4), we 

designated 0.0-0.3 and 0.7-1.0 (based on normalized position) of the ovary as cortex 

(C, Fig. 2.3A-D) and 0.3-0.7 (based on normalized position) of the ovary as medulla 

(M, Fig. 2.3A-D), to analyze the mechanical properties in those physical regions. The 

data of apparent modulus from the linescans show that there is a larger difference 

between the cortex and medulla for reproductively older cats than that for 

reproductively younger cats. Figure 2.3E-F show the moduli for the cortex and 

medulla of each individual ovary tested from reproductively younger and 

reproductively older cats, respectively. The cortex of reproductively older cats has a 

modulus 1.5-18 times higher than the medulla. The cortical modulus of reproductively 

younger cats, meanwhile, is only 1.3-3.2 times higher than the medullar modulus. 

Consistent with the long-standing hypothesis that the cortex and medulla have distinct 

mechanical properties [102], the cortex has a significantly higher modulus than the 

Figure 2.4 Stereomicroscopic examination of 
ovarian tissue. A-B, Stereomicroscopy image of 
ovarian tissue without (A) and with (B) labeling with 
the perceived approximate areas of the cortex and 
medulla of the tissue based on tissue density and 
follicle location. Scale bar: 1 mm. 
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medulla: ~2 times and >4 times on average for the reproductively younger and older 

cats, respectively (Fig. 2.3G). This difference is statistically significant for ovaries 

from both reproductively younger and older cats, although the difference is not as stark 

for the reproductively younger cats. The apparent modulus of the cortex in the 

reproductively older ovarian tissue is approximately twice as high as the apparent 

modulus of the cortex in reproductively younger ovarian tissue (4.7 ± 0.9 kPa vs. 2.2 ± 

0.4kPa). Interestingly, there is no difference between the apparent modulus of the 

medulla based on reproductive age (1.2 ± 0.3 kPa for older, 1.3 ± 0.2 kPa for younger). 

This could be due to the presence of larger follicles in the cortex of the reproductively 

older ovaries than those in the cortex of reproductively younger ovaries. These larger 

follicles, due to the reproductive maturity of the older cats, could offer more 

reinforcement to the surrounding stromal tissue and cause the increased modulus [96]. 

Within the 30 x 30 µm2 mapping areas, local modulus variation arises in mapping 

points located in the cortex but not in the medulla, similar to the trend observed in 

mouse ovarian tissue [96]. In other words, in areas with higher apparent modulus, there 

was greater local variation in apparent modulus.  

Analyzing the mean apparent modulus value of the ovary as a whole, ovaries 

from reproductively older cats show a statistically significant higher apparent modulus 

than ovaries from reproductively younger cats (3.4 ± 0.5 kPa versus 1.9 ± 0.3 kPa, Fig. 

2.3H), suggesting that the ovarian mechanical environment is impacted by aging. 

Indeed, increased collagen/stromal deposition has been linked to aging in ovaries from 

humans and animal models [39, 47, 103-105]. This increased modulus and collagen 

deposition, indicative of tissue fibrosis, has been linked to loss of ovarian function and 
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fertility diseases like polycystic ovarian syndrome (PCOS) [106]. In this study, 

however, the reproductively older cat group is made up of domestic cats that have 

recently reached sexual maturity and are still fertile, suggesting that the increase in 

modulus gradient between the cortex and medulla of the reproductively older ovaries 

and overall modulus may play an important role in fertility. During folliculogenesis, 

activated follicles migrate from the ECM-dense outer cortex to the inner, softer 

perimedulliary zone where they grow in size and mature the oocyte until ovulation at 

the ovarian surface. These findings further support the hypothesis that mechanical 

heterogeneity between the cortex and medulla in the ovary plays an integral role in 

fertility [34]. 

2.2.2 Heterogeneity of viscoelastic properties 

Although most studies on the mechanical properties have been focused on the 

elastic behavior of ovarian tissue, biological tissue is a viscoelastic material. Growing 

evidence suggests that viscoelastic properties can affect cell behavior in ways that are 

not predicted when considering only elastic behavior [41]. We used AFM indentation 

to characterize the viscoelastic behavior of ovarian tissue in the cortex and medulla of 

ovarian tissues from the two reproductive age groups (younger and older). We observe 

viscoelastic stress relaxation of the ovarian tissue in the cortex and medulla of all cats 

(n=5, for each biological age group). The viscoelastic behavior is modeled by a second-

order standard linear solid (SLS) model, consisting of one purely elastic element 

(spring) and two Maxwell viscoelastic arms in parallel (Fig. 2.1C and Eq. 2.1-3). Each 

of the two Maxwell viscoelastic arms is made of one purely elastic element and one 

purely viscous element in series. This model can be used to predict the measured 
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viscoelastic response well (R2 > 0.98) as seen in Figure 2.5A-B. The 1st order SLS 

model (Fig. A1.2) was initially used to model stress relaxation, but the fitting was poor, 

so the 2nd order model was used for all further analyses. The stress relaxation behavior 

of ovarian tissue in both the cortex and medulla of reproductively younger and older 

cats is given in Figure 2.5A and B, respectively. For all cases, the tissue relaxes 

quickly in the first 5 s in response to the applied strain, then slowly relaxes for the 

duration of the measurement. It is worth noting that the stress relaxation data given in 

Figure 2.5A-B show that the first derivative (or slope) of stress versus time curve at 

time 0 (i.e., "#
"$
/
%
) is nonzero. Additionally, the duration of the relaxation measurement 

was stopped at 60 s, as this is sufficient to capture the longer relaxation kinetics 

evidenced by the stress relaxing towards a plateau/asymptote by the end of the 

measurement. 

By fitting the viscoelastic model to the experimental data, we can describe this 

relaxation behavior with two relaxation time constants 𝜏1 and 𝜏2 (Fig. 2.5C-D). These 

two time constants for the relaxation behavior may correspond with different 

components of the mechanical environment that dominate separate sections of the 

tissue viscoelastic response. The range of the two time constants reported here is 

relevant to those reported for cell behaviors that may be important to consider during 

follicle growth and development. The 𝜏1 values observed here (~1 s) fall on the 

timescale over which cells respond to oscillations in force (~1 s) [107]. The 𝜏2 values 

reported here (~20-40 s) are similar to the timescales over which cells exert traction 

force (minutes)[108] and undertake spreading (minutes to hours) [109, 110]. There is 

no significant difference in 𝜏1 between the two ovarian tissue regions or two age  
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Figure 2.5 Characterization of viscoelastic heterogeneity in cat ovaries. A-B, Stress 
relaxation curves from areas of the cortex (C) and medulla (M) of reproductively younger (A, 
n=5) and older cats (B, n=5). C-D, Time constant for the first (C, 𝜏1) and second (D, 𝜏2) 
relaxation kinetics of the cortex and medulla of reproductively younger and older cats. E-F, 
Equivalent modulus (𝐸!%) versus time from areas of the cortex and medulla of reproductively 
younger (E) and older (F) cats. Dark red arrows indicate 𝐸!%,'. The dashed line represents the 
intrinsic elastic modulus (𝐸!) for the cortex and medulla. Values were obtained by fitting the 
2nd order SLS viscoelastic model to the stress relaxation data in each physical area. Student 
two-tailed, unpaired t-test was used for comparing between the two different age groups, and 
student two-tailed paired t-test was used for comparing the values for cortex and medulla from 
same cat. *p < 0.05. Error bars represent standard deviation. 
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groups, with all time constants being ~1 s on average and less than ~1.5 s nearly always. 

There is also no significant difference between 𝜏2 in the cortex and medulla for 

reproductively younger cat ovarian tissue. However, there is a statistically significant 

difference in the second relaxation time constant between the cortex and medulla of 

reproductively older cat ovarian tissue (19.6 ± 2.2 s versus 37.7 ± 7.5s). The 𝜏2 

relaxation time constant in the cortex and medulla of younger ovaries and in the cortex 

of older ovaries are all very similar (~20 s), however, the 𝜏2 relaxation time constant in 

the medulla of older ovaries spans a much wider range. There are no noticeable 

differences in viscoelastic behavior between the cortex and medulla of reproductively 

younger cat ovaries at any timescale, but reproductively older cat ovaries show distinct 

viscoelastic phenotypes in the cortex and medulla at longer timescales. This difference 

may have implications for how follicles exert forces on and grow in the surrounding 

matrix in the two regions, given that the 𝜏2 relaxation times are on the timescale like 

that reported for traction forces and cell spreading. Because the reproductively older 

ovaries are tested from domestic cats who have reached sexual maturity, this difference 

in viscoelastic behavior in physical regions of the ovary that is revealed with age may 

play a role in follicle development and could be a key consideration for ovarian follicle 

culture systems. Recent mechanical mapping of the mouse ovary using Brillouin 

microscopy suggests that the cortex may be more elastic than the interior (i.e., medulla), 

which appears more viscous, based on ratios of the storage/elastic and loss/viscous 

moduli in these regions inferred by the measurement method [94]. Also, although no 

data were reported for the ovarian medulla, a recent study on AFM-based probing of 

the viscoelastic behavior of human ovaries shows significant impact of age on the 
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cortical tissue [39]. Our findings in the domestic cat, together with these observations, 

suggest that viscoelastic heterogeneity in the ovary and how the viscoelastic behavior 

may change with reproductive age are important considerations for follicle growth and 

development. 

2.2.3 Significant contribution of viscoelasticity to apparent elastic modulus 

determined by AFM indentation 

We also used the second order SLS model to evaluate the intrinsic elastic 

modulus (𝐸&) and the equivalent modulus (𝐸&') of the cortex and medulla of 

reproductively younger and older cats, and the data are given in Figure 2.5E-F. For 

both regions in both age groups, the equivalent modulus shows a trend of exponential 

decay over time, reaching an asymptote at the tissue’s intrinsic elastic modulus, 𝐸&. 

These data further show the viscoelastic behavior of the tested ovarian tissue. The 

equivalent modulus at time 0 is affected by the viscous behavior of the tissue, with the 

true intrinsic elastic modulus of the tissue being lower than the equivalent modulus at 

time 0 (𝐸&',%). This is further explored by comparing  𝐸&, 𝐸&',%, and the apparent 

modulus (𝐸!) that is calculated from the Hertz model and conventionally reported in 

the literature for AFM indentation studies. These three moduli for the cortex (C) and 

medulla (M) of reproductively younger and older cat ovaries are shown in Figure 2.6A 

and B, respectively. The same trends seen for the apparent modulus (𝐸!) held for the 

equivalent modulus at time 0 (𝐸&',%) and the intrinsic elastic modulus (𝐸&), with the 

cortex showing statistically significant higher moduli than the medulla in both 

reproductively younger and older cats. Interestingly, we see that the values for the 
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intrinsic elastic modulus are lower than the values for both the equivalent modulus at 

time zero and apparent modulus. Looking at all the modulus values evaluated from the 

stress relaxation measurements, we can see a statistically significant difference between 

𝐸&',% and 𝐸& and between 𝐸! and 𝐸& However, there is no statistically significant 

difference between 𝐸&',% and the apparent modulus (𝐸!) calculated from the Hertz 

model. The apparent modulus and the equivalent modulus at time zero are significantly 

higher than the intrinsic elastic modulus because these measurements are impacted by 

the viscoelastic behavior of the material. By fitting the 2nd-order SLS model to the 

experimental relaxation data, we are able to differentiate the elastic and viscous 

portions of the material behavior. The apparent modulus, most frequently used in AFM 

indentation characterization of biological tissue, is in fact comprised of both the 

intrinsic elastic modulus and the contribution of the viscoelasticity. It is worth noting 

that the equivalent modulus, 𝐸&',%, is affected by the initial stress, applied strain, and 

relaxation kinetics at time 0 (Eq. A14), which may explain the large variation in 

apparent elastic modulus values reported in the literature for AFM indentation. 

Standardization of the method for modulus measurement using AFM indentation is 

necessary to solve the problem.  
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Figure 2.6 Characterization of the connection between the different moduli of cortex and 
medulla in cat ovarian tissue. A, Equivalent modulus at time zero (Eeq,0), apparent modulus 
(Ea), and intrinsic elastic modulus (Ee) of the ovarian cortex (C, light blue, circles), and medulla 
(M, dark blue, triangles) of reproductively younger cats (n=5). Eeq,0 and Ee were obtained by 
using the 2nd order SLS model to analyze the data from stress relaxation measurements. Ea 
was obtained using the Hertz model. B, Eeq,0, Ea and Ee of the ovarian cortex (C, light orange, 
circles), and medulla (M, brown, triangles) of reproductively older cats (n=5). Student two-
tailed paired t-test. *p < 0.05, and **p < 0.01. Error bars represent standard deviation. 

2.2.4 Possible connection of mechanical and compositional heterogeneities 

The distribution and organization of extracellular matrix in the cortex and 

medulla of the ovary has been hypothesized to contribute to differences in mechanical 

properties between the two physical regions. We chose to examine the distribution of 

hyaluronic acid (HA) and collagen type I (COL-1), two common ECM macromolecules 

that have significance in the ovarian microenvironment and have been explored as 
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biomaterials for in vitro culture of ovarian follicles [33, 34, 46, 47, 111-114]. ECM 

distribution was characterized in the same orientation as the AFM indentation testing 

– transversely across the middle of the ovary (Fig. 2.7A). Consistent with previous 

findings in the ovary of other species, H&E staining of the cat ovary shows that the 

outer cortex regions (1 and 3) are rich with ECM and densely organized tissue, whereas 

the inner medulla (2) has less, more randomly distributed ECM (Fig. 2.7B). By 

fluorescently labeling these areas with biotinylated HA binding protein (HABP), we 

can see that HA is found in high density in the outer regions 1 and 3 of the ovary, while 

sparsely found in the inner region (2) in both reproductively younger (Fig. 2.7C-D) and 

reproductively older (Fig. 2.7E-F) ovarian tissues. This trend of HA distribution, with 

more HA seen in the outer edges (cortex) and less HA seen in the interior (medulla) 

aligns well with the measured apparent modulus (𝐸!) profile, where the highest 

modulus values seen at the outer edges of the ovarian tissue for both reproductively 

younger and older cats (Fig. 2.4A-D). Of note, the round holes in the micrographs of 

HA staining are due to the presence of follicles in the tissue; the round holes in the edge 

(1) images are in the same location of the early-stage follicles stained in the H&E 

images of the similar location. However, such trend is not observable for COL-1 in the 

cat ovary. For both reproductively younger (Fig. 2.8A-B) and older (Fig. 2.8C-D) cats, 

COL-1 is seen distributed throughout the ovary, with similar density in the cortical and 

medullar regions. COL-1 shows a high level of intensity across the ovary in samples 

from both reproductively younger and older cats. 
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Figure 2.7 Distribution of hyaluronic acid (HA) in reproductively younger and older cat 
ovaries. A, Typical image of bisected cat ovary. The numbers 1, 2, and 3 indicate the edge, 
middle, and opposite edge locations of the ovary where images are further shown. Scale bar = 
1 mm. B, Hematoxylin and Eosin (H&E) staining of regions of cat ovarian tissue, starting from 
the first edge (1) to the middle (2), to the other edge (3). Scale bar: 100 µm. C, Normalized 
intensity of HA staining fluorescence signal across the line profile of the ovaries of 
reproductively younger cats (n=3). D, Representative fluorescence images of the edge, middle, 
and edge of the reproductively younger cat ovarian tissue line profile showing HA (green) 
distribution. Nuclei are visualized using DAPI (blue). Scale bar: 100 µm. E, Normalized 
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intensity of HA staining fluorescence signal across the line profile of the ovaries of 
reproductively older cats (n=3).  F, Representative fluorescence images of the edge, middle, 
and edge of the cat ovarian tissue line profile showing HA (green) distribution in reproductively 
older cats. Nuclei are visualized using DAPI (blue). Scale bar: 100 µm.  Error bars represent 
standard deviation. 

Although COL-1 distribution does not correlate with the modulus pattern in the cat 

ovarian tissue, HA distribution matches fairly well with the modulus by position seen 

in Fig. 2.3, suggesting that HA may be a key ECM material that contributes to the 

mechanical gradient in the ovary.  

 

Figure 2.8 Distribution of collagen type I (COL-1) in reproductively younger and 
reproductively older cat ovaries. A, Normalized intensity of COL-1 staining fluorescence 
signal across the line profile of the ovaries of reproductively younger cats (n=3). B, 
Representative fluorescence images of the edge, middle, and edge of the reproductively 
younger cat ovarian tissue line profile showing COL-1 (red) distribution. Nuclei are visualized 
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using DAPI (blue). C, Normalized intensity of COL-1 staining fluorescence signal across the 
line profile of the ovaries of reproductively older cats (n=3).  D, Representative fluorescence 
images of the edge, middle, and edge of the cat ovarian tissue line profile showing COL-1 (red) 
distribution in reproductively older cats. Nuclei are visualized using DAPI (blue). Scale bars: 
100 µm. 

To further examine how HA may contribute to the increased modulus seen in 

the cortex compared to the medulla, ovaries from reproductively older cats were treated 

with hyaluronidase (HAse) to degrade HA in the tissue and then tested using AFM 

indention to measure the apparent modulus across the ovary. The modulus profiles of 

the HAse-treated ovaries still show heterogeneity, with the modulus being the highest 

at the edges of the tissue and decreasing towards the center (Fig. 2.9A). Importantly, 

comparing the average modulus linescan of HAse-treated ovaries to untreated ones, the 

cortex modulus values of the HAse-treated ovaries are lowered, but the medulla 

modulus values remain similar to that of the untreated ones (Fig. 2.9B). The apparent 

modulus of the cortex region shows a statistically significant decrease in the HAse-

treated ovaries compared to those in the untreated group (Fig. 2.9C). There is no 

statistically significant difference in the modulus between the medulla of the HAse-

treated and untreated ovaries. By normalizing the cortex and medulla modulus values 

of both treated and untreated ovaries to the mean modulus measured in the untreated 

ovaries, the HAse treatment can be seen to reduce the cortex modulus by ~50% (Fig. 

2.9D). These data show that HA in the cortex is a significant (albeit not the only) 

contributor to the mechanical heterogeneity in older cat ovaries.  

The viscoelastic heterogeneity in the cortex and medulla seen in older cats 

(Fig. 2.4B) may relate to the ECM distribution. The cortex in reproductively older cat 

ovaries has a high apparent modulus and shorter second relaxation time constant than 

the medulla that has a lower modulus and much higher and wider spanning second  
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Figure 2.9 Hyaluronidase (HAse) treatment of older ovaries. A, Apparent modulus line-
scan profiles of reproductively older ovaries treated with hyaluronidase (HAse, gray) to 
degrade HA in the tissue. Markers indicate mean apparent modulus values from one mapping 
site on the tissue, averaged from three separate 30 µm x 30 µm indentation maps taken at the 
100 x 100 µm2 spatial window of the mapping site. Mapping sites were spaced 100 – 500 µm 
apart by manual stage adjustment. Position is normalized to the maximum width of the ovary, 
which varied because the size of the ovary varied between animals. B, Apparent modulus 
linescans based on normalized position across the ovary.  Each ovary linescan is represented 
by a different symbol, showing all linescans from both untreated (orange) and HAse-treated 
(gray) ovaries. C, Mean apparent modulus of the regions defined as cortex and medulla in 
reproductively older cat ovaries both untreated (cortex: orange, medulla: brown) and treated 
with HAse (cortex: gray, medulla: dark gray). D, Normalized apparent modulus of the cortex 
and medulla of reproductively older cats with and without HAse treatment. Cortex and medulla 
values are normalized to the mean value of the cortex and medulla of reproductively older 
ovaries without HAse treatment. Error bars represent standard deviation. *p < 0.05, **p < 0.01 

relaxation time constant. HA and COL-1 are both highly expressed in the cortex, while 

the medulla shows lower expression of HA but similar expression of COL-1. This 

suggests that distribution of HA and COL-1 in the cortex contributes more to its elastic 

behavior, while the low expression of HA and homogeneous distribution of COL-1 in 

the medulla contributes more to its viscoelastic behavior. HA and collagen have been 
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linked to the mechanics of the ovary in other species. In mice, HA was reported to 

decrease in the ovarian stroma with the increase in age, and this is associated with 

increased ovarian stiffness [47], possibly due to aging-related formation of fibrotic 

tissue that is abundant in highly crosslinked collagen with high modulus. Indeed, the 

same study reported an important role for collagen in aging-related increase in stiffness 

by showing that treatment of reproductively older ovaries with collagenase softens the 

tissue environment to that of the reproductively younger mouse ovaries [47]. Further, 

COL-4 distribution in the mouse ovary has been shown to follow a similar distribution 

pattern as we report for HA in the cat, with higher expression seen near the outer edges 

and lower in the middle [96]. However, in bovine ovaries, the amount of COL-4 was 

reported to not differ between the cortex and the medulla [97]. These differences in 

trends between species merit further investigation to identify key ovarian matrisome 

components and their contributions to the mechanical differences between the ovarian 

cortex and medulla. 

2.3 Conclusions 

We have spatially mapped the elastic and viscoelastic behavior of the cat ovary 

interior for the first time, revealing mechanical differences between the cortex and 

medulla. We further show that age has an impact on the modulus of the cat ovary, 

adding to the supporting body of research demonstrating that ovarian tissue stiffens 

with age. Importantly, we are able to differentiate between the elastic and viscoelastic 

material behavior of the ovarian tissue with the 2nd-order SLS model for viscoelasticity, 

showing that the intrinsic elastic modulus is significantly lower than the apparent 

modulus reported in literature to characterize biological tissue by AFM indentation 
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measurements. We link this heterogeneous spatial tissue property with that of density 

of an important ECM macromolecule, HA, to understand the relationship between the 

ECM components and the micromechanical environment experienced by ovarian 

follicles. This mechanical characterization of real cortex and medulla elastic and 

viscoelastic behaviors of the ovarian microenvironment can help guide the 

development of better 3D ovarian follicle culture platforms for reproductive medicine 

to treat infertility due to dysfunctional follicle development associated with diseases 

like premature ovarian failure (POF) and PCOS. 

2.4 Materials and Methods 

2.4.1 Ovary collection 

Whole ovaries were obtained by routine ovariohysterectomy of cats of 2 months 

– 2 years old performed at the Spay Spa and Neuter Nook (Davidsonville, MD, USA). 

Ovaries were stored and transported in L-15 medium containing 0.5% 

penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) and kept on ice until use 

within 24 h of surgery. The ages of the cats from whom ovarian tissues were tested are 

listed in Table 2.1. 

Table 2.1. Ages of cats tested. Ages of cats (in months) tested via AFM characterization to 
characterize apparent modulus or stress relaxation behavior grouped by reproductive age 
(younger, <6 months; older, >6 months). 

Test Age 
Classification Age of Cat (months) Average Age 

(months) 

Apparent 
Modulus 

Younger 2 2.5 5 3.5 5.5 5 5 4.1 ± 1.4 

Older 11 24 8 9 7 10 12 11.6 ± 5.7 

Stress 
Relaxation 

Younger 5 5 2 4 4   4.0 ± 1.2 

Older 12 12 10 24 24   16.4 ± 7.0 
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2.4.2 Atomic force microscopy (AFM) sample preparation 

Under stereomicroscope, ovaries were cleared of extraneous tissue (uterus, 

oviduct, and fat) from the reproductive tract in L-15 medium supplemented with 0.5% 

penicillin/streptomycin and washed with 1x phosphate buffed saline (PBS). A 2% (w/v) 

agarose solution was prepared by microwaving for 2 min to dissolve the agarose and 

allowed to cool (~5 min) and partially solidify in a 35 mm petri dish. The whole ovary 

was embedded in the cooled agarose solution, which was left to solidify completely 

(~15 min). The ovary was then bisected in the agarose gel using a razor blade and 

fixated on a 35 mm imaging dish (ibidi, Fitchburg, WI, USA) with transglutaminase 

(Moo Gloo, Modernist Pantry, Portsmouth, NH, USA) using a previously reported 

protocol[115]. Briefly, a 1:4 (v/w) transglutaminase:deionized water slurry was 

prepared according to the manufacturer’s instructions, applied to the dish, and allowed 

to set for 10 min. Then, the bisected ovary slice was placed on the dish and allowed to 

cure for 30 min. Afterwards, 1x PBS was added to the dish to keep the tissue hydrated. 

The imaging dish with ovary sample was placed in a stage incubator attachment for 

AFM testing. 

2.4.3 AFM indentation measurements 

A NanoWizard 4 XP Bioscience AFM (Bruker, Billerica, MA, USA) mounted 

on an inverted light microscope was used for all AFM measurements. Material 

properties were measured by indentation across a transverse section of the ovary. A 

microrheology cantilever with a 10 µm (radius) spherical probe tip (Bruker) and 

nominal spring constant of 0.25 N/m was used for all indentations. The stage incubator 

maintained the fluid environment temperature at 37 °C for the duration of the 
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measurements. Before each experiment, the sensitivity of the cantilever was calibrated 

using a force curve collected in 1x PBS on a clean glass slide. The spring constant of 

the cantilever was determined by the thermal noise spectrum collected in 1x PBS with 

the AFM instrument [116]. 

Samples were equilibrated on the AFM heated incubator stage in 1x PBS before 

data collection began. Using the microscope viewing display, the probe was lowered 

over a region of the ovary just at the interface with the surrounding agarose gel (outer 

edge of the ovary) for indentation measurements. Care was taken during the 

measurement to test the ovarian stroma (visible through the AFM microscope) and 

avoid indenting the follicles in the ovarian tissue. Indentation-based measurements 

were carried out across a line profile of exposed ovary at mapping sites (Fig. 2.1A) 

approximately 200 µm apart by manually adjusting the stage position. At each of these 

mapping sites, three 30 x 30 µm2 non-overlapping force maps were taken in the 100 x 

100 µm2 spatial window for the measurement site. Each 30 x 30 µm2 force map 

consisted of 64 force-indentation measurements, resulting in 192 force-indentation 

measurements for each mapping site. Each force-indentation measurement was 

analyzed to extract the apparent modulus, and modulus values for each mapping site 

(192) were averaged to give one apparent modulus value for each mapping site.  For 

samples tested for viscoelastic behavior, 3 stress relaxation measurements were taken 

at each mapping site in the tissue. The stress relaxation measurements were performed 

using the AFM’s piezoelectric drive to control the z-position of the cantilever. First, 

the cantilever tip (i.e., probe) was made to contact the surface of the ovarian tissue by 

imposing a small setpoint force (<1 nN). Then, the probe was retracted, and force data 
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was collected for 30 s at 2 Hz to establish a baseline and capture system drift during 

the measurement. Then, the probe was indented into the tissue at a rate of 2.0 µm/s and 

data was collected at 5 Hz for 2 s. The probe was held at the resultant indentation 

displacement (constant indentation depth of 4 µm) for 60 s while the force data was 

collected at 5 Hz. The cantilever then was retracted above the tissue. The thickness of 

the bisected ovarian tissue tested was on the millimeter scale (approximately 1 mm).  

2.4.4 AFM data analysis 

The approaching curves of the indentation measurements (Fig. 2.1B) were 

analyzed to determine the values for apparent (elastic) modulus using the BioAFM’s 

data analysis software according to the software workflow for evaluating the modulus. 

Briefly, linear baseline fitting was performed in the region of the curve where the probe 

was not in contact with the tissue (position of – 5 – 0 µm in Fig. 2.1B) to remove the 

effect of system drift on analysis. Then, the deflection-extension curves were converted 

into true force-distance curves using the measured value of the cantilever spring 

constant and sensitivity. Each force curve was accepted or rejected based on requiring 

a minimum of 25 nN of experienced cantilever force to ensure good indentation into 

the tissue. Then, the contact point of the force-deflection curve was chosen via the 

software to establish the beginning of tissue indentation. The apparent  modulus was 

determined by a Hertz model [117] fit of the indentation curve into the tissue using the 

BioAFM’s data analysis software, assuming a spherical probe tip with a radius of 10 

µm. An assumed Poisson’s ratio of 0.45 was used for the model fitting, representative 

of the values quoted for soft tissues[118].  
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Stress relaxation measurements were exported into MATLAB 2021 

(Mathworks, Natick, MA, USA) for further processing. First, the effects of system drift 

during the experiment were corrected by using linear baseline fitting of the first 30 s of 

force data collected off the tissue and extrapolating that linearly for subtracting from 

the measured force when the strain was held constant (stress relaxation). The 60 s of 

measured force during the relaxation experiment was converted to stress based on the 

contact area of the AFM probe. The stress relaxation data was fit with a second-order 

standard linear solid (SLS) model of viscoelasticity consisting of a spring in parallel 

with two Maxwell arms (a spring in series with a dashpot) shown in Figure 2.1C. Each 

viscoelastic Maxwell arm consists of a purely elastic spring in series with a Newtonian 

fluid dashpot that renders the Maxwell arm to deform continuously under any stress. 

Due to the purely elastic spring arm that prevents continuous deformation under any 

stress, the SLS model is a solid model overall and is appropriate for modeling the 

viscoelasticity of solid soft tissues like the ovarian tissue studied in this work.  The 

constitutive equation for teach of the three arms are given in the Appendix where the 

constitutive equation for this 2nd order SLS model overall is derived as follows: 
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(Eq. 2.1) 

 
where 𝜎 is stress that is a function of time (t); 𝐸+ and 𝐸, are the modulus of the spring 

in the first and second Maxwell arms, respectively; 𝜇+ and 𝜇, are the viscosity of the 

dashpots of the first and second Maxwell arms, respectively; 𝐸& is the intrinsic elastic 

modulus of the material; and 𝜀 is the strain experienced by the tissue. More information 
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on the expressions for the total stress, total strain, and stresses on the purely elastic 

solid arm and the two Maxwell arms of the second-order SLS model can be found in 

the Appendix (Eqs. A1-A5). In the case of stress relaxation for which 𝜀 is held constant 

as 𝜀% and 𝑑𝜀 𝑑𝑡⁄  is 0, this equation becomes as follows: 
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= 𝐸&𝜀%          (Eq. 2.2) 
 
With the initial condition of  𝜎% = 𝐸&𝜀% + 𝜎+,% + 𝜎,,%	, where 𝜎%, 𝜎+,%, 𝜎,,%,  are the total 

stress, stress on the first Maxwell arm, and stress on the second Maxwell arm at time 

zero, respectively, the solution to the differential Eq. 2.2 is as follows: 

𝜎 = 	𝐸&𝜀% + 𝜎+,%𝑒.
$ 0!1 + 𝜎,,%𝑒.

$ 0"1                            (Eq. 2.3) 

where 𝜏+ (= 𝜇+ 𝐸+⁄ ) and 𝜏, (= 𝜇, 𝐸,⁄ ) are the relaxation constants of the first and 

second Maxwell arms, respectively. The time-dependent equivalent modulus (i.e., 

𝜎 𝜀%⁄ ) accounting for both the elastic and viscoelastic effect is indicated as 𝐸&' and is 

shown in the following equation: 

𝐸&' = 	𝐸& + 	
#!,%
-%
𝑒.$ 0!1 + 	 #",%

-%
𝑒.$ 0"1                            (Eq. 2.4) 

The equivalent modulus at time 0 (𝐸&',%) was evaluated using Eq. 2.4 by setting 

t as 0. The relaxation data from the AFM indentation measurements were fit with Eq. 

2.3 by the nonlinear least squares fitting method in MATLAB. This model was used to 

extract material properties—𝐸&, 𝜏+, 𝜏,— from the cortex and medulla of ovarian tissue, 

together with 𝜎+,% and 𝜎,,% (Table 2.2), which were further used to calculate 𝐸&',% using 

Eq. 2.4 by setting time as 0.  
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Table 2.2 Parameters from viscoelastic modeling of ovarian tissue behavior. Model 
parameters extracted from fitting second order SLS model to stress relaxation data collected in 
cortex and medulla of reproductively younger and older cat ovarian tissues. 

Age Region 			𝑬𝒆 
(kPa) 

			𝝈𝟏,𝟎 
(Pa) 

𝝈𝟐,𝟎 
(Pa) 

			𝝉𝟏 
(s) 

		𝝉𝟐 
(s) 

Younger 
Cortex 1.3 ± 0.6 12.7 ± 3.9 13.5 ± 4.2 1.1 ± 0.2 17.9 ± 5.9 

Medulla 0.6 ± 0.3 8.5 ± 3.7 12.1 ± 3.9 1.1 ± 0.3 19.9 ± 6.2 

Older 
Cortex 1.9 ± 0.9 13.5 ± 1.9 16.9 ± 8.5 1.1 ± 0.2 19.7 ± 5.0 

Medulla 0.7 ± 0.3 8.6 ± 3.1 9.6 ± 4.9 1.1 ± 0.3 37.7 ± 16.9 
 

Further derivation and detail of the expressions for  𝜎+,% and 𝜎,,% together with 𝐸&',% in 

terms of 𝜏+, 𝜏,, and 𝐸& are given in the Supplemental Method 2 (Eqs. S6-S14), which 

shows that #!,%
-%
≠ 𝐸+;	#",%

-%
≠ 𝐸,; 𝐸&',% ≠ 𝐸& + 𝐸+ + 𝐸,;	and	that	𝐸&',%	is dependent on 

not only the intrinsic elastic modulus (𝐸&) but also all the viscoelastic properties (i.e., 

𝜏+ and 𝜏,). Furthermore, per Eq. 2.3, Eqs S4-S5 and Eqs. S11-S14, the 𝐸+ always goes 

together with 𝜇+ as 𝜏+ and 𝐸, always goes together with 𝜇, as 𝜏, in the solution (or 

equation) for the time-dependent stress. This indicates that 𝐸+ and 𝐸, only affect the 

stress relaxation rates, and they have no impact on the intrinsic elastic property that is 

independent of time. The latter is also clear from Eq. 2.3, by setting the time to infinity. 

Therefore, in the SLS model, there is a clear demarcation of the elastic and viscoelastic 

contributions through the purely elastic solid arm (𝐸&) and the two viscoelastic 

Maxwell arms (𝜏+ and 𝜏,), respectively. This allows the identification of the possible 

number of different viscoelastic kinetics (Maxwell arms) by fitting the model with a 

various number of viscoelastic orders (i.e., viscoelastic kinetics or Maxwell arms) to 

experimental data. For example, two different viscoelastic kinetics (Maxwell arms) are 

identified in this study for ovarian tissue because the second-order SLS model can give 
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a good fit to the experimental data while the first-order SLS model cannot. The model 

parameters from 3 stress relaxation measurements at one 100 x 100 µm2 mapping site 

were averaged to give one set of model parameters for each mapping site (Fig. 1A). 

Within each 100 x 100 µm2 mapping site, three separate tests were performed at least 

30 µm apart from each other. Each mapping site was 100-200 µm apart from each other, 

more than 10 times of the size of the probe used to test the tissue. Between each 

relaxation measurement, the tissue was allowed to recover for approximately 3 min. 

2.4.5 Ovary fixation and staining 

Ovaries for ECM and hematoxylin & eosin (H&E) analyses were fixed in 

ethanol-formalin-glacial acetic acid (70%, 10%, 5% v/v, respectively) overnight at 4 

°C. Following fixation, ovaries were rinsed with 70% ethanol three times and stored in 

70% ethanol at 4 °C. Within two weeks, the fixed samples were processed using an 

automated tissue processer (Leica ASP300 S), which includes dehydration, clearing, 

and infiltration of paraffin wax to preserve tissue structure per standard processing 

protocols. Then, samples were embedded into paraffin wax block, cut into 5 µm thick 

sections, and mounted on slides with tissue mounting medium (CC/mount, Sigma, St. 

Louis, MO, USA) for staining and analysis. Randomly selected slides were stained for 

H&E to examine tissue architecture and imaged with a Zeiss (Oberkochen, Germany) 

LSM 710 microscope. 

2.4.6 Hyaluronic acid quantification 

A hyaluronic acid binding protein (HABP) assay was performed on randomly 

selected slides from the ovary to examine HA distribution in the ovary according to 
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published protocols [119]. In brief, slides were deparaffinized and rehydrated in a 

graded alcohol series. Endogenous avidin and biotin were first blocked with an 

avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA, USA), followed by 

blocking in 10% normal goat serum at room temperature to prevent nonspecific 

binding. Negative control sections were incubated with hyaluronidase (10 mg/mL, 

Sigma) for 1 h at 37 °C for degrading HA, to serve as a specificity control for 

background fluorescence. Experimental and negative control sections were incubated 

with biotinylated HABP diluted in 10% normal goat serum (1:100, MilliporeSigma, 

Burlington, MA, USA). The fluorescence signal was then amplified first by an Avidin-

Biotin Complex reagent (VECTASTAIN ABC-HRP Kit, Vector Laboratories) and 

then by tyramide signal amplification (TSA, 1:400, Akoya Biosciences, Marlborough, 

MA, USA). Cell nuclei were visualized using 4’,6-diamidino-2-phenylindole (DAPI, 

1:1000). Slides were washed with 1x PBS and covered with tissue mounting medium 

(CC/mount, Sigma) and cover glass for fluorescence imaging. Epifluorescence images 

of HABP-strained ovary sections were captured using a Zeiss LSM 710 fluorescence 

microscope across a transverse line section of the ovary, similar to what was done in 

AFM mechanical testing. Three separate lines across the center of the ovary were 

measured for each ovary. The position on the line scan was normalized to the width of 

the ovary, to allow for comparison between samples since the size of the ovary varied 

based on animal. The fluorescence intensity profile normalized to the maximum 

fluorescence intensity of the transverse line of the ovary was quantified using the NIH 

(Bethesda, MD, USA) ImageJ (version 1.52q).  
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2.4.7 Collagen type I quantification 

For immunostaining of collagen type I in ovarian tissue, randomly selected 

paraffin slides were deparaffinized and rehydrated in a graded alcohol series. Slides 

were blocked with 5% bovine serum albumin (BSA) to prevent nonspecific binding. 

Negative control slides were incubated in a collagenase solution (5 mg/mL) to degrade 

collagen in the sample. Slides were incubated with primary collagen type I antibody 

(COL-1, 1:400, Novus Biologicals, Centennial, CO, USA) overnight at 4 °C, then with 

a secondary antibody (goat anti-mouse Alexa Fluor 568) for 1 h at room temperature. 

Cell nuclei were visualized using DAPI. Images were taken and analyzed for COL-1 

distribution in the same way as that for HA described above. 

2.4.8 Statistical analysis 

All graphing and statistical analyses were performed using GraphPad Prism 8 

(GraphPad Software, San Diego, CA, USA). Data are reported as the mean ± standard 

deviation of the mean from at least three different animals. Student’s two-tailed t-tests 

assuming equal variance were performed with no outliers excluded for comparison 

between groups. Unpaired tests were used for groups from different ovaries. Paired 

tests were used for comparison of values from cortex and medulla of the same cat ovary. 

The differences were considered statistically significant when the p value was less than 

0.05 (*p < 0.05, **p < 0.01).  
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Chapter 3 : Sand-mediated ice seeding enhances slow-freezing 
cryopreservation of human induced pluripotent stem cells and  
mouse preantral ovarian follicles* 

3.1 Introduction 

hiPSCs, with their capacity of differentiating into all the three germ layers 

[120], have tremendous value for both research to understand human diseases and 

clinical application to treat the diseases [121, 122]. For example, they have been 

explored for tissue engineering, disease modeling, and personalized medicine, which 

requires the ready availability of a large number of cells (up to billions) [121, 123-125]. 

Therefore, effective long-term cryopreservation or banking of hiPSCs to maintain high 

viability, function, and pluripotency of the cells for their wide distribution and future 

use is necessary for the eventual success of the emerging stem cell-based medicine [73-

76]. Conventional hiPSC cryopreservation uses a slow-freezing method in the presence 

of 10% dimethyl sulfoxide (DMSO) as the cryoprotectant (CPA) and 10% fetal bovine 

serum (FBS) or serum replacement. DMSO is effective at protecting the cells from 

injury during cryopreservation but is highly toxic to cells and tissues at body 

temperature [77-80]. Furthermore, DMSO has been found to induce differentiation in 

more than 25 human stem cell lines [82] and cause changes in the cellular processes 

and epigenetic landscape of cardiac cells [83]. The use of fetal bovine serum (FBS) for 

cryopreservation poses the risk of spontaneous differentiation and introduction of 

possible xenogeneic pathogens into the hiPSC sample, which may cause adverse effect 

 
* Partially reprinted (adapted) from: Jiang, B.*, Li, W.*, Stewart, S.*, Ou, W., Liu, B., Comizzoli, P., 
He, X. Sand-mediated ice seeding enables serum-free low-cryoprotectant cryopreservation of human 
induced pluripotent stem cells. Bioactive Materials 2021 6(12): 4377-4388. 
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to patients transplanted with the hiPSCs or their derivatives [84, 85]. These risks 

underscore the need for better hiPSC cryopreservation protocols.  

Additionally, the demand of fertility preservation for medical and personal 

reasons has dramatically increased in recent years [86]. Mature oocyte and embryo 

cryopreservation are currently the most widely explored techniques for fertility 

preservation [50]. This method requires at least one cycle of controlled hormonal 

ovarian stimulation to collect the mature oocytes for either immediate banking or to 

produce embryos [51], which is not suitable for prepubertal patients, patients with 

hormone-responsive diseases, or patients who cannot delay disease treatment to 

undergo hormonal stimulation [53]. Embryo freezing not only faces potential legal, 

moral, ethical, and religious concerns [55], but does not allow for reproductive 

autonomy for the patient—they must rely on a sperm source, either from a partner or 

donor, to preserve their fertility [10]. Ovarian tissue cryopreservation is a promising 

option for pre-pubertal cancer patients and post-pubertal cancer patients who cannot 

undergo controlled ovarian stimulation [59]. However, for some patients, this approach 

carries the risk of re-introducing malignant cells that could have infiltrated the ovarian 

tissue prior to cryopreservation back into patients and causing cancer recurrence [61-

63]. To address these challenges, isolation and cryopreservation of ovarian follicles, 

which have their own basement membrane to exclude the invasion of possible 

malignant cells, has been explored. Although results of cryopreserving isolated ovarian 

follicles using slow-freezing protocols have shown encouraging success [70, 126], the 

method still faces technical challenges that need to be addressed. For example, many 
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slow-freezing methods require the use of expensive programmable-rate freezers and 

manual ice-seeding in the sample at high subzero temperatures (above -10 °C). 

During slow-freezing of cells in aqueous samples, ice nucleates and grows in 

the extracellular space first [127-129]. However, uncontrolled spontaneous ice 

nucleation is a stochastic event that often occurs at temperatures below -10 °C [130], 

which may be detrimental and often lethal to cells [131-134]. This is because the lower 

the subzero temperature when ice nucleation occurs, the more ice embryos (tiny 

aggregates of crystalline water molecules that spontaneously form) can be nucleated 

(and the finer ice crystals can be formed, due to the same amount of water available for 

ice embryos to grow in a given space) [130, 134]. At a low subzero temperature like -

10 °C or below, the fine ice crystals formed outside cells may easily piece through the 

cell membrane to cause physical damage and induce the formation of fine ice crystals 

of intracellular water that is also deeply supercooled with high tendency of forming ice 

[131-134]. Intracellular ice formation (IIF) has been well-recognized to be a lethal 

event to cells in general [131-134]. In addition, the sudden/rapid ice formation at low 

subzero temperatures can cause a rapid increase in the local osmolality of the 

extracellular solution around the growing ice crystals, which may induce osmotic 

shock-associated damage to cells [134]. 

 In contrast, controlled ice nucleation at a high subzero temperature enables the 

nucleation of reduced number of ice embryos that gradually grow into large ice crystals 

outside cells with further cooling, which may allow enough time for intracellular water 

to gradually diffuse out of cells in response to the gradual freezing of extracellular 

water to minimize both IIF and osmotic shock [131-134]. This is crucial for 
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cryopreserving stress-sensitive cells like embryos although the degree of its impact on 

the outcome of cryopreservation may be cell-type dependent [72, 134].  

A number of methods have been used to control ice nucleation in samples 

during cryopreservation to improve the outcome [72, 135]. Early studies manually 

“seed” ice by introducing ice crystal into an undercooled sample [136]. Later, to reduce 

the risk for sample contamination, precooled probes, metal rods, or forceps have been 

used to create cold spots from the outside wall of the cell container (e.g., cryovial), 

thereby providing localized deep supercooling (usually below -20 °C) to induce ice 

nucleation in a sample that is above -10 °C overall [134, 137]. However, manual ice 

seeding is difficult to standardize and lengthy because it often requires multiple trials 

to induce ice formation. To address these issues, ice nucleators including the bacterium 

Pseudomonas syringae [138-141], crystalline cholesterol [142], and silver iodide [143, 

144], have been added to the samples for inducing ice formation or seeding ice above 

-10 °C. However, these ice nucleators can be difficult to make in compliance with the 

current good manufacturing practice (cGMP) and/or are not biocompatible, and 

therefore are not suitable for cryopreserving clinical grade stem cells [72].  

Inspired by the phenomenon in nature that ice is usually observed next to the 

bank of rivers, lakes, and ponds at high subzero temperatures in the winter, we 

discovered that sand particles immobilized in a plastic surface can initiate ice 

nucleation consistently above -10 °C in pure water. Based on this discovery, we further 

developed a simple and cost-effective method by utilizing sand to seed ice for 

cryopreservation of both cells (hiPSCs) and microtissues (ovarian follicles). This 

enables serum-free cryopreservation of hiPSCs with high viability (90%), pluripotency, 
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and function at a much-reduced cryoprotectant concentration (5%). We also show that 

mouse ovarian follicles cryopreserved using sand to nucleate ice at high subzero 

temperatures show higher immediate viability than samples without controlled 

nucleation and grow similarly to freshly isolated follicles for 9 days of in vitro culture. 

Sand particles can be easily immobilized on the inner plastic surface of the cryovials 

for holding cells to prevent them from entering the cell sample, and they can be 

conveniently separated from cells because sand has much higher density than cells. 

These together with the non-toxic nature of sand may make the sand-mediated ice 

seeding method very attractive for enhanced cryopreservation of hiPSCs, preantral 

ovarian follicles, and possibly many other types of cells for widespread research and 

clinical applications. 

3.2 Results 

3.2.1 Fabrication and characterization of sand-PDMS film 

As illustrated in Figure 3.1A, sand-PDMS films were prepared for sticking on 

the inside wall in cryovials to seed ice and enhance the outcome of cryopreservation. 

The raw sands after cleaning (with water) and drying were gently sifted onto and 

partially embedded in a thin layer of uncured PDMS on top of a fully cured PDMS film 

using a mesh strainer with openings of 200 μm. After baking at 75 °C for 30 min to 

crosslink the uncured PDMS, the resultant sand-PDMS films are cut into small pieces 

(3 mm x 5 mm) and each piece is stuck via its smooth surface onto the inner wall of a 

cryovial for cryopreservation. The sand-PDMS film is soft and can be easily deformed 

onto the shape of the inner wall of cryovial for attaching to the wall via its smooth 
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surface without any sand. No sands are observed to detach from the film when using 

the cryovial attached with the sand-PDMS film for cryopreservation studies, probably 

because the sands are partially embedded in the top PDMS layer to prevent them from 

detaching.  

The sands are heterogeneous in size in nature (Fig. 3.1B, before sifting). After 

sifting with a 200 μm mesh strainer, the size of the resultant sand particles partially 

embedded in the PDMS film is significantly more homogenous than that before sifting 

and their sharp morphology is appreciable in the high-magnification image (Fig. 3.1B). 

Scanning electron microscopy (SEM) imaging of the sand-PDMS film shows that the 

sand protrudes out of the surface of the film, which is not seen on the plain PDMS 

surface (Fig. 3.1C). This is further confirmed by the energy dispersive X-ray 

spectroscopy (EDXS) data showing the higher occurrence of Silicon (Si) in the sand-

PDMS film than the pure PDMS film (Fig. 3.1D-E), because the natural sand is made 

of silicon dioxide. This exposed sand may serve to nucleate/seed ice in the 

cryopreservation solution outside cells during cooling, similarly to that observed near 

river/lake/pond bank in nature. 
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Figure 3.1 Preparation and characterization of sand-PDMS film. A, A schematic 
illustration of the procedure for preparing the sand-PDMS film: The sand was first rinsed 
overnight with water, autoclaved, dried, and then sifted onto a thin and uncured PDMS layer 
over a fully cured PDMS film through a mesh strainer with 200 μm openings. The PDMS film 
embedded with sand was baked at 75 °C for 30 min to form the sand-PDMS film. The sand-
PDMS film was cut into small pieces and each piece was stuck/attached onto the inner wall of 
a cryovial via its smooth face. B, Morphology and size distribution of sands before and after 
sifting them through the mesh strainer. Also shown is a high-magnification view of the sifted 
sands where the sharp morphology of the sands is more appreciable. The size distribution was 
quantified based on the area of sand particles on the films. Data collected by Jiang, B. C, 
Scanning electron microscopy (SEM) image, showing the presence and morphology of sands 
partially embedded in the PDMS film. Data collected by Ou, W. D, Energy dispersive X-ray 
spectroscopy (EDXS) quantification of the elemental composition of the sand-PDMS and pure 
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PDMS films. The surface of the sand-PDMS film contains an increased amount of silicon (Si) 
and oxygen (O) than the pure PDMS surface. Data collected by Ou, W. E, Quantification of Si 
counts for the sand-PDMS and pure PDMS films using EDXS. Data collected by Ou W. Scale 
bars: 200 μm **, p < 0.01 (n = 3 independent runs). 

3.2.2 Ice-seeding with sand-PDMS film 

The effect of sand on the ice-seeding temperature of water is investigated by 

measuring the change in temperature over time during cooling. Ice-seeding in the 

sample can be detected by a sudden temperature rise (Fig. 3.2A), due to the release of 

latent heat of fusion as a result of ice nucleation and growth. Therefore, the temperature 

at which the sudden increase occurs is taken as the ice-seeding temperature. As shown 

in Figure 3.2B, the ice-seeding temperature of water without any film (control) is -

15.9 ± 1.6 °C. The addition of a pure PDMS film containing no sand in the cryovial 

causes no significant change in the ice-seeding temperature (-14.9 ± 2.0 °C). 

Importantly, when the sand-PDMS film is added into the cryovial, the ice-seeding 

temperature increases significantly to -7.8 ± 1.6 °C.  

This capability of sands in seeding ice at the high subzero temperature is 

confirmed by cryomicroscopy studies to cool cryopreservation solution (mTeSR 

medium containing 5% DMSO) at -1 °C/min, as shown in Figure 3.2C and Movie 3.1. 

Initially, there is no evident ice formation at -9.2 °C in the cryopreservation solution 

(Fig. 3.2C, 0 s) since the solution around or away from the sand is transparent (the 

slightly darker appearance near the sand is probably due to the shadowing effect of the 

sand). After 0.5 s, the solution next to the sand becomes darkened (indicated by the 

white arrow) compared to the solution away from the sand, indicating the sand induces 

ice formation in the solution. Growth of ice into the solution away from the sand can 
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Figure 3.2 Sand enables ice seeding at high subzero temperature. A, Representative thermal 
histories in water containing no film (Control), pure PDMS film (PDMS), and sand-PDMS film 
(Sand-PDMS) during cooling. A sudden increase in temperature indicates ice seeding (which 
releases latent heat) in the sample. B, Quantitative data of the ice-seeding temperature in water 
under the aforementioned three conditions. **, p < 0.01 (n = 10 (for sand-PDMS film and pure 
PDMS film) or 20 (for Control), independent runs). C, Cryomicroscopy images at different 
times showing ice nucleation and growth around the sand particle during cooling the cell 
cryopreservation solution at subzero temperatures. Movie taken by Li, W., and analyzed by 
Stewart, S. Scale bar: 100 μm. 

be seen at 1.5 and 10 s (one of the ice growth fronts is indicated by a white arrow in 

the image for each of the two times), during which the temperature decreases from -9.2 

to -9.4 °C. This capability of sands in seeding ice in cryopreservation solution at a high 

subzero temperature may be useful for improving the outcome of cell and microtissue 

cryopreservation, which is tested using hiPSCs and preantral ovarian follicles. 

The effect of sand on the ice nucleation temperature of the cryopreservation 

solution (10% DMSO + 0.1 M sucrose + 10% FBS in L15 medium) for follicle 

cryopreservation was investigated by measuring the change in temperature over time 
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during cooling. Figure 3.3A shows a representative thermal history of the 

cryopreservation solution without any film (control) and with a sand-PDMS film 

during cooling, with Figure 3.3B showing the quantitative results for the ice seeding 

temperature of the solution in both conditions. In the follicle cryopreservation solution, 

ice nucleates at an average temperature of -17.0 ± 2.2 °C with some trials showing ice 

nucleation as low as -20 °C in the absence of a sand-PDMS film, which can be deadly 

to cells. When the sand-PDMS film is added to the cryopreservation solution, the ice-

seeding temperature shows a statistically significant increase to -13.9 ± 1.6 °C. The ice 

nucleation temperatures reported here are lower than those reported for sand in pure 

water in Figure 3.2B. This is most likely due to the presence of CPA in the 

cryopreservation solution tested: penetrating CPAs, like DMSO, can suppress the 

freezing point of solutions due to colligative properties (adding CPAs reduces the 

chemical potential of extracellular water) [145] and interference with the hydrogen 

bonding network of water molecules [146, 147].  

 

Figure 3.3 High subzero ice seeding temperature is enabled by the sand-PDMS film. A, 
Representative thermal histories of follicle cryopreservation solution during slow-cooling of 
samples with no film (Control (Blank)) and Sand-PDMS film (Sand-PDMS film). The ice 
seeding temperature is indicated by a sudden increase in temperature due to the release of latent 
heat in the sample. B, Quantitative data of the ice-seeding temperature in follicle 
cryopreservation solution under the aforementioned two conditions (n=6 independent runs). * 
p < 0.05. 
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To further understand the role that the characteristics of sand play in inducing 

ice nucleation, specifically surface roughness/sharpness and surface composition 

(silicon dioxide) that determines the surface properties including hydrophobicity. This 

is done by investigating the effect on ice seeding temperature of plastic shard-PDMS 

film and glass bead-PDMS film. The glass beads are made of silicon dioxide (as with 

sands) with a smooth surface (Fig. 3.4A), which is studied to understand the effect of 

surface roughness/sharpness on ice seeding. The plastic shards have sharp edge as with 

sands (Fig. 3.4A) but a different composition from sands, which is examined to 

understand the effect of composition that determines the surface property including 

hydrophobicity (sand is more hydrophilic than the plastic shards) on ice seeding. The 

glass bead-PDMS film can improve the ice seeding temperature significantly to -12.3 

± 1.8 °C from -15.9 ± 1.6 °C for water without anything for ice seeding (Fig. 3.4B-C). 

However, it is significantly lower than the ice seeding temperature (-7.8 ± 1.6 °C) for 

the sand-PDMS film. This indicates both the silicon dioxide material and surface 

roughness/sharpness are important for ice seeding. The ice seeding temperature for the 

plastic shard-PDMS film is -14.2 ± 1.1 °C (Fig. 3.4B-C), which is also significantly 

higher than that for control and significantly lower than that (-7.8 ± 1.6 °C) for sand-

PDMS film. This further confirms the surface composition (that determines the surface 

property including hydrophobicity) is important for ice seeding. Collectively, these 

data indicate that both the surface composition (silicon dioxide) and 

roughness/sharpness render sands the excellent ice seeding capability. In addition, the 

ice seeding temperature for plastic shard-PDMS film is not significantly different from 

that (-14.9 ± 2.0 °C) of pure PDMS film while the ice seeding temperature for glass 
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bead-PDMS film is significantly higher than that of pure PDMS film, suggesting that 

the surface roughness/sharpness may be secondary to the surface composition 

(although both are important and might work synergistically) in determining the ice 

seeding temperature.  

 

Figure 3.4 Ice nucleation/seeding with glass beads and plastic shards. (A) Scanning 
electron microscopy (SEM) image showing the presence and morphology of plastic shards and 
glass beads partially embedded in the PDMS film. The detailed morphology of the plastic 
shards and glass beads are more appreciable in the high-magnification views of the red dashed 
line-boxed areas. Scale bars: 200 μm. Images taken by Ou, W. (B) Representative thermal 
histories in water containing no film (Control), plastic shard-PDMS film, and glass bead-PDMS 
film during cooling. A sudden increase in temperature indicates ice seeding (which releases 
latent heat) in the sample. (C) Quantitative data of the ice-seeding temperature in water under 
the aforementioned three conditions. *, p < 0.05, **, p < 0.01 (n = 10 (for plastic shard-PDMS 
film and glass bead-PDMS film) or 20 (for control), independent runs). 
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3.2.3 Sand-mediated ice-seeding enhances immediate viability of cryopreserved 

ovarian follicles 

The effect of this increased ice-seeding temperature mediated by the sand-

PDMS film was explored for cryopreservation of preantral ovarian follicles by slow-

freezing. Secondary ovarian follicles (size 100 – 150 µm) were cryopreserved in 

follicle cryopreservation solution with or without the addition of a sand-PDMS film on 

the wall of the cryovial and stored in LN2 for 1-4 weeks. After thawing, the immediate 

viability was assessed via live/dead staining, with representative images shown in 

Figure 3.5A, where live cells are stained green and dead cells are stained red. Fresh 

follicles (isolated and not cryopreserved) were also stained as a positive control. 

Morphologically normal and healthy secondary follicles isolated from ovarian tissue 

show a central, round oocyte surrounded by multiple layers of follicular cells. Freshly 

isolated follicles show this typical morphology, with the intact oocyte visible in the 

center of the round follicle surrounded by layers of supporting cells. Most of the cells 

in the fresh follicles stain green, indicating the fresh follicles are highly viable. There 

are some dead cells in the isolated follicles, most likely due to the isolation process 

causing some membrane damage to parts of the follicles. Many follicles cryopreserved 

without the sand-PDMS film also display healthy morphology and live/green staining, 

but cryodamage to the follicles is evident via the increase of red staining in the follicles, 

especially seen in the four follicles with bright and extensive red staining in Figure 

3.5A, compared to the fresh control, indicating more dead/damaged cells. There are 

also more follicles in this group than the fresh follicles that show damaged follicle 

morphology, as represented in the blue dashed inset, where the oocyte is not clearly 
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visible, and the follicle does not appear healthy and round. Follicles cryopreserved 

using the sand-PDMS film more closely resemble the fresh follicles, with more whole 

follicles staining green and fewer dead cells; only two of the follicles in the 

representative image show bright red staining.  

Figure 3.5B shows the quantification of this live/dead staining. Follicles with 

a live cell area (green only, no red staining) above 70% of the total follicle area were 

considered viable. Cryopreservation without the sand-PDMS film results in a 

significant decrease in viability (58.6 ± 16.4%) compared to both the freshly isolated 

control (84.1 ± 5.6%) and cryopreservation using the sand-PDMS film (77.3 ± 10.8%). 

There is no significant difference between the immediate viability of the freshly 

isolated control and the sand-PDMS film groups. These data of the immediate viability 

show a modest effect of the controlled ice nucleation on immediate cell viability via 

the sand-PDMS film.  

3.2.4 Sand-mediated ice-seeding enhances in vitro growth of cryopreserved ovarian 

follicles 

To further evaluate follicle quality beyond immediate viability, which, based 

on the live/dead staining assay, mainly reflects the cell membrane integrity measured 

by PI and esterase activity measured by the calcein-AM dye, cryopreserved follicles 

were cultured in vitro to measure follicle growth (an indicator of long-term viability) 

over time. Follicles cryopreserved with or without the sand-PDMS film were 

encapsulated in 0.25% alginate beads after thawing for 3D culture and the change in 

diameter was measured over 9 days of culture to quantify growth. Freshly isolated 

follicles were also cultured in the same way as a control. Figure 3.6 shows  
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representative images of the follicles from the three culture groups- (1) freshly isolated 

follicles (Fresh), (2) follicles cryopreserved without the sand-PDMS film (- Sand-

PDMS film), and (3) follicles cryopreserved with the sand-PDMS film (+ Sand-PDMS 

film)- on every other day of culture when diameter measurements were made. Most of 

the fresh follicles maintain the round morphology and intact oocyte through Day 9 in 

Figure 3.5 Immediate viability of fresh and 
cryopreserved ovarian follicles. A, Immediate 
(after 2 h incubation in recovery medium at 37 °C) 
viability of fresh ovarian follicles, follicles 
cryopreserved without using the sand-film, and 
follicles cryopreserved using the sand-PDMS film 
assessed via live/dead (green/red) staining. The 
cryopreservation solution contains 10% DMSO, 
10% FBS, and 0.1 sucrose in L15 medium. The blue 
dashed box shows a zoom-in image of a single 
follicle in the sample. Scale bar = 100 µm. B, 
Quantitative data of the immediate viability of 
ovarian follicles. Follicle was assessed by the viable 
follicle area (area staining only green, not green and 
red). Follicles with a viable area of more than 70% 
are considered viable, and immediate viability is 
calculated as the number of follicles with a viable 
area of more than 70% over the total number of 
follicles in each independent run (n=4). * p < 0.05. 
One-way ANOVA followed by a Tukey post hoc 
correction was used for statistical analysis. 
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culture and grow in size, indicating a healthy, properly functioning follicles. Most of 

the follicles cryopreserved without the sand-PDMS film show signs of damage on Day 

1 of culture, with irregular morphology and a darkened oocyte. During culture, the 

follicles undergo atresia and shrink in size, and their darkened oocytes become barely 

visible in 9 days. Most of the follicles cryopreserved with the sand-PDMS film show 

round morphology similar to the fresh control on Day 1, with the oocyte clearly visible 

in the center of the follicle and normal surrounding layers of granulosa cells. The 

follicles maintain the round morphology during culture and grow in size similar to the 

fresh control on day 9.  

 

Figure 3.6 Representative morphology of fresh and cryopreserved ovarian follicles during 
in vitro culture. Follicles cryopreserved with or without the sand-PDMS film were thawed 
and encapsulated in 0.25% alginate for 9 days of in vitro culture. Fresh follicles were 
encapsulated on the same day of isolation as a control. Images of the follicle were taken every 
other day of culture, starting on day 1. Scale bar = 50 µm. 

To quantify the growth of the follicles during culture, the diameter of the follicle 

on every other day of culture was measured and normalized to the original diameter on 

day 1 (D1) of culture. Follicle growth was thereby quantified by the ratio D/D1, where 
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D is the diameter of the follicle over time. A D/D1 ratio greater than 1 indicates that 

the follicle is growing, while a D/D1 ratio less than 1 indicates that a follicle is not 

growing and dying during the nine days of culture. In the fresh follicle group, the 

majority (52/60) of the follicles grow up to 2 times the original size by day 9 (Fig. 

3.7A). Few follicles have a D/D1 less than 1 by day 9. For the follicles cryopreserved 

without the sand-PDMS film, most (58/70) of the follicles show a D/D1 less than 1 

(Fig. 3.7B), indicating most of the follicles are damaged by the cryopreservation 

process and do not survive in long term. Few follicles are able to survive and grow in 

culture, as indicated by the scant number of curves above the D/D1 value of 1. For the 

follicles cryopreserved using the sand-PDMS film, the majority (40/71) show D/D1 

values over 1 during culture (Fig. 3.7C), with some follicles showing a D/D1 ratio of 

up to 2 on day 9 similar to the fresh controls. However, there are a noticeable number 

of follicles that are damaged by the cryopreservation process and fail to grow in culture, 

as evidenced by the D/D1 values of less than 1 during the culture period. 

This diameter ratio was used to quantify the number of surviving follicles in 

each condition during in vitro culture to evaluate follicle long-term survival. Follicles 

with a D/D1 ratio greater than 1 on day 9, which indicates that they can grow during 

culture, are considered viable. The survival is quantified as the number of viable 

follicles out of the total number of follicles cultured for each experimental group. 

Follicles cryopreserved with the sand-PDMS film have a similar survival rate compared 

to the fresh control, with no statistically significant difference (58.4 ± 22.5% versus 

85.4 ± 12.8%, Fig. 3.7D). However, without the sand-PDMS film present during the 

cryopreservation process, the long-term follicle survival drops to 13.8 ± 17.9%. Out of 
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the 4 trials for the follicles cryopreserved without the sand-PDMS film, 2 trials did not 

have any surviving follicles after nine days of culture, while the other two trials had a 

survival of 20-40% on day 9. This may be due to the uncontrolled stochastic ice 

nucleation during the cryopreservation process; some trials may have had much lower 

temperatures of ice nucleation, resulting in increased damage to the follicles, while the 

other trials may have had ice nucleate at higher subzero temperatures. Because the 

sand-PDMS film is able to consistently nucleate ice at high subzero temperatures, there 

are no trials where the follicles cryopreserved with the sand-PDMS film are all 

damaged/dead. Although the difference in the long-term viability between the fresh 

follicles and follicles cryopreserved with the sand-PDMS film is not statistically 

significant, the follicles cryopreserved using the sand-PDMS film have a lower average 

long-term survival and a higher standard deviation. This indicates that there is still 

some damage to the follicle sample during the cryopreservation process, which could 

motivate further improvement of the cryopreservation solution composition and/or 

CPA concentration to protect the cells during the freezing/thawing process.  

Comparing the growth curve of surviving follicles in the fresh and sand-PDMS 

film groups (Fig. 3.7E), follicles in both groups are able to grow up to 1.5 times of their 

original diameter on average by day 9. There is no significant difference between the 

growth (D/D1 ratio) of surviving follicles from the freshly isolated group and +sand-

PDMS film groups on any day of in vitro culture, indicating that cryopreservation using 

the sand-PDMS film to nucleate ice does not cause lasting damage to the surviving 

ovarian follicles.  
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Figure 3.7 Growth and long-term survival of fresh and cryopreserved ovarian follicles 
during in vitro culture. Growth curves of A, freshly isolated follicles, B, follicles 
cryopreserved without the sand-film, and C, follicles cryopreserved using the sand-film during 
9 days of in vitro culture (n=4 independent runs). Each curve represents the growth curve of 
one individual follicle. Each independent run is represented by a different shade of the 
experimental group’s color. The growth of each follicle is evaluated by the diameter of the 
follicle (D) over time normalized to the diameter of the follicle on day 1 (D1). A D/D1 ratio 
over 1 means the follicle is growing in diameter, while a D/D1 ratio less than one signifies that 
a follicle is shrinking and dying during the 9 days of culture. D, Survival of the ovarian follicles 
after 9 days of culture. The survival is calculated as the percentage of the number of follicles 
with a D/D1 greater than 1 on day 9 out of the total number of follicles in culture (n=4 
independent runs). One-way ANOVA followed by a Tukey post hoc correction was used for 
statistical analysis. E, Mean growth curves of freshly isolated follicles and follicles 
cryopreserved using the sand-film during 9 days of in vitro culture (n=4 independent runs). * 
p < 0.05, ** p < 0.01, *** p < 0.001. Two-way ANOVA with Sidak’s post-test and correction 
was used for statistical analysis. 

3.2.3 Enhanced cryopreservation of hiPSCs with sand-mediated ice seeding 

To demonstrate the benefit of sand-mediated ice seeding for hiPSC 

cryopreservation, hiPSCs are cryopreserved by slow-freezing under various conditions 
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with or without the sand-mediated (by default) ice seeding: conventional method (10% 

DMSO and 10% FBS with no ice seeding), ice seeding alone, no cryoprotectant and no 

ice-seeding, 5% DMSO and no ice seeding, 2% DMSO and ice seeding, and 5% DMSO 

and ice seeding. Figure 3.8A shows typical live/dead (green/red) images of the hiPSCs 

cryopreserved under the various conditions and cultured for 2 h at 37 °C after thawing, 

and the corresponding quantitative data of cell viability are shown in Figure 3.8B. 

Without the use of any cryoprotectant, the sand-mediated ice seeding alone is 

insufficient to protect the cells from injury during the cryopreservation procedure, as 

indicated by the low cell viability under this condition (5.6 ± 2.1%) that is only slightly 

higher than that for the condition with no cryoprotectant and no ice-seeding (1.3 ± 

0.6%). The use of 2% DMSO together with the sand-mediated ice seeding could 

improve the hiPSC viability to 37.3 ± 3.1%, showing the importance of using 

cryoprotectant to reduce cryoinjury to the cells. The cell viability is further improved 

albeit still modest for both the condition of 5% DMSO with no ice seeding condition 

(52.6 ± 3.5%) and the conventional method using 10% DMSO and 10% FBS (51.7 ± 

4.0%). This demonstrates 5-10% DMSO could only protect up to ~50% hiPSCs from 

cryoinjury during cryopreservation and increasing DMSO from 5% to 10% does not 

significantly enhance the hiPSC viability in the absence of ice seeding. Importantly, 

high viability (90.3 ± 2.5%) of the hiPSCs after cryopreservation can be achieved by 

combining the sand-mediated ice seeding with 5% DMSO. This viability is 

significantly higher than that of the other control groups.  
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Figure 3.8 The immediate and long-term viability of hiPSCs after cryopreservation under 
various conditions. A, Immediate (after 2 h incubation at 37 °C) viability of hiPSCs assessed 
by live/dead (green/red) staining after cryopreservation with different methods: conventional 
method (10% DMSO+10% serum with no ice seeding), sand-mediated ice seeding alone, no 
cryoprotectant and no ice seeding, 5% DMSO with no ice seeding, 2% DMSO with ice seeding, 
and 5% DMSO with ice seeding. Scale bar: 500 μm. B, Quantitative data of the hiPSC 
immediate viability and attachment efficiency (i.e., long-term viability) after the various 
cryopreservation conditions. For quantifying the attachment efficiency, the cryopreserved cells 
were thawed and cultured for 15 h, and the number of attached cells was counted by 
hemacytometer. The attachment efficiency is calculated as the percentage of cells counted after 
cryopreservation out of the number of cells initially cryopreserved. **, p < 0.01 (n = 3 
independent runs) for the comparison of both immediate viability and attachment efficiency. 
Data collected and analyzed by Jiang, B., and Li, W. 
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Because the aforementioned immediate (2 h) cell viability judged by the 

live/dead (green/red) staining assay is mainly a reflection of the cell membrane 

integrity, we further evaluate the cell viability (i.e., attachment efficiency) by 

determining the percentage of cells that can attach after culturing for 15 h post-thawing 

(Fig. 3.8B). Overall, the hiPSC attachment efficiency is slightly lower than the cell 

viability assessed based on membrane integrity for all the conditions, suggesting some 

cells with good membrane integrity judged by the live/dead assay may not be able to 

attach and survive in long term. Furthermore, the hiPSC attachment efficiency follows 

the same trend as the immediate cell viability for the various conditions, and it is 

significantly and greatly higher for the condition of 5% DMSO and ice seeding than all 

the other conditions. Taken together, both the immediate (2 h) cell viability and long-

term (15 h) cell viability (i.e., attachment efficiency) data show that 5% DMSO is 

critical but further increasing DMSO may not be sufficient to protect hiPSCs from 

cryoinjury during cryopreservation, which can be resolved by combining 5% DMSO 

with the sand-mediated ice seeding to significantly enhance the outcome of hiPSC 

cryopreservation.  

3.2.4 High pluripotency and normal cell cycle of cryopreserved hiPSCs 

The hiPSCs cryopreserved (cryo) using 5% DMSO and the sand-mediated ice 

seeding show typical colony morphology similar to that of fresh (control) hiPSCs under 

2D monolayer culture (Fig. 3.9A). Furthermore, the cryopreserved hiPSCs are highly 

positive for pluripotency protein markers OCT-4 and SSEA-4, similar to that of the 

control group of fresh hiPSCs (Fig. 3.9). Flow cytometry analyses are used to 

quantitatively evaluate the expression of pluripotency markers OCT-4 and SSEA-4. As 
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shown in Figure 3.9B-C, the cryopreserved hiPSCs highly express the two protein 

markers OCT-4 (96.7 ± 2.3%) and SSEA-4 (96.1 ± 1.6%), similar to the control fresh 

hiPSCs (97.2 ± 1.4% positive on OCT-4 and 98.0 ± 1.0% positive on SSEA-4) with no 

statistically significant difference. Moreover, the distribution of cryopreserved hiPSCs 

in the G1, S, and G2/M phases of cell cycle is similar to that of the control fresh cells 

(Fig. 3.9D-E) with no statistically significant difference. Hence, the cryopreserved 

hiPSCs have similar proliferation capacity as the control fresh cells. In other words, 

these data show that the cryopreservation procedure with sand-mediated ice seeding 

and 5% DMSO has no evident impact on the pluripotency/stemness/self-renewal and 

the proliferation capacity of the hiPSCs.  

4.2.5 Intact capacity of differentiation of the cryopreserved hiPSCs 

To ascertain their functional survival, the cryopreserved hiPSCs are further 

assessed for their capacity of guided neural and cardiac differentiation in vitro and 

spontaneous teratoma formation in vivo. After 10 days of neural differentiation, the 

cryopreserved hiPSCs lose their typical colony morphology and neurites are observable 

to extend out of the differentiated cells (Fig. 3.10A), similar to the fresh control cells 

(Fig. A2.1A). Furthermore, the resultant cells are positive for neural specific marker 

TUJ-1: 95.9 ± 1.5% of the cryopreserved hiPSCs post neural differentiation are positive 

for TUJ-1, similar to that (94.7 ± 2.5%) of the fresh control hiPSCs (Fig. A2.1B). These 

data demonstrate the cryopreserved hiPSCs maintain their capacity of neural  
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Figure 3.9 Cryopreservation with sand-mediated ice seeding and 5% DMSO does not 
significantly affect the hiPSC pluripotency and cell cycle. A, Images of cryopreserved 
(Cryo) hiPSCs showing typical colony morphology and high expression of pluripotency protein 
markers OCT-4 and SSEA-4, similar to fresh (Control) hiPSCs with no cryopreservation. Scale 
bar: 100 μm. B–C, Representative peaks (B) and quantitative data (C, n = 3 independent runs) 
form flow cytometry analyses, showing the cryopreserved hiPSCs highly express pluripotency 
protein markers SSEA-4 and OCT-4 similar to the fresh control hiPSCs with no statistically 
significant difference. The light blue peaks are isotype controls. D–E, Representative peaks 
(D) and quantitative data (E, n = 3 independent runs) from flow cytometry analyses, showing 
no statistically significant difference in the cell cycle distribution between the cryopreserved 
and fresh control hiPSCs. Data collected by Jiang, B. 
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differentiation. The capability of cardiac differentiation of the cryopreserved hiPSCs is 

also evidenced by the spontaneously beating areas observable in 10 days after initiation 

of the differentiation (Movie 3.2), similar to the areas seen in the fresh control cells 

(Movie 3.3). The percentage of cells on day 10 positive for the cardiac specific marker 

cTnT is not significantly different between the cryo (87.9 ± 2.6%) and fresh control 

(85.6 ± 4.8%) groups (Fig. 3.10B).  The cardiac muscle-like striated pattern can be seen 

on both the cTnT-stained fluorescence images and the non-fluorescence images 

showing the cell morphology of both cryopreserved (Fig. 3.10B) and fresh control (Fig. 

A2.1C) hiPSCs-derived cardiomyocytes.  

Lastly, the cryopreserved hiPSCs maintain the capability of teratoma formation 

in vivo. The teratomas (Fig. 3.10C) grown from the cryopreserved hiPSCs show typical 

tissue structure of the three germ layers [148, 149] (Fig. 3.10C): the neural epithelium 

of ectoderm with hypernucelated neuroectodermal structures, cartilage of mesoderm 

showing the nidus of cartilage with surrounding condensed mesenchymal cells, and gut 

epithelium of endoderm with subnuclear vacuoles and tube-like structure. Similar 

tissue structures are observable in the teratomas of the fresh control group (Fig. 

A2.1D). All these data on neural and cardiac differentiation in vitro and teratoma 

formation in vivo for the cryopreserved hiPSCs is similar to the that for the fresh 

hiPSCs with no cryopreservation, showing cryopreservation with 5% DMSO and the 

sand-mediated ice-seeding have no evident impact on the differentiation capacity of the 

hiPSCs.    
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Figure 3.10  Cryopreservation with sand-mediated ice seeding and 5% DMSO does not 
significantly affect the differentiation capacity of the hiPSCs. A, The cryopreserved hiPSCs 
can efficiently differentiate into cells with typical neural cell morphology (neurites extending 
out of the cell body) and high expression of the neural specific marker TUJ-1. Cell nuclei are 
made visible by DAPI staining. B, The cryopreserved hiPSCs can efficiently differentiate into 
cells that highly express the cardiac specific markers cTnT. Cell nuclei are made visible by 
DAPI staining. C, The teratomas grown from the cryopreserved hiPSCs contain tissues from 
all the three germ layers including ectoderm (neural epithelium with hypernucelated 
neuroectodermal structures), mesoderm (the nidus of cartilage with surrounding condensed 
mesenchymal cells), and endoderm (gut epithelium with subnuclear vacuoles and tube-like 
structure). Scale bars: 100 μm. Data collected by Jiang, B. 



 

 

70 
 

3.3 Discussion 

The cryopreservation of ovarian tissue is an essential technology for 

preserving a patient’s fertility. While it is more common to cryopreserve sections of 

cortical tissue from the ovary and later transplant the cortical fragments [150], 

cryopreserving isolated preantral ovarian follicles offers distinct advantages over 

tissue. Because preantral ovarian follicles are small (typically less than 150 µm in 

diameter), the issue of CPA perfusion that causes impairment to larger tissues is 

mitigated [151]. Transplantation of cryopreserved ovarian tissue has also been shown 

to result in extensive follicle loss due to ischemia-reperfusion issues [66], which 

could be resolved by either grafting individual follicles in an artificial ovary 

environment [152, 153] or culturing and maturing follicles in vitro for in vitro 

fertilization [90]. In cases where malignant cells may be present in the vascularized 

ovarian tissue due to some types of cancer, cryopreservation of isolated follicles 

avoids the risk of re-introducing these malignant cells back into the patient during 

transplantation [154], as the follicles have their own basal membrane which prevents 

them from coming into contact and being infected with the malignant cells [155].  

Current cryopreservation of ovarian tissue/follicles is done by one of two 

methods: vitrification or slow-freezing [156]. While vitrification is widely studied for 

oocytes [157] and has shown success for preantral ovarian follicle cryopreservation 

[158, 159], it typically requires a high concentration of toxic CPA to achieve ice-free 

cooling of the sample. Slow-freezing is more convenient and has been used to 

successfully cryopreserve preantral ovarian follicles with high survival/viability 

(~70%) [64, 70]. However, the slow-freezing protocol used in these studies required a 
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programmable-rate freezer to hold the sample at a high subzero temperature (above -

10 °C) so that ice could be manually seeded in the sample by touching the cryovial 

with forceps (or presumably another metal tool) prechilled in LN2. Controlling the 

temperature of ice nucleation is critical for ovarian tissue samples [72, 160, 161]. 

Follicles cryopreserved here using sand-mediated ice nucleation at high subzero 

temperatures showed comparable immediate viability (77.3 ± 10.8 %) and long-term 

survival (58.4 ± 22.5 %) to these studies without the added cost of the programmable-

rate freezer and the manual hassle of ice-seeding using similar concentration of CPA. 

The sand-PDMS film is simple and easy to add to the cryovial wall, allowing the use 

of a highly affordable device (Mr. FrostyTM) for cooling in this cryopreservation 

procedure. 

The difference in viability/survival of the tested conditions between the 

immediate viability experiment (2 h post-thaw) and the in vitro culture experiment 

(up to 9 days post-thaw) shows that immediate viability via live/dead staining is not 

sufficient for assessing the quality of cryopreserved follicles. Although the trends for 

both assessments are the same, with the fresh follicles and follicles cryopreserved 

with the sand-PDMS film outperforming the follicles cryopreserved without the sand-

PDMS film, the values for the follicles cryopreserved without the sand-PDMS film 

are drastically different. Based on the live/dead staining quantification, a little over 

half (58.1 ± 16.4%) of the follicles cryopreserved without sand are viable, whereas 

only 13.8 ± 17.9% are able to survive and grow in culture. On the day of thawing, 

there is not a drastic difference in the morphology of follicles cryopreserved with or 

without the sand-PDMS film, as most appear round and intact with similar levels of 
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live and dead staining. However, the morphologies of the two groups greatly differ on 

day 1 of culture, as most of the follicles cryopreserved without the sand-PDMS film 

show clear evidence of cryodamage.  

Human iPSCs can be derived from the somatic cells like skin fibroblasts and 

blood cells of a specific person (patient or healthy donor) and have the capability of 

self-renewal and differentiation into somatic cells of all three germ-layers [162]. This 

eliminates the ethical concern of embryonic stem cells. However, culturing hiPSCs at 

37 °C is costly and their pluripotency and differentiation capability may decrease 

gradually over time during culture. Therefore, the quality of hiPSCs may be greatly 

compromised over long-term culture at 37 °C. As a result, efficient and convenient 

cryopreservation of hiPSCs to bank them in a state of “suspended animation” for their 

use at a desired future time is an enabling technology of the burgeoning hiPSC-based 

personalized medicine. However, the use of high concentrations of DMSO and serum 

in contemporary hiPSC cryopreservation protocols poses risks for the clinical use of 

the cryopreserved hiPSCs.  

Current cryopreservation of hiPSCs utilizes two methods: vitrification and 

slow-freezing [163]. Although there is a higher survival for hiPSCs using vitrification 

than slow-freezing [164], vitrification requires high cooling rates achieved by 

specialized protocols/devices and/or high concentration of toxic CPA, making it 

difficult to scale-up for high-volume cell banking [165]. Slow-freezing is more 

convenient and widely used for cryopreservation of hiPSCs, with survival/recovery 

rates of ~50% [165-167]. This is similar to our control group (conventional method) 

shown in Figure 3.8. Cryopreservation of hiPSCs is notably more difficult than 
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cryopreservation of human adult stem cells (e.g., tissue-derived stem cells). Adult stem 

cells can be cryopreserved as single cells by traditional slow-freezing protocols with 

post-thaw viability up to 90% [168, 169]. However, hiPSCs are more sensitive to 

stresses during cell cryopreservation, as hiPSCs grow in colonies with cell-cell and 

cell-matrix interactions and may undergo anoikis-induced apoptosis when dissociated 

into single cells. Therefore, hiPSCs are usually cryopreserved as small clumps 

supplemented with RI and serum to enhance their survival [170].  

It is worth noting that we did not remove DMSO from the sample immediately 

after thawing the sample. This avoids centrifuging and rinsing the hiPSCs that just 

suffer the stresses during thawing and may be susceptible to the stresses associated with 

centrifugation and washing for removing DMSO immediately after thawing. However, 

the 250 µL of cryopreserved sample with hiPSCs was transferred into 2 mL of medium 

immediately thawing and the 5% DMSO was diluted to 0.56%. Moreover, the DMSO-

containing medium was replaced with DMSO-free medium after only 2 h of incubation 

at 37 °C for the cells to recover. This low DMSO concentration and short incubation 

time should be safe for cells, as shown by the high viability of the cells cryopreserved 

using 5% DMSO with sand-mediated ice seeding (Fig. 3.8). This is not surprising 

because most of chemicals used for hiPSC maintenance are dissolved in DMSO with a 

final concentration up to 0.6% in the maintenance medium for the hiPSCs [171, 172].  

In this study, we used a natural and cost-effective material, sand, to 

seed/nucleate ice at high subzero temperature during cooling hiPSCs and preantral 

ovarian follicles for cryopreservation with good outcome and reproducibility. The 

sands used in this study did not require any material or surface modification in order to 
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achieve ice nucleation, making them convenient and cost-effective to use. Additionally, 

the amount of sand embedded onto the PDMS film was sufficient to achieve consistent 

ice nucleation at high subzero temperatures, as evidenced by the small standard 

deviation and consistent ice-seeding temperature measured in Figure 3.2. This allows 

serum-free cryopreservation of hiPSCs with high viability and quality at a much 

reduced (half) DMSO concentration, as well as cryopreservation of ovarian follicles 

with high viability and growth capacity. The ice-seeding temperature of the 

cryopreservation solution containing the sand-PDMS film is significantly higher than 

that of the cryopreservation solution containing a pure PDMS film with no sand, which 

indicates that the sand plays an important role in seeding ice in the sample during 

cryopreservation. This is consistent with the literature that quartz along with a few other 

minerals can seed ice in the atmosphere [173-175], because sands consist mainly of 

crystalline silica (silicon dioxide) that is also the material in quartz.  

Our studies show that controlled ice nucleation catalyzed by the sands greatly 

improves hiPSC survival post cryopreservation, from 52.6 ± 3.5% (5% DMSO, no ice 

seeding) to 90.3 ± 2.5% (5% DMSO, with ice seeding). This increase in survival is 

similar to other studies regarding the impact of controlled ice nucleation on cell survival 

using a slow-freezing protocol [72]. Other types of cells susceptible to freezing-induced 

stresses show a 15-40% increase in survival post-cryopreservation with ice nucleation 

versus without [72].  

Of note, various methods have been explored to improve cryopreservation 

outcome including microencapsulation of cells in alginate hydrogel [131, 176], nano-

warming with magnetic nanoparticles [177-180], supplement of nontoxic CPAs like 
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sugars into the cryopreservation medium [181-184], and intracellular delivery of the 

sugar using cold-responsive nanoparticles [169]. Techniques for intracellular delivery 

of a widely studied sugar, trehalose, into mammalian cells for cell banking are reviewed 

in Appendix 3. All these methods may be combined with our sand-mediated ice-

seeding, which has the potential to further reduce or even eliminate the DMSO needed 

for cryopreservation of the hiPSCs and ovarian follicles with high functional survival.  

Lastly, the method developed may be applied to cryopreserve the iPSCs and ovarian 

follicles of non-human endangered species with high functional survival, which is 

valuable for animal species conservation [185].     

3.4 Conclusions 

We developed a novel method which uses sand as the ice-seeding material for 

cryopreservation of ovarian follicles and hiPSCs, The cryopreserved ovarian follicles 

show high immediate viability and can grow during in vitro culture. The cryopreserved 

hiPSCs can attach well and maintain high pluripotency and differentiation capacity in 

vitro and in vivo. This method is simple to use, cost effective, and can be applied to 

cells and microtissues. The sand mediated ice-seeding method has the potential to be 

widely used for cryopreservation of ovarian follicles, hiPSCs, and potentially many 

other types of human cells and tissues. Using sand as an ice nucleator can eliminate the 

need for costly programmable-rate freezers and highly user-dependent manual ice 

seeding, making slow-freezing an attractive and reliable method for preserving both 

ovarian follicles as an alternative for preserving fertility and hiPSCs to facilitate cell-

based medicine. 
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3.5 Materials and Methods 

3.5.1 hiPSC Cell Culture 

The DF19-9-11T.H and IMR90-1 hiPSC lines were purchased from WiCell 

(Madison, WI, USA). The cells were cultured in StemFlex medium (ThermoFisher, 

Gaithersburg, MD, USA) on Matrigel (Corning, NY, USA)-coated plates in a 37 °C 

5% CO2 incubator. The cells were passaged at a ratio between 1:4 and 1:5 twice a week. 

Versene (Gibco, Gaithersburg, MD, USA) which contains 0.48 nM 

ethylenediaminetetraacetic acid (EDTA) in phosphate buffered saline (PBS) was used 

to detach the cells at 37 °C for 2 min for passaging or further uses. 

3.5.2 Isolation of ovarian follicles 

Ovaries were obtained from 3 to 8-week-old C57BL/6 mice (The Jackson 

Laboratory, Bar Harbor, ME, USA). All animal procedures and studies were 

approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Maryland, College Park, MD. Preantral secondary follicles (100 – 150 

µm in diameter) were isolated from ovaries using a cell dissociation sieve (Sigma-

Aldrich) that was first proposed for follicle isolation from domestic cat ovaries [186] 

and has more recently been shown to yield similar results to mechanical isolation via 

syringes for mouse follicle isolation [187]. Briefly, ovaries were placed on the metal 

mesh of the cell dissociation sieve and gently ground using the accompanying glass 

pestle over top follicle dissection medium (L15 supplemented with 1% 

penicillin/streptomycin and 1% FBS) on a heated stage (37 °C). Size 60 mesh 

(Sigma-Aldrich) was used for the procedure (wire diameter: 0.254 mm; opening size: 



 

 

77 
 

380 µm). This procedure takes less than 10 minutes to homogenize the tissue and 

release preantral ovarian follicles. Follicles were manually selected under a 

stereomicroscope and transferred to fresh, pre-warmed follicle dissection medium for 

washing. Follicles were then transferred to recovery media (𝜶MEM supplemented 

with 1% penicillin/streptomycin and 10% FBS) and allowed to recover in a 37 °C 

incubator for 2 h before further experiments. 

3.5.3 Fabrication of sand-PDMS film for cryopreservation 

Sands were purchased from Walmart (Landover Hills, MD, USA) and were 

rinsed under running tap water overnight in a 100-mL beaker (with agitation by a glass 

stir bar for 10 min at the beginning). The sand was then washed twice with 50 mL of 

deionized water. Afterwards, the sand samples were autoclaved at 121 °C for 30 min 

and baked in a 75 °C oven for 6 h to dry. Polydimethylsiloxane (PDMS, Dow 

SYLGARD 184 Silicone Encapsulant, Dow, Midland, MI, USA) prepolymer was 

mixed with its curing agent at a weight ratio of 10: 0.5 (prepolymer: curing agent). The 

mixture (1 mL) was poured onto a microscope glass slide (75 × 26 × 1 mm) and air 

bubbles were removed under vacuum for 20 min. Afterwards, the PDMS was cured by 

baking in a 75 °C oven for 2 h. Uncured PDMS mixture (50 μL) was then evenly spread 

with the aid of a pipette tip on top of the cured PDMS on the glass slide to form a sticky 

fluid layer. Afterwards, the dry sands were sifted through a mesh strainer (opening size: 

200 μm) at ~5 cm above to drop and partially embed the sands in the uncured PDMS 

sticky fluid layer. The slide with PDMS and sand was further baked in the oven at 

75 °C for 30 min. The cured sand-PDMS film was gently peeled off from the slide with 

the help of a blade and then cut into pieces of 3 mm × 5 mm (width x length). Finally, 
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each of the sand-PDMS pieces was attached to the inside wall of a cryovial and the 

sand-PDMS piece containing cryovials were autoclaved at 121 °C for 30 min before 

their use to hold hiPSC sample for cryopreservation. 

For making the plastic shard-PDMS film, plastic shards were scratched off 

a polystyrene cell culture plate (ThermoFisher) using a single edge razor blade onto the 

uncured PDMS sticky layer (with all other steps being the same as that for making the 

sand-PDMS film). Glass beads of 40–70 μm in size were purchased from 

Microspheres-Nanopheres (C-PGL-07, Microspheres-Nanospheres, NY, USA). The 

glass beads were partially embedded in the PDMS film following the same procedure 

for making sand-PDMS film. 

3.5.4 Surface characterization of the sand-PDMS film 

For the scanning electron microscopy (SEM) imaging, the sand-PDMS films 

were cut into small pieces of 1 cm2 and attached on the SEM sample holder. The 

samples were sputter-coated with gold using a Cressington (Watford, UK) 108 sputter 

coater for 2 min at 15 mA. Afterwards, the samples were imaged with a Hitachi 

(Tokyo, Japan) SU-70 FEG scanning electron microscope at 5.0 kV. Energy dispersive 

x-ray spectroscopy (EDXS, Hitachi SU-70 FEG SEM, Tokyo, Japan) was used 

for elemental analysis of the surface of the plain PDMS and sand-PDMS films. The 

plain PDMS film was prepared in the same way as that for preparing the sand-PDMS 

films except that no sand was plated. 

For quantifying the size of sand particles before and after sifting, brightfield 

microscopy images of sand particles partially embedded in the PDMS film without and 

with sifting through the mesh strainer were analyzed using Image J (version 1.47) to 
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measure the area of sand particles on the film. Images from 10 random areas of the film 

containing a total of 65 sand particles were analyzed for both conditions (i.e., without 

and with sifting through the mesh strainer). 

3.5.5 Measurement of ice-seeding temperature 

To measure the ice-seeding temperature, a piece of sand-PDMS film was 

attached to the inside wall of a 2-mL glass vial, followed by adding 500 μl of deionized 

water. The ice-seeding temperatures of water in the same glass vials containing either 

a PDMS-film without sand or no film at all were studied as controls. A K-type 

thermocouple (Omega, Norwalk, CT, USA, 0.05 inch in diameter) was then placed in 

water in the glass vial. The vials were placed onto the shelf of a SP Virtis AdVantage 

Pro benchtop lyophilizer (SP, Warminster, PA, USA) and cooled to 4 °C. Then the 

sample was cooled to −25 °C with a 25-min ramp time. The thermocouple was 

connected to a Keysight Technologies (Santa Rosa, CA, USA) 34970A Data 

Acquisition/Data Logger Switch Unit to record the temperature over time. The 

temperature at the time when there was a sudden increase in temperature due to the 

latent heat release associated with ice formation during the cooling process, was 

recorded as the ice-seeding temperature. Ice-seeding temperatures of the plastic shard- 

and glass bead-PDMS films were measured in the same way. 

3.5.6 Cryomicroscopy study of sand-mediated ice formation 

Cryomicroscopy was conducted using a Linkam FDCS196 (Tadworth, UK) 

freeze-drying stage mounted on a Zeiss (Oberkochen, Germany) A1 Axio Scope, for 

which a drop (200 μL) of the cryopreservation solution made of the mTeSR medium 
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(STEMCELL Technologies, Vancouver, Canada) supplemented with 5% DMSO, and 

sands were added in the sample holder at room temperature. The sample holder with 

the sands immersed in the solution was then loaded into the freeze-drying stage for 

controlled cooling at 1 °C min−1 to −20 °C. Real-time images were captured with a 

FLIR (Wilsonville, OR, USA) Grasshopper 3 color camera every 0.5 s. 

3.5.7 Cryopreservation of hiPSCs and ovarian follicles 

The cryopreservation of hiPSCs was performed using a slow-freezing 

procedure with a Mr. Frosty™ Freezing Container filled with isopropyl alcohol (Sigma 

Aldrich), which has a cooling rate of approximately −1 °C min−1 [81, 188]. The hiPSCs 

at 80% confluence were detached using Versene and suspended in pre-cooled 

cryopreservation solution. For the conventional method, the cryopreservation solution 

was made up of 10% FBS and 10% DMSO in the mTeSR medium. For the 

experimental cryopreservation solution, it contained 0–5% DMSO in the mTeSR 

medium with no FBS. All cryopreservation solutions and the Mr. Frosty™ Freezing 

Container were pre-cooled at 4 °C for 30 min before use. The concentration of hiPSCs 

for cryopreservation was 1 × 107 cells mL−1 and each cryovial was loaded with 250 μL 

of the cell suspension. Experimental conditions with sand-mediated ice seeding had 

one sand-PDMS film attached to the inside wall of the cryovial, with the sand surface 

being exposed to the cell suspension. The cryovials were loaded in the Mr. Frosty™ 

Freezing Container and stored in a −80 °C refrigerator overnight. Then, the cryovials 

with hiPSCs were transferred into the LN2 for long-term storage (2–5 weeks). 

Preantral ovarian follicles were cryopreserved using the same slow-freezing 

procedure with a Mr. FrostyTM Freezing container. Isolated follicles were transferred 
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into pre-cooled (4 °C) cryopreservation solution and allowed to equilibrate for 30 min 

on ice. Then, follicles (approximately 10-20 per experimental group) were transferred 

into 1 mL of fresh pre-cooled cryopreservation solution in a cryovial either with 

(n=159) or without (n=157) a sand-PDMS film. The cryovials were placed into the 

Mr. FrostyTM and stored in a -80 °C refrigerator overnight. Then, the cryovials were 

transferred into LN2 for long term storage (1-4 weeks). Freshly isolated follicles were 

examined as a positive control (n=121).  

To thaw the frozen samples with hiPSCs, 2 mL of mTeSR medium with 10 μM 

ROCK inhibitor (RI, Y-27632, Sigma Aldrich) was added to each well (Matrigel 

coated) of a 6-well plate and pre-warmed in the incubator at 37 °C for at least 20 min. 

The cryovial was removed from the LN2 tank and rapidly warmed in a 37 °C water 

bath for ~30 s. The cell suspension in the cryovial was then transferred into the pre-

warmed medium in the 6-well plate for further incubation and studies. DMSO was not 

removed immediately after thawing to avoid centrifuging and washing the hiPSCs. The 

cells were cultured in the 6-well plate with medium containing a final DMSO 

concentration of 0.56% (250 μL cell suspension containing 5% DMSO diluted in 2 mL 

medium). After 2 h, the DMSO-containing medium was replaced with pre-warmed 

DMSO-free medium. 

To thaw the ovarian follicles, the cryovials containing follicles were removed 

from LN2 storage and warmed by plunging into a 37 °C water bath with gentle 

shaking until the sample was completely thawed. The cryopreservation solution was 

diluted in a stepwise matter to minimize cell damage and preserve cell function [70]: 

Follicles were transferred into a 35 mm Petri dish with 3 mL of L15 medium 
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supplemented with: (1) 1 M DMSO + 0.1 M sucrose + 10% FBS for 10 minutes; (2) 

0.5 M DMSO + 0.1 sucrose + 10% FBS for 10 minutes, (3) 0.1 M sucrose + 10% 

FBS for 10 minutes; (4) 10% FBS for 5 minutes. Follicles were then transferred into 

recovery media (aMEM + 1% penicillin/streptomycin + 1% FBS) and incubated at 

37 °C with 5% CO2 for 2 h before further use.  

3.5.8 Live/dead assay and cell attachment efficiency 

To quantify their viability, the hiPSCs and ovarian follicles after thawing were 

cultured for 2 h and then stained with calcein AM and propidium iodide (PI) to 

visualize live (green with no red stain) and dead (red stain) cells, respectively, 

according to the instructions of the manufacturer (ThermoFisher). The two dyes were 

added into 1 mL of DMEM/F12 (1 μM for calcein AM and 1 μg mL−1 for PI) for 

incubating with the cells for 5 min and 15 min at 37 °C for hiPSCs and follicles, 

respectively. Afterwards, green and red fluorescence images of the samples were 

taken using a Zeiss (Oberkochen, Germany) LSM710 microscope to count the live 

and dead cells. hiPSC cell viability is calculated as the percentage of live cells out of 

the total (i.e., live and dead) cells. For ovarian follicle immediate viability, the green 

(live) and dead (red) areas were measured as a percentage of the total area of the 

follicle taken from the morphology image. The viable area of the follicle was 

calculated as the red area percentage subtracted from 100%, unless the green area was 

less than this value, then the green area percentage was used as the viable area value. 

In other words, the viable follicle area was the follicle area that had esterase activity 

measured by the calcein AM and no damage measured by the PI. Immediate cell 
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viability is calculated as the percentage of follicles with a viable follicle area (green 

stain only, not overlapping with red stain) greater than 70% of the total follicle area. 

To quantify the cell attachment efficiency for studying the capability of the 

hiPSCs in attaching on culture dish, the mTeSR medium containing ROCK inhibitor 

was replaced with fresh mTeSR without ROCK inhibitor after 2 h of post-thawing 

incubation. After 15 h of culture, the hiPSCs were detached and the cell number was 

counted. The cell attachment efficiency was calculated as the percentage of the cell 

number post-cryopreservation and 15 h of culture out of the cell number used for 

cryopreservation in the cryovial. 

3.5.9 Teratoma assay for hiPSCs 

For the teratoma assay, hiPSCs at a confluence of 80% were detached and 

suspended at 3 × 107 cells mL−1 in 1 mL of 1x PBS and then mixed with 500 μL of 

Matrigel (Corning). The cell suspension was kept on ice and then injected 

subcutaneously (s.c.) into the dorsal rear flank of non-obese diabetic/severe combined 

immunodeficiency mice (NOD.CB17-scid, Charles River, Frederick, MD, USA). Each 

mouse was injected with 250 μL of the cell suspension and 5 mice (age: 5 weeks) were 

used for each experimental group. After 5 weeks, the mice were sacrificed and 

teratomas (n = 5 for each group) were collected. The samples were fixed in 4% 

paraformaldehyde (PFA) in 1 x PBS for 2 days. Afterwards, the samples were trimmed 

and embedded in paraffin for sectioning into slices of 5 μm in thickness. The slices 

were than stained with hematoxylin and eosin (H&E) and imaged with a Zeiss LSM710 

microscope. All animal studies were approved by the Institutional Animal Care and 

Use Committee (IACUC) at the University of Maryland, College Park, MD. 
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3.5.10 Neural and cardiac differentiation of hiPSCs 

Neural differentiation was carried out by following previously reported studies 

[189-191]. Briefly, the hiPSCs were detached and suspended in mTeSR medium at 1 × 

106 cells mL−1. The samples were passed through a 70 μm cell strainer (Gibco). The 

resultant hiPSC samples were cultured in mTeSR with 10 μM ROCK inhibitor (Y-

27632) for 2 days. Afterwards, the medium was replaced with a neural differentiation 

medium and the cells were further cultured for 10 days with medium being changed 

every other day. The neural differentiation medium was a mixture of DMEM/F12 and 

neural basal medium (Gibco) (1:1 in volume) supplemented with 1x N2 (Gibco), 1x 

B27 (Gibco), 1% minimum essential medium non-essential amino acids (MEM NEAA, 

Gibco), and 1% l-glutamine (Invitrogen, Carlsbad, CA, USA). Lastly, the cells on day 

10 post-initiation of neural differentiation were fixed with 4% PFA for further 

immunostaining and analysis. 

Cardiac differentiation was conducted also by following previous studies [192, 

193]. The basal medium used for cardiac differentiation was a mixture of DMEM/F12 

and α-MEM (ThermoFisher) (1:1 in volume) supplemented with 2% Knockout Serum 

Replacement (KOSR, Gibco), 1 mM l-glutamine, 1% MEM NEAA, and 0.1 mM β-

mercaptoethanol (Sigma Aldrich). For cardiac differentiation, hiPSCs were grown in 

6-well plate coated with Matrigel. At 80% confluency, the hiPSCs were cultured with 

the mesoderm induction medium for 2 days. Then, the medium was replaced with the 

cardiac induction medium for the following 8 days. Medium change was performed 

every other day. The mesoderm induction medium was made by supplementing 5 μM 

CHIR99021 (ThermoFisher) and 2 μM GSK inhibitor 6-bromoindirubin-3′-oxime 
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(BIO, ThermoFisher) in the basal medium. The cardiac induction medium was made 

by supplementing 10 μM KY02111 (ThermoFisher) and 10 μM XAV939 

(ThermoFisher in the basal medium. Spontaneous beating areas in the sample were 

recorded using a Zeiss LSM710 microscope. The cells on day 10 post cardiac 

differentiation were fixed with 4% PFA for further immunostaining and analysis. 

3.5.11 Flow cytometry analysis of protein marker expression of hiPSCs 

For flow cytometry studies of protein marker expression, cells were dissociated 

into single cells by incubating them with 0.25% trypsin (Gibco) for 5 min at 37 °C and 

washed with 1x PBS twice. The dissociated cells were fixed with 75% ethanol at 4 °C 

overnight. Then, the cells were permeabilized with 0.05% Triton X-100 for 3 min and 

rinsed with 1x PBS twice. The cell number was adjusted to 1 × 106 cells per tube in 

700 μL of 1x PBS for each protein marker. The cells were incubated with primary 

antibodies including: OCT-4 (1:500 dilution, Cell Signaling Technologies), SSEA-4 

(1:500 dilution, Cell Signaling Technologies), TUJ-1 (1:500; R&D Systems, 

Minneapolis, MN, USA), or cTnT (1:500 dilution, Cell Signaling Technologies) at 4 

°C overnight. Afterwards, the samples were rinsed with 1x PBS thrice before 

incubation with secondary antibodies (goat anti-mouse IgG FITC and goat anti-rabbit 

IgG PE, Invitrogen) at 1:1000 dilution for 1 h at RT. The samples were then washed 

with 1x PBS twice before analysis using a BD FACSCelesta (Franklin Lakes, NJ, USA) 

flow cytometer. The cells incubated with secondary antibody but no primary antibodies 

were processed and washed in the same way for analysis to serve as the 

negative/isotype control. The resultant data was analyzed with the BD Flowjo software 

(v10). 
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3.5.12 Cell cycle analysis of hiPSCs 

For cell cycle analysis, the cells fixed as aforementioned for protein marker 

expression studies were treated with RNase from bovine pancreas (1 μg mL−1, 

ThermoFisher) for 5 min at RT. Then, the cells were stained with PI (1 μg mL−1, 

ThermoFisher) for 5 min at RT and rinsed with 1x PBS twice. Afterwards, the cell 

concentration was adjusted to 1 × 106 cells per tube in 700 μL of 1x PBS for analysis 

using a BD FACSCelesta flow cytometer. The resultant data was analyzed with the 

built-in cell cycle analysis function of the BD Flowjo software (v10). 

3.5.13 In vitro culture of ovarian follicles 

For in vitro culture of follicles, they were encapsulated in 0.25% alginate (w/v) 

beads using a pipette droplet method as previously reported [194, 195]. The 0.25% 

alginate solution was composed of PRONOVA UP MVG sodium alginate 

(NovaMatrix, Sandvika, Norway) dissolved in a 25 mM D-mannitol and 10 mM 

HEPES solution, and sterile-filtered through a 0.22 µm filter. Follicles were first 

transferred via pipette into a ~50 µL alginate solution droplet for washing. Then, 

follicles were transferred via pipette to a fresh ~50 µL alginate solution droplet. A small 

volume pipette (10 µL) was used to form 5 µL alginate droplets containing one follicle 

each. The pipette was used to take up ~2.5 µL alginate, then the follicle, then the rest 

of the ~2.5 µL alginate so that the follicle was close to the center of the bead. This 5 

µL alginate droplet containing one follicle was ejected into a crosslinking solution 

consisting of 50 mM CaCl2 and 140 mM NaCl [194]. The alginate beads were 

crosslinked in the crosslinking solution for 2 minutes and then transferred to recovery 

medium for washing. Then, the follicle-laden alginate beads were transferred to a 96-
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well plate, with each well containing one follicle-laden alginate bead and 150 µL of 

follicle culture media was added to each well. Follicle culture medium consisted of 

aMEM supplemented with 1X insulin transferrin selenium (ITS) solution (Sigma-

Aldrich), 1% L-glutamine, 1% penicillin/streptomycin, 10% FBS, and 100 mIU/mL 

follicle stimulating hormone (FSH, Sigma-Aldrich). Follicles were cultured at 37 °C 

with 5% CO2 for 9 days. The day of alginate encapsulation was considered day 1 Every 

other day, 75 µL of the follicle culture medium was manually replaced with fresh 

media.  

Using a Zeiss LSM710 microscope, follicles were imaged on days 1, 3, 5, 7, 

and 9. Follicle diameters were measured using ImageJ (1.52q, US National Institutes 

of Health, Bethesda, MD). To account for varying follicle shapes (e.g., spheroidal) two 

measurements were averaged to give the reported follicle diameter, with one 

measurement at the widest length of the follicle and the other perpendicular to it across 

the follicle. Growth was assessed by the change in the follicle diameter, D/D1, which 

is the follicle diameter over the initial follicle diameter on day 1. Follicles with a D/D1 

greater than 1 on Day 9 were characterized as growing, surviving follicles for 

quantifying long-term survival. A D/D1 less than 1 signaled that a follicle that was 

dying, degenerating, and shrinking.  

3.5.14 Statistical analysis 

 All graphing and statistical analyses were performed using Prism 8 (GraphPad 

Software, San Diego, CA, USA). Data are reported as the mean ± standard deviation 

from at least three independent runs. If not specifically mentioned in the figure caption, 

Student’s two-tailed unpaired t-tests assuming equal variance were performed with no 
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outliers excluded for comparison between groups. For comparisons between multiple 

follicle groups with one independent variable, a one-way analysis of variance 

(ANOVA) followed by a Tukey post hoc correction was performed. For comparison 

between multiple follicles groups with two independent variables, two-way ANOVA 

with Sidak’s post-test and correction was used. The differences were considered 

statistically significant when the p value was less than 0.05 (* p < 0.05, ** p < 0.01, 

*** p < 0.001) 
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Chapter 4 :  Conclusions 

 

In this dissertation, we developed multiscale technologies to engineer and 

cryopreserve ovarian follicles and hiPSCs for the advancement of fertility 

preservation/restoration and endocrine dysfunction treatments. To gain a deeper 

understanding of the micromechanical environment of the ovary to establish design 

criteria for ovarian tissue engineering models, we investigate the mechanical properties 

and ECM distribution of ovarian tissue from reproductively younger and older 

domestic cats. We reveal spatial heterogeneities in both elastic and viscoelastic 

properties, and link these to distribution of HA in the tissue. Using stress relaxation 

testing via AFM indentation and viscoelastic modeling, we are able to distinguish 

between elastic and viscoelastic components of material behavior, allowing us to 

characterize the true elastic modulus of the tissue. We also leverage a natural 

biomaterial, sand, to create a cryopreservation protocol for enhancing the long-term 

storage of ovarian follicles and hiPSCs. The ice-nucleating capability of the sand 

improves cryopreservation outcomes for the cells and microtissues, and shows great 

promise for combining with other cryopreservation technologies for the 

reduction/elimination of organic solvent-based CPAs. These findings can inform future 

ovarian tissue engineering models and cryopreservation strategies for treating ovarian 

dysregulation and its negative effects. 
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Chapter 5 : Future Research Directions 

5.1 Impact of viscoelasticity on follicle growth and development 

Chapter 2 investigated the micromechanical properties of ovarian tissue 

obtained from the domestic cat, with special focus on how mechanical properties may 

differ between the cortex and medulla regions. This work showed differences in 

apparent elastic modulus between the cortex and medulla for all reproductive ages 

tested, but more importantly showed differences in viscoelasticity, a much more 

biologically relevant material property, between the cortex and medulla for only 

reproductively mature cats.   

Previous work has shown that modulus heterogeneity greatly impacts follicle 

culture [34], but no study has been done regarding the impact of the heterogeneity of 

the viscoelastic property on follicle development. Mounting evidence has underscored 

the need for biomaterials design that mimics not only the elastic modulus of the native 

tissue environment, but also the dynamic, time-dependent behavior of the tissue [41]. 

The mechanical property data, both the elastic and viscoelastic, properties can be 

further used as design criteria to create biomimetic culture conditions and study the 

effect of viscoelasticity on follicle growth and development. The mechanical 

characterization insights provided in Chapter 2 strongly suggest that in vitro systems 

for ovarian follicle culture must consider the viscoelastic properties, especially 

viscoelastic heterogeneity, in the system design. 

Core-shell microcapsules can be fabricated to mimic the medulla and cortex, 

respectively, to encapsulate preantral follicles for 3D in vitro culture [34]. Based on the 
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information presented in Chapter 2, the core could contain collagen type I, and the 

shell could be comprised of collagen type I and hyaluronic acid, following the 

distribution of ECM across the medulla and cortex. Alginate, an excellent biomaterial 

for follicle encapsulation and culture [194, 196-198], could also be incorporated in the 

core and/or shell composition to tune the viscoelastic properties [110], to match with 

the values found in Chapter 2. The elastic and viscoelastic properties of the core and 

shell hydrogel materials can easily be tested using the AFM workflow developed in 

Chapter 2 to mimic the micromechanical differences between the cortex and medulla.  

5.2 Combining cryopreservation technologies with the sand-PDMS film 

A sand-PDMS film was used to enhance cryopreservation of preantral ovarian 

follicles and hiPSCs by nucleating ice at high subzero temperatures in Chapter 3. For 

hiPSCs, this technology halved the necessary amount of DMSO for cryoprotection and 

eliminated the need for serum in the cryopreservation solution. For ovarian follicles, 

this technology greatly increased viability and post-thaw growth, but still used 10% 

DMSO and serum in the cryopreservation solution. For maximum clinical effectiveness 

and translatability of this technology, ideally organic solvent CPAs like DMSO would 

be removed totally from the cryopreservation solution to avoid the need for washing 

and losing the precious cells and the risk of long-term alteration of the cells by the 

potentially toxic agent [77, 199].  

To enhance cryopreservation outcomes and eliminate toxic CPAs, this 

technology can be easily combined with other cryopreservation technologies. 

Microencapsulation of cells in alginate has been shown to improve cryopreservation 

outcomes, enabling low-CPA cryopreservation of cells [200]. Alginate encapsulation 
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of hiPSCs and ovarian follicles before freezing with the sand-PDMS film could prove 

the right combination to further reduce or possibly eliminate the DMSO used in the 

cryopreservation solution.  

Additionally, nontoxic CPAs, like trehalose, can be investigated to replace 

DMSO. Previously, microinjection of trehalose into oocytes protected them from 

freeze-associates stresses during slow-cooling down to -60 °C [201]. Trehalose 

delivered intracellularly via cold-responsive nanoparticles protected human adipose 

stem cells (hADSCs) during slow-freezing cryopreservation just as well as 10% DMSO 

did [169], demonstrating that trehalose can be used as the sole cryoprotectant for stem 

cells and perform just as well as DMSO. Cold-responsive nanoparticle-mediated 

delivery of trehalose into preantral follicles and hiPSCs could be combined with the 

sand-PDMS film technique to further enhance cryopreservation outcomes.             
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Chapter 6 Appendices 

Appendix 1: Micromechanical characterizations and viscoelastic modeling reveal 

elastic and viscoelastic heterogeneities in ovarian tissue and the significant 

viscoelastic contribution to the apparent elastic modulus determined by AFM 

indentation. 

 
Figure A1.1 Apparent modulus line-scan profiles of reproductively younger and older cat 
ovaries. Each line-scan profile represents an ovary from A, reproductively younger (<6 
months, blue) or B, reproductively older (>6 months, orange) cat. Markers indicate mean 
apparent modulus values from one mapping site on the tissue, averaged from three separate 30 
µm x 30 µm indentation maps taken at the 100 x 100 µm2 spatial window of the mapping site. 
Mapping sites were spaced 100 – 500 µm apart by manual stage adjustment. Position is 
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normalized to the maximum width of the ovary, which varied because the size of the ovary 
varied between animals.   

Derivation of the constitutive equation of the second-order SLS model 

For the second-order SLS model, the total stress,  𝜎 , and total strain, 𝜀, across all the 

three arms (i.e., the purely elastic solid spring arm in parallel with two viscoelastic 

Maxwell arms) can be expressed as: 

𝜎 = 	𝜎& + 𝜎+ + 𝜎,          (Eq. A1.1) 

𝜀 = 	 𝜀& = 𝜀+ = 𝜀,          (Eq. A1.2) 

where 𝜎& and 𝜀& are the stress and strain of the purely elastic solid spring arm, 𝜎+and 

𝜀+ are the stress and strain of the first Maxwell arm, and 𝜎,	and 𝜀, are the stress and 

strain of the second Maxwell arm. It is worth noting that Eq. A1.1 is based on the 

assumption that the model system is linear (i.e., no synergistic or antagonistic 

interactions between the three arms), which is what the word “linear” in the name of 

the SLS model means. The constitutive equation of the purely elastic solid spring arm 

is given by: 

𝜎& = 𝐸&𝜀&                          (Eq. A3) 

where 𝐸& is the modulus of the purely elastic solid spring arm. The constitutive 

equations of the first and second viscoelastic Maxwell arms are: 

𝜎+ = 𝜇+
"-!
"$
− )!

*!

"#!
"$

            (Eq. A4) 

𝜎, = 𝜇,
"-"
"$
− )"

*"

"#"
"$

            (Eq. A5) 

where 𝐸+ and 𝐸, are the moduli of the solid springs in the first and second Maxwell 

arms, respectively, and 𝜇+ and 𝜇, are the viscosities of the fluid dashpots in the first 

and second Maxwell arms, respectively. Eqs. A1.4 and A1.5 show that the solid springs 



 

 

100 
 

with moduli of 𝐸+ and 𝐸,  in the two Maxwell arms may affect the stresses on the two 

Maxwell arms through the change in stress with time (i.e., "#!
"$

 and "#"
"$

) instead of their 

strains (i.e., 𝜀+ and 𝜀,), indicating that 𝐸+ and 𝐸, in the two viscoelastic Maxwell arms 

do not contribute to the intrinsic elastic modulus of the second-order SLS model system 

that is not dependent on time or amount and is solely represented by 𝐸&. The 

constitutive equation of the second-order SLS model, given as Eq. 2.1 in the main text, 

can be found by combining Eqs. A1.1-A1.5 to find the expression for the total stress 

and strain as a function of time without the stresses and strains on the three arms. The 

constitutive equation of the first-order SLS model given in Figure A1.2 can be derived 

similarly. 

 

Figure A1.2 Viscoelastic model fitting with the first order standard linear solid (SLS) 
model. A, Diagram of the first order standard linear solid (SLS) model used for fitting 
experimental data. The model is composed of a purely elastic solid spring (𝐸!) arm in parallel 
with one viscoelastic Maxwell arm (a solid spring in series with a fluid dashpot). The solid 
spring in the Maxwell arm has an elastic modulus (𝐸") and the fluid dashpot has a viscosity 
(𝜇"). The stress and strain are indicated as 𝜎 and 𝜀, respectively. B-C, Stress relaxation response 
of cat ovarian cortex (B) and, medulla (C). Stress is normalized to the maximum stress 
experienced at time 0. Experimental data (black) shown with model fitting results using the 
first order SLS model (blue). The first order SLS model shows poor fitting to the experimental 
data. 
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Determination of the constants in the general solution to the second-order SLS 

model for stress relaxation 

To find the two constants 𝜎+,% and 𝜎,,% in the general solution to the second-order SLS 

model for stress relaxation given in Eq. 2.3 in the main text, the following initial 

conditions can be used: 

t = 0, 𝜎 = 𝜎%                                                        (Eq. A1.6) 

t = 0,  "#
"$
= "#

"$
/
%
≠ 0                                                     (Eq. A1.7) 

where both 𝜎% and "#
"$
/
%
 are nonzero constants for the stress and the slope of stress 

versus time at time 0, respectively. The stress relaxation data shown in Fig. 2.5A-B 

show that "#
"$
/
%
 is nonzero and quite high. Applying the initial condition given by Eq. 

A1.6 to Eq. 2.3 in the main text gives the following: 

𝜎% =	𝐸&𝜀% + 𝜎+,% + 𝜎,,%   (Eq. A1.8) 
 

To apply the initial condition given by Eq. A1.7, the first derivative with respect to 

time can be taken on both sides of Eq. 2.3 in the main text. This gives the following 

equation: 

 
"#
"$
= 𝜎+,% 2−

+
0!
3 𝑒.$ 0!1 + 𝜎,,% 2−

+
0"
3 𝑒.$ 0"1                                 (Eq. A1.9) 

 
Applying the initial condition given by Eq. A1.7 to Eq. A1.9, the following equation 
can be obtained: 
 

"#
"$
/
%
	= − #!,%

0!
− #",%

0"
                            (Eq. 

A1.10) 
 

With Eqs. A1.8 and A1.10, the two constants, 𝜎+,% and 𝜎,,%, can be found as follows: 
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𝜎+,% =	
#%/0"

&'
&(7%

.*#-%

+.)")!
                                                  (Eq. A1.11) 

𝜎,,% = −𝜏,
"#
"$
/
%
− C

#%/0"
&'
&(7%

.*#-%

+.)")!
D 20"

0!
3                                   (Eq. A1.12) 

 
According to Eq. 2.4 in the main text, the equivalent modulus at time zero (𝐸&',%) is as 

follows: 

𝐸&',% = 	𝐸& +
#!,%
-%
+ #",%

-%
                                     (Eq. A1.13) 

Replacing 𝜎+,% and 𝜎,,%, with Eqs. A1.11 and A1.12, respectively, the final equation 

for 𝐸&',% is as follows: 

𝐸&',% = 	𝐸& + 	 C
#%/0"

&'
&( 7%

.*#-%

+.)")!
D 𝜀%E + F−𝜏,

"#
"$
/
%
− C

#%/0"
&'
&(7%

.*#-%

+.)")!
D 20"

0!
3G 𝜀%E 	     (Eq. 

A1.14) 

According to Eqs. A1.13-14, #!,%
-%
≠ 𝐸+; #",%

-%
≠ 𝐸,; and the equivalent modulus at time 

0 is dependent on not only the intrinsic elastic modulus, but also all the viscoelastic 

properties (i.e., 𝜏+ and 𝜏,). Furthermore, per Eq. 2.3 in the main text and Eqs. A1.11-

14, the 𝐸+ always goes together with 𝜇+ as 𝜏+ and 𝐸, always goes together with 𝜇, as 

𝜏, in the solution (or equation) for the time-dependent stress. This indicates 𝐸+ and 𝐸, 

only affect the stress relaxation rates, and they have no impact on the intrinsic elastic 

property that is independent of time. The latter is also clear from Eq. 2.3 in the main 

text, by setting the time to infinity. Therefore, in the SLS model, there is a clear 

demarcation of the elastic and viscoelastic contributions through the purely elastic solid 

arm (𝐸&) and the viscoelastic arms (𝜏+ and 𝜏,), respectively. This allows the 

identification of the possible number of different viscoelastic kinetics (Maxwell arms) 
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by fitting the model with various number of viscoelastic orders (i.e., viscoelastic 

kinetics or Maxwell arms). For example, two different viscoelastic kinetics (Maxwell 

arms) are identified in this study for ovarian tissue because the second-order SLS model 

can give a good fit to the experimental data while the first-order SLS model cannot 

(See Fig. A1.2). 
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Appendix 2: Sand-mediated ice-seeding enhances cryopreservation of human 

induced pluripotent stem cells and mouse preantral ovarian follicles 

 
Movie Captions: 

Movie 3.1: Sand-mediated ice seeding at high subzero temperature visualized with 

cryomicroscopy 

Movie 3.2: Cardiac differentiation of the cryopreserved hiPSCs 

Movie 3.3: Cardiac differentiation of the fresh control hiPSCs 
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Figure A2.1 Differentiation capacity of fresh control hiPSCs. A, The fresh hiPSCs can 
differentiate into cells with typical neural cell morphology (neurites extending out of the cell 
body) after neural differentiation (left) and cells with typical morphology of cardiomyocytes 
(striated pattern). B, The fresh control hiPSCs after neural differentiation show high expression 
of the neural specific protein marker TUJ-1. Cell nuclei are made visible by DAPI staining. C, 
The fresh control hiPSCs after cardiac differentiation highly express cardiac specific protein 
markers cTnT. Cell nuclei are made visible by DAPI staining. D, The teratomas grown from 
fresh hiPSCs contain tissues from all the three different germ layers including ectoderm (neural 
epithelium with hypernucelated neuroectodermal structures), mesoderm (the nidus of cartilage 
with surrounding condensed mesenchymal cells), and endoderm (gut epithelium with 
subnuclear vacuoles and tube -like structure). Scale bars: 100 μm. 
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Appendix 3: Intracellular Delivery of Trehalose for Cell Banking* 

 
Introduction 

As cell-based medicine continues to grow and advance, so does the need for 

effective and safe methods for long-term storage or banking of living cells [202]. 

Currently, the most widely used method for banking cells is cryopreservation, using 

very low temperatures to halt any metabolic and damaging activities. Typical 

cryopreservation requires the use of cell-membrane penetrating cryoprotective agents 

or cryoprotectants (CPAs) to keep the cells safe from injury during the cooling and 

warming processes. Common penetrating CPAs include dimethyl sulfoxide (DMSO) 

and glycerol. However, these agents can be toxic at 37 °C (body temperature), requiring 

rigorous and careful removal from the cells before they can be used therapeutically 

[77]. These washing steps not only add additional time and labor but may also cause 

the loss of some of the precious cells: approximately 10% of total number with each 

wash. Therefore, there is a need for nontoxic agents capable of achieving comparable 

viability of cells post-cryopreservation without the need for washing. 

Trehalose, a disaccharide (342 Da) of glucose, has been found to enable 

organisms in nature to withstand extreme environmental conditions. High 

concentrations of the small molecule have been found in yeast and extremophiles that 

allow them to survive extreme cold and drought [203]. This sugar is hypothesized to 

facilitate survival through two capabilities during dehydration: (1) forming hydrogen 

bonds with and/or promoting hydration of biomacromolecules, acting as water to allow 

 
* Reprinted (adapted) with permission from: Stewart, S., He, X. Intracellular Delivery of Trehalose for 
Cell Banking. Langmuir 35(23) (2018) 7414-7422. Copyright 2018 American Chemical Society. 
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cellular components to retain functional conformation and (2) suspend metabolic 

activity by forming a glassy matrix with extremely low molecular mobility [204].  

Studies have shown promise using trehalose as an extracellular protective agent 

in the media of cells for cryopreservation but failed to match the performance of 

DMSO. Crowe noted that successful cryopreservation requires trehalose to be present 

on both sides of the membrane, however, trehalose is naturally impermeable to the 

mammalian cell membrane [203, 205]. Here we review the different strategies that have 

been explored to load trehalose into mammalian cells for effective cryopreservation, 

desiccation, and lyopreservation, as summarized in Table A3.1. 

 

Table A3.1. Summary of methods for delivery of trehalose into mammalian cells and 
their corresponding advantages and disadvantages. 
 

Method Advantages Disadvantages 
 
Phospholipid-Phase 
Transition via thermal, 
osmotic, or electric 
stress[183, 206-216]  

 
Control of trehalose 
loading by manipulating 
concentration gradient 
 
Increasing membrane 
permeability  

 
Non-specific membrane 
permeability 
 
Cytotoxicity and 
membrane stability 
concerns due to thermal, 
osmotic, and electric shock 
to cells  

 
Fluid-Phase 
Endocytosis[217-219] 

 
Taking advantage of the 
natural cell drinking 
process 

 
Long incubation time 

  
Loading only small 
amounts of trehalose 

   

Gene expression[220, 221] Endogenous expression of 
trehalose 

Adenoviral vector 
cytotoxicity    
Requiring genetic 
modification of cells 
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Engineered pores and 
channels[222-227] 

 
Reversible based on 
external stimuli 

 
Non-specific membrane 
permeability   

Controllable influx of 
trehalose by manipulating 
concentration gradient 

Use of exogenous, 
bacterial derived-protein  

  
Overstimulation of ATP 
receptors linked to 
apoptosis, necrosis, 
neoplasia     

TRET1 Transporter[228, 
229] 

Selective transport of 
trehalose across membrane 

Requiring genetic 
modification of cells 

   

Microinjection[201, 230-
232]  
 
 
  

Direct insertion of 
controlled amount of 
trehalose into large cells 
such as oocytes and early 
embryos 

Not practical for small 
somatic cells or large 
number of cells 

 
Polymers and 
peptides[233-237] 

 
Loading high amounts of 
intracellular trehalose 

 
Non-specific membrane 
permeability  

 
Increasing membrane 
permeability 

 
Long incubation time 

  
 
Cytotoxicity concerns 

   

Liposomes[238-240] Biocompatible with cell 
membrane 

Loading only small 
amounts of trehalose 
 
Poor stability 

   

Nanoparticles[81, 241]  Specific transport of high 
amounts of trehalose 
 
Utilizing endocytosis that 
is the natural process of 
cell eating 
 
No modification to cells 

Long (up to 1 day) 
incubation time 

 
Ultrasound[242] 

  
Affects cell morphology 
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Increased membrane 
permeability 
 
 
 
 
  

 
Non-specific membrane 
permeability 
  

 
Engineered trehalose[243] 

 
Trehalose-derivative 
becomes permeable to cells 
 
Natural machinery can 
digest derivative into 
trehalose 

 
Possible build-up of 
trehalose-derivative due to 
limiting esterases 
 
 

 

Phospholipid Phase Transition 

One of the first approaches developed to achieve an intracellular concentration 

of trehalose in mammalian cells was to increase the permeability of the cell membrane 

through induction of a phospholipid phase transition [206]. Thermal, osmotic, and 

electrical stress have been studied as induction methods to elevate membrane 

permeability and allow the transport of trehalose into the cells. 

Thermal Stress Induced 

Concentrated efforts to introduce trehalose into the cytoplasm of mammalian 

cells began with the efforts of Beattie et al. to cryopreserve pancreatic islets [206]. The 

group took advantage of the lipid phase transition of the islet cell membrane, cooling 

the cells before freezing in a solution with high-concentration of trehalose. As the islet 

cells pass through the thermotropic lipid phase transition, their membranes experience 

elevated permeability to allow an influx of trehalose diffusing down its concentration 

gradient from the surrounding environment. Trehalose entered the cells increasingly as 

an inverse function of temperature. After cryopreservation, islets show good post-thaw 
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viability and function just as well as freshly transplanted islets post-implantation in a 

rat model. 

Thermal shock has also been investigated as a means for trehalose entry by 

several groups. Human foreskin fibroblasts, both adherent and in suspension, were 

incubated on ice for 5 minutes along with 50 mM trehalose solution [207]. 

Internalization or binding of trehalose to the cell membrane was shown, but the method 

was associated with high levels of cytotoxicity. Hyperthermic temperatures have been 

explored to load suspended primary rat hepatocytes with trehalose, with cell suspension 

incubated on ice for 10-15 minutes, supplied with poration solution containing medium 

and trehalose, and then placed alternately in 0 °C (ice) and 39 °C (water) every 10 

minutes for up to 2 hours [208]. Hepatocytes showed a significant amount of trehalose 

in the cytoplasm (~0.13 M), high viability (83%), and normal morphology and 

function.  

Studies have also shown that freezing can promote cellular uptake of trehalose 

and have a beneficial impact on cryopreservation [183, 209-211]. In a study on 

cryopreservation of red blood cells (RBCs) with trehalose, post-thaw survival was 

found to increase with increasing intracellular trehalose. The sugar likely passes 

through the membrane during a membrane phase transition during cooling [211]. 

Wolkers et al. suggested a freezing-induced membrane phase transition in the study of 

cryopreservation of human platelets using solely trehalose as the CPA served to allow 

the entry of trehalose into the cells [183]. The Wolkers group further studied this 

behavior in fibroblasts, showing that trehalose was taken up by the cells during freezing 

and thawing with a loading efficiency of close to 50% and this loading conferred 
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cryosurvival during a narrow range of cooling rates [209]. The research group then 

studied the uptake of trehalose by fibroblasts and how it affected their survival after 

freeze-drying [210]. Although no viable cells were recovered after freeze-drying 

trehalose-laden fibroblasts, they did observe that the sugar molecule reduces damage 

caused to DNA. 

Osmotic Stress Induced 

 Satpathy et al. combined both phospholipid phase transition of RBC 

membranes during both cooling and osmotic imbalance to load up to 40 mM of 

trehalose into RBC cytoplasms [212]. They first attempted to load RBCs with trehalose 

via incubation in isotonic solution at 37 °C but found that intracellular trehalose 

concentration greatly increased after incubation in extracellular solution with a 

trehalose concentration well above the isotonic condition. The loading conditions were 

found to be both time and temperature dependent, and incubation time of 7 hours was 

sufficient to reach 40 mM intracellular trehalose. This exposure to hypertonic solution 

resulted in a morphology change of RBCs compared to freshly isolated RBCs; 

trehalose-loaded RBCs were not of equal size and abnormally shaped. 

 Zhou et al. sought to improve loading of trehalose into RBCs via manipulation 

of the difference in osmotic pressure and concentration between the inside and outside 

of the cells [213]. To increase osmotic pressure inside, RBCs were dehydrated in 

hypertonic glucose. Then after, to allow trehalose to enter the cells, RBCs were 

incubated in hypotonic trehalose solutions. Trehalose uptake by the cells increased with 

increasing osmotic pressure difference, with intracellular trehalose concentration 

reaching 43.2 mM when the osmotic pressure difference was 1369.8 mOsm. Although 
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this method allowed for successful trehalose uptake, hematology study showed that 

dehydrated RBCs had a 13.7% MCH, or mean cell hemoglobin, compared to fresh 

RBCS. This means that some hemoglobin molecules escaped the RBCs during the 

loading process. These modifications, as well as the small amounts of trehalose 

introduced from high levels of osmotic stress, may make this strategy ill-suited for RBC 

cryopreservation. 

 Osmotic manipulation has been studied to load trehalose into cell types other 

than RBCs; Reuss et al. explored the use of osmotically caused volume changes in 

human T-lymphocytes to load sugars, including trehalose, into the cytoplasm [214]. 

They took advantage of the cell’s ability to regulate its volume, through a process 

known as regulatory volume decrease (RVD), where initial cell swelling induces 

activation of membrane channels that allow the influx/efflux of water and ions. These 

volume sensitive channels can also be leveraged to introduce small molecules into the 

cell cytoplasm, leading the group to explore how exposure to hypotonic solutions could 

allow for sugar uptake by the cells. They found when cells were exposed to 200 mOsm 

media, the membrane permeability to carbohydrates remained poor. However, when 

the osmolality was decreased to 100 mOsm, the membrane permeability dramatically 

increased, but only to monomeric carbohydrates. Trehalose influx, therefore, was very 

poor, and the cells did not reach high intracellular trehalose concentrations. This 

method could be used to introduce other sugars, like inositol and sorbitol, into the 

cytoplasm. 

Electrical Stress Induced 
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 Electropermeabilization, also known as electroporation or electroinjection, has 

been used to elevate membrane permeability and introduce foreign molecules into cell 

cytoplasm that are otherwise impermeable [244]. Through the application of a short, 

external electrical field pulse, the cell membrane can be transiently and reversibly 

increased. Cell viability could be enhanced by manipulating pulse parameters, like field 

strength, duration, and number of pulses.  

 Shirakashi et al. loaded mouse myeloma cells with trehalose via 

electropermeabilization with applications for cryo- and lyopreservation [215]. With 

mild field-pulse conditions, membrane permeability was indeed elevated, and cells 

could be safely loaded with up to 100 mM trehalose when incubated in a trehalose-

laden medium. Studies showed that higher amounts of trehalose could be loaded into 

the cells via higher field strength and pulses. However, this came at the expense of cell 

viability, which showed a sharp decrease when the field strength increased to 3.5 

kV/cm. This method has the advantage of loading speed—only 10-15 minutes of post-

pulse incubation was necessary to load trehalose into the cells. However, as with other 

methods that target membrane permeability, the resulting trans-membrane molecule 

transport is not restricted to trehalose. Cell membranes may become osmotically fragile 

afterwards, which would affect the cellular responses during freezing and thawing.  

 Later, Dovgan et al. explored the use of electroporation to load trehalose into 

human-adipose derived stem cells (hADSCs) and how it affected cryosurvival [216]. 

Cells were electroporated in buffer containing either 250 or 400 mM trehalose. They 

evaluated molecule uptake by studying the uptake of propidium iodide (PI), 

fluorescence molecule with a molecular weight similar to trehalose. Similar to results 
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of Shirakashi et al., they found that PI uptake increased with increasing electric field. 

The uptake of PI reached a plateau at 2 kV/cm and increasing the electric field further 

only decreased cell recovery post-electroporation. Cells cryopreserved after 

electroporation at 1.5 kV/cm and incubation in 250 or 400 mM trehalose showed 83 or 

78% post-thaw recovery, respectively. The hADSCs cryopreserved via the 

conventional DMSO method (10% DMSO in 90% fetal bovine serum), showed a post-

thaw recovery of 91%. Although this value was not statistically significantly different 

from that obtained from the trehalose-laden cells, this method comes with cytotoxicity 

concerns from the electric field that rival those found with DMSO. This study did not 

measure intracellular concentration of trehalose, so the amount of trehalose able to be 

loaded into the cells via this method and its cryoprotective effect on hADSCs is 

unknown.  

 

Fluid-Phase Endocytosis 

 One way that cells can probe and monitor the environment around them is 

through a non-specific “cellular drinking” method known as fluid-phase endocytosis. 

This mechanism is not prompted by specific binding of membrane receptors and 

involves the cell intaking some of its environment and internalizing it with a vesicle 

pinched off from the plasma membrane. This cellular process has been taken advantage 

of to load trehalose into mammalian cells, by simply incubating cells in the presence 

of a high extracellular concentration of trehalose.  

 Wolkers et al. studied the loading of trehalose into human platelets via fluid-

phase endocytosis and subsequent effect on survival after lyophilization [217]. When 
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incubated in a high extracellular trehalose concentration at 37 °C, human platelets were 

able to internalize trehalose, measured using the anthrone reaction. Intracellular 

trehalose concentration increased with the length of incubation, with a loading 

efficiency reaching almost 60% after 4 hours of incubation. Maximum intracellular 

concentration reached 15 mM, which allowed high recovery rates of platelets post-

lyophilization, reaching up to 88%. However, a good portion of these recovered cells, 

at the highest rate, were partially lysed or balloon-shaped. Researchers found that 

lyophilization parameters (prehydration of lyophilizate over water vapor) and initial 

platelet concentration had large effects on platelet recovery. Platelets loaded with 

trehalose, lyophilized, and rehydrated showed a thrombin response almost identical to 

fresh platelets. This study showed that low amounts of intracellular trehalose may be 

able to confer protection during lyophilization. Oliver et al. investigated loading human 

mesenchymal stem cells (MSCs) with trehalose via fluid-phase endocytosis and saw 

that the cells were able to uptake the sugar molecule, dependent on temperature, 

incubation time, and extracellular trehalose concentration, loading approximately 20-

30 mM trehalose into the cytoplasm [218]. They did not further assess cryo- or 

lyopreservation of the trehalose-laden cells.  

Zhang et al. furthered Oliver et al.’s work, loading MSCs with trehalose via 

fluid-phase endocytosis and adding PVP40 as an additional protectant for 

lyophilization [219]. The intracellular trehalose concentration reached roughly 14 mM 

after 24 hours of incubation in 100 mM extracellular trehalose solution. The cells were 

then lyophilized, and recovery rates were examined 12 hours after rehydration and 

plating. The highest recovery rate achieved was almost 70%. However, the MSCs 
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recovered from lyophilization had significantly impaired abilities to adhere and 

proliferate and all died within one week. These preliminary studies suggest that lower 

amounts of intracellular trehalose may be suited for lyophilization but did not confer 

sufficient lyoprotection in these cases for healthy, proliferating cells post-rehydration. 

This loading method requires long incubation times that result in very low intracellular 

trehalose concentrations, seeming more time-consuming to offer a small payoff 

compared to other methods. This approach would most likely not be best suited to reach 

intracellular trehalose concentrations that would help offer cryoprotection to many 

mammalian cells. 

 

Gene Expression 

Some groups have taken a genetic engineering approach to achieving high 

concentrations of intracellular trehalose by enabling mammalian cells to endogenously 

synthesize trehalose. This was achieved by transfecting them with genes found in 

anhydrobiotic organisms. In Escherichia coli, trehalose synthesis is controlled by the 

otsA/B locus. This genetic sequence encodes otsA (trehalose 6-phosphate synthase), 

which catalyzes the synthesis of trehalose-6-phosphate, and otsB (trehalose 6-

phosphate phosphatase), which catalyzes the formation of trehalose [245]. The 

referenced trehalose synthesis pathway can be seen in Figure A3.1. To achieve 

trehalose expression in mammalian cells, Guo et al. transfected human primary 

foreskin fibroblasts with an adenoviral vector expressing otsA and otsB [220]. Results 

from their study showed trehalose expression increased with increasing adenoviral 

vector multiplicity of infection (MOI), reaching 1-1.5 nmol trehalose per 106 cells. 
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However, as the MOI increased, cell viability decreased due to toxicity from the 

adenoviral infection. After transfection with different MOI’s, the group explored the 

effect of trehalose expression on desiccation tolerance and found cells with a MOI of 

200 could maintain 60% viability post rehydration after 24 hours. Viability dropped as 

the length of time increased, and no cells were viable past 5 days of desiccation. 

  

Figure A3.1. Metabolic pathway for synthesis of trehalose. UDPG, Uridine diphosphate. Guo 
et al. [220] refer to trehalose 6-phosphate synthase and phosphatase as otsA and otsB, 
respectively.  

 

Garcia de Castro et al. transfected a mouse fibroblastoid cell line (LMTK-) with 

heat-shock inducible otsA and otsB genes amplified from E. coli [221]. Intracellular 

trehalose increased steadily in LMTK-s after heat shock, reaching a maximum of 

approximately 80 mM. Trehalose concentration rapidly declined after 30 hours post 

heat shock, attributed to the limited period that the synthesis genes are active after heat 

shock. Transfected cells showed improved osmotolerance when subjected to hypotonic 

conditions, but could not survive desiccation despite containing a much higher amount 

of intracellular trehalose than the fibroblasts studied by Guo et al.  
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Although both groups successfully engineered mammalian cells to express 

trehalose endogenously, this approach to achieving an intracellular trehalose 

concentration does not translate well to cryo- and lyopreservation of cells. Editing the 

genome of cells intended for clinical or therapeutic applications may cause issues with 

cell function and raise safety concerns with stem cell regulatory agencies, further 

hindering or halting use of the preserved cells to treat diseases. The concentration of 

intracellular trehalose achieved in these studies also would most likely not be high 

enough to provide for sufficient cell protection from freezing damage during 

cryopreservation. 

 

Engineered Pores and Channels 

 Trehalose has also been introduced into mammalian cytoplasm by creating 

pores and channels in the cell membrane. Toner et al. took advantage of a cell 

membrane porating agent derived from Staphyloccus aureus, a genetically engineered 

endotoxin called a-hemolysin, to generate pores in the lipid bilayers of both fibroblasts 

and keratinocytes to allow for trehalose influx [222, 223]. These membrane pores, 

known as H5, allowed reversible elevated membrane permeability—they were able to 

be switched on or off by the removal or addition of small concentrations of Zn2+, 

preventing cell lysis from too much solute influx.  This method generated intracellular 

trehalose concentrations of up to 0.5 M within one hour of exposure to extracellular 

trehalose solution of the same molarity [224]. Loading low concentration (0.2 M) of 

trehalose into fibroblasts and keratinocytes via the H5 technology allowed for 

cryopreservation with trehalose as the sole CPA. Long-term post-thaw survivals were 
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80% for fibroblasts and 70% for keratinocytes [223]. Buchanan et al. expanded upon 

this work with H5 technology to use intra- and extracellular trehalose as the sole CPA 

for a human hematopoietic cell line (acting as a surrogate for stem cells). They found 

that colony-forming units generated from trehalose-frozen cells were not significantly 

different from those generated from DMSO-frozen cells [225]. Although H5 allowed 

for cell membrane permeabilization and cryopreservation, the exogenous, bacteria-

derived pore protein would need to be removed before the cells could be used for any 

cell-based therapy or clinical application, as it could generate an undesired immune 

response. This may limit the clinical translation of the technology. 

 Several groups have investigated the activation a transmembrane cell receptor, 

P2X7 (synonymous with P2Z), in order to form non-selective pores in the plasma 

membrane that allow the influx of small molecules, namely trehalose [226, 227]. P2X7 

is a purinergic receptor channel, opening in the presence of extracellular ATP and 

closing upon addition of magnesium [226]. P2X7 is best known for its expression on 

antigen-presenting immune cells, but has ubiquitous distribution in almost all tissues 

and organs of the body, allowing for poration of a great number of cell types [246]. 

Buchanan et al. activated the P2Z receptor to achieve 200 mM trehalose in 

hematopoietic progenitor cells and attempted cryopreservation [226]. Trehalose-

preserved cells generated 90% of colonies produced by the untreated control cells, 

compared to DMSO-preserved cells that generated only 70% of colonies produced by 

the untreated control. Elliot et al. explored the use of the P2X7 channel to safely 

achieve up to 50 mM intracellular trehalose concentration in mouse macrophages 

[227]. Cells were subsequently desiccated over a range of moisture contents and 
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showed better next-day survival than control cells. While this strategy is advantageous 

in that it leverages native cell machinery to load trehalose, increasing poration times 

showed large decreases in cell survival, and maximizing intracellular trehalose 

concentration meant sacrificing cell viability. Both nonselective membrane openings, 

H5 and P2Z/P2X7, could allow not only the influx of trehalose but simultaneously the 

influx and efflux of undesired molecules. Concerns have also been raised due to 

evidence that stimulation of the P2X7 receptor could lead to apoptosis, necrosis, or 

neoplasia [247, 248]. 

 

TRET1 Transporter 

 Organisms that use trehalose to survive extreme conditions possess the 

necessary machinery to transport the small molecule across their cell 

membranes. Polypedilum vanderplanki larvae are anhydrobiotic rock pool dwellers 

that survive desiccation and rehydration. During environmental stresses, approximately 

20% of their dry mass is accumulated as trehalose [249-251]. Based on these 

observations, researchers isolated a gene from these organisms that encodes a 

facilitated trehalose transporter, known as TRET1 [252]. When expressed in mouse 

oocytes, TRET1 allowed the cells the specific, bidirectional, and high-capacity 

transport of trehalose across the plasma membrane. Chakraborty et al. used TRET1 to 

load trehalose into Chinese hamster ovary (CHO) cells and saw great improvement in 

desiccation tolerance compared to control CHO cells [228]. Uchida et al. further 

studied CHO-TRET1 cells in the context of cryopreservation and found that their post-

thaw viabilities were much improved compared to CHO cells transfected with an empty 
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vector [229]. This use of TRET1 enables achievement of high intracellular trehalose 

concentration, specific transport of solely trehalose without influx or efflux of other 

small molecules, control over intracellular concentration by changing the gradient 

created by extracellular trehalose, and ease of transgenesis into cells due to its single 

gene product nature. However, genetically modifying cells for improved cryo- and 

lyopreservation might not translate well into clinical applications for cell-based 

therapies. 

 

Microinjection 

 The most direct approach studied for loading of trehalose into mammalian cells 

is to microinject the small molecule directly into the cytoplasm of each individual cell. 

Eroglu et al. successfully delivered trehalose into discarded human oocytes and froze 

them in the presence of extracellular trehalose [201]. Subsequent study of the trehalose-

laden oocytes revealed good survival after cryopreservation. Because of the large size 

of oocytes (~100 µm in diameter) and typical small sample quantity (only tens to 

hundreds), these cells are great candidates the for microinjection approach and the 

delivery was successful [230-232]. However, this approach has limitations for 

applications to other types of eukaryotic mammalian cells, which are typically much 

smaller (less than 20 µm in diameter) and in much greater quantity (over millions).  

 

Polymers and peptides 

 Synthetic polymers have been investigated as facilitators of trehalose into 

cytoplasm by interacting with the cell membrane and temporarily increasing 
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permeability[233-237].  Amphipathic polymers with weakly ionizable carboxyl acid 

side groups and hydrophobic side chains have garnered interest because of their high 

affinity for lipid membranes and ability to elevate membrane permeability by 

mimicking viral peptides as well as promote endosomal escape [253, 254]. The most 

popular biopolymer investigated for trehalose-loading has been PP50, composed of 

biodegradable poly(L-lysine iso-phthalamide) (PLP) grafted with L-phenylalanine [255]. 

PP50 has been greatly explored as a method for loading trehalose into RBCs for desiccation 

tolerance and cryosurvival [233, 235, 256]. This method allowed for a cytoplasmic trehalose 

concentration of 123 mM in erythrocytes that, along with the presence of extracellular 

trehalose, resulted in a 20% increase in post-thaw viability compared to erythrocytes 

without cytoplasmic trehalose [233]. Elevated membrane permeability was able to be 

reversed by washing in PBS.  Longer incubation times increased intracellular trehalose 

concentration, however, they also increased the incidence of hemolysis. Although this 

method increased erythrocyte post-thaw survival to roughly 80%, membrane 

permeabilization was not specific to solely trehalose and could allow for both the influx and 

efflux of other small molecules. The hemolysis observed in reaction to PP50 was 

undesirable, and the biopolymer would need to be removed from the cells before any clinical 

application, necessitating a tedious washing procedure. 

 Sharp et al. and Mercado et al. extended the use of PP50 for trehalose loading from 

red blood to a nucleated cell line derived from human osteosarcoma (SAOS-2)[234, 236]. 

PP50 was able to safely and effectively load trehalose into the nucleated human cell line. 

Cells cryopreserved with a combination of PP50 and an extracellular trehalose 

concentration showed improved post-thaw survival compared to cells preincubated in 
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trehalose without the polymer [236].  However, cells preserved in the standard 

cryopreservation protocol, DMSO, showed significantly higher post-thaw viability than 

PP50-cryopreserved cells (80% versus 60%) [234]. 

 Wei et al. explored the use of a cell penetrating peptide (CPP) to deliver 

trehalose into mouse embryonic fibroblasts [237]. They designed a new CPP based on 

molecular dynamics simulations, with conformations shown in Figure A3.2, and the 

resulting sequence contained many amino acids that allowed the coupling of trehalose 

through non-covalent bonding. This cargo-coupling allowed specific transport of 

trehalose into the cell, different from the non-specific membrane permeability induced 

by PP50. This peptide enabled the delivery of trehalose into the cytoplasm, up to a 

concentration of 20 mM after 2 hours of incubation. The novel CPP did not exhibit 

significant toxicity to mammalian cells even at high concentrations. The intracellular 

trehalose concentration achieved here would probably not sufficient for effective 

cryopreservation of mammalian cells. Cell types more stress-sensitive than fibroblasts 

may also not react well to the possibly cytotoxic CPP.  

 

Figure A3.2. The molecular simulations for the binding conformations of trehalose-heparin-
CPP to deliver trehalose into mammalian cells. Trehalose is indicated in green, heparin in blue, 
and the peptides in red. Adapted from: Wei, Y., Li, C., Zhang, L. & Xu, X. Design of novel 
cell penetrating peptides for the delivery of trehalose into mammalian cells. Biochim. Biophys. 
Acta - Biomembr. 1838, 1911–1920 (2014). Copyright 2014 Elsevier. 
 

Liposomes 
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 Used in disciplines ranging from medicine, biology, and pharmaceutical 

science, liposomes are spherical vesicles composed of a lipid bilayer that encloses an 

aqueous compartment. The liposomes have applications as a delivery vehicle for drugs 

and other bioactive substances into cells [238]. Because of their structure and 

biocompatibility, liposomes have been investigated as a carrier for trehalose into the 

cytoplasm of mammalian cells [211, 238, 239]. Fluorescence and spectrophotometry 

studies of labelled trehalose-containing liposomes conducted by Holovati et al. 

suggested that liposomes could permeabilize human RBC membranes and safely 

deliver trehalose into the cytosol [238]. However, this method could only deliver 

micromolar concentrations of trehalose inside the cells. Holovati et al. further extended 

the study of these liposomes to examine their effect on RBC response to freezing and 

post-thaw membrane quality. Interestingly, they found improved post-thaw recovery 

of RBCs due to the application of liposomes, not their delivery of trehalose into the 

cytosol [239]. Liposomes loaded with trehalose and liposomes loaded with saline 

showed similar post-thaw recovery for the RBCs. It is important to note, however, that 

these trehalose-laden liposomes were only able to deliver approximately 15 mM 

trehalose into the cytosol of the RBCs, which may not have been enough to provide 

sufficient protection from cryoinjury.  

Trehalose-laden liposomes have also been used to cryopreserve stem cells 

obtained from human umbilical cord blood43. Motta et al. tested different conditions of 

intracellular and extracellular trehalose along with DMSO [240]. They found that intra- 

and extracellular trehalose, with addition of a small amount of DMSO, improved 

cryopreservation of HSCs in terms of post-thaw viability and stemness similar to 
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DMSO. Intra- and extracellular trehalose delivered by the liposomes alone did not 

improve cryopreservation compared to the control. Although these results are 

promising, liposomes may not be able to load high amounts of trehalose into other types 

of mammalian cells, and resulting membrane permeabilization may be nonspecific, 

allowing entry or escape of other small molecules into or out of the cells. In addition, 

liposomes are not stable in aqueous solutions and they may coalesce to form large 

vesicles. 

 

Nanoparticles 

 Research into the field of nanotechnology has garnered much interest, with 

applications of nanoplatforms ranging from food and water safety to regenerative 

medicine [41, 257]. Nanoparticles have been investigated as drug vehicles for delivery 

of chemotherapy, enabling protected delivery of small molecules across the cancer cell 

membranes [258]. Researchers have used this approach to deliver trehalose across cell 

membranes to achieve high intracellular trehalose concentrations [81, 241]. Zhang et 

al. developed a thermally responsive polymeric hydrogel nanocapsule for the 

encapsulation and delivery of trehalose into fibroblasts  [241]. Nanocapsules were 

synthesized from Pluronic F127 (PF127), a triblock copolymer that can self-assemble 

in aqueous solution in a temperature-dependent manner, and polyethyleneimine (PEI), 

an endosomolytic cationic polymer found useful in cytosolic gene delivery[259-261]. 

Trehalose was successfully encapsulated in the nanocapsules; the capsules remained 

stable and held the trehalose inside during cellular uptake at 37 °C and then remained 

in the cytoplasm. Quick release of trehalose was enabled by thermally cycling the 
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nanoparticle between 37 °C and 22 °C and fibroblasts showed an intracellular trehalose 

concentration of up to 0.3 M after a 40-minute incubation. Neither the nanoparticles 

nor thermal cycling (cold shock at 22 °C) showed significant toxicity to the cells. 

Although this method achieved a high intracellular trehalose concentration in a short 

incubation time, the nanocapsule synthesis process was very involved and required 

many steps, following a tedious soaking-freezing-drying-heating procedure to 

encapsulate the trehalose. The fact that room temperature can induce release of 

trehalose from the nanocapsules makes it very difficult to handle the trehalose-laden 

nanocapsules for further use. 

 Rao et al. built upon the work with thermally responsive nanoparticles to deliver 

trehalose into hADSCs and cryopreserve them [81]. In a previous work, Zhang et al. 

improved upon the PF127 nanoconstruct by using chitosan, a naturally derived, 

biocompatible polysaccharide commonly found in seafood [262], as a crosslinker 

[263]. Rao et al. further improved upon this work by further cross-linking the 

nanoparticles with genipin to prevent release of trehalose from the nanocapsules at 

room or lower temperature. Instead, a pH responsive release of trehalose from the 

nanocapsules at 37 °C could be achieved [81]. The schematic for encapsulation of 

trehalose in the nanoparticle is shown in Figure A3.3.  
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Figure A3.3. A schematic illustration of the procedure for encapsulating hydrophilic (i.e., 
water-soluble) trehalose in genipin-crosslinked Pluronic F127-chitosan nanoparticles (GNPs) 
to obtain the nanoparticle-encapsulated trehalose (nTre). After genipin crosslinking, the 
solution turns from light brown for the aqueous solution of Pluronic F127-chitosan 
nanoparticles (NPs) into blue for the aqueous solution of GNPs. The GNPs are pH responsive 
in size at 37 °C although they are not as thermally responsive in size at pH 7 as the Pluronic 
F127-chitosan NPs. The size (diameter) shown at various temperatures and pH values is for 
nTre made with a feeding ratio of 1:10 (trehalose:Pluronic F127-chitosan NPs) in weight. 
PPG: poly(propylene glycol); PEG: poly(ethylene glycol); and PBS: phosphate buffered 
saline (1x by default). Reprinted with permission from Rao et al [81]. Copyright 2015 
American Chemical Society. 
 

Cumulative release of trehalose from the pH-responsive nanoparticles was increased at 

a pH of 5 compared to a pH of 7. Late endosomes are known have an acidic pH, so the 

faster release of trehalose from the nanoparticles at pH 5 facilitates trehalose release in 

mammalian cells after cellular uptake. hADSCs were shown to uptake the nanoparticles 

and their viability was not affected by the nanoparticles themselves. Subsequent 

cryopreservation of trehalose-laden hADSCs showed comparable post-thaw viability 

to those cryopreserved with the conventional DMSO treatment. hADSCs also retained 

their stemness, shown by no significant difference in expression of stem cell genes and 
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markers and differentiation into osteo-, adipo-, and chondrogenic lineages. 

Nanoparticle-mediated delivery of trehalose shows great promise for cryopreservation 

of cell-based therapies, as no possibly harmful modification must be made to the cells 

or their membranes. Delivery of trehalose is specific—this method does not involve 

influx or efflux of other small molecules. Possible limitations could be the incubation 

time needed for sufficient intracellular trehalose concentration—in this study, hADSCs 

were incubated with the trehalose-laden nanoparticles for 24 hours before 

cryopreservation. However, nanoparticles designed with cell-targeting modalities and 

quick payload releases could shorten the incubation time needed and make this method 

even more attractive.  

 

Other Methods 

 Zhang et al. explored an experimental method of using ultrasound to load 

trehalose into human platelets [242]. They used different frequencies and exposure 

times to optimize a procedure to load ~30 mM of trehalose into the platelets by applying 

0.8 W/cm2, 25 kHz ultrasound for 30 minutes. Although platelet number and average 

volume were not greatly affected by the ultrasound procedure, radiated platelets 

showed a significantly different morphology from the controls. This method is 

undesirable for cell preservation applications, as the membrane permeability is non-

selective for trehalose, and ultrasound may also compromise activity or change 

morphology of different cell types as well.  

 Abazari et al. took a different approach to trehalose loading—instead of 

focusing on manipulating the cell or its membrane, they engineered trehalose itself to 
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become permeable to mammalian cells [243]. Conjugating the small molecule with six 

acetyl groups facilitated trehalose uptake into primary rat hepatocytes more efficiently 

than unmodified trehalose. Once inside the cell, the trehalose derivative could be 

deacetylated by non-specific esterases located inside the cell to yield trehalose. 

Although this method allowed for extremely efficient trehalose delivery, it raises some 

concerns about undesired cellular effects. Because the deacetylation of the modified 

trehalose occurs by a limited number of cell esterases, an accumulation of the trehalose 

derivative could occur that may produce harmful effects or not confer cryoprotection. 

Introduction of this modified molecule into cells intended for clinical use may also 

incur some risk. 

 

Outlook and Conclusions 

 If cells are to be banked for research and clinical applications, it is desired that 

protective agents and the preservation process not greatly affect their structure and 

functionality. Additionally, ideally preserved cells would be ready for use immediately 

upon thawing, without the need to remove any agents from the cells or perform other 

processing steps. Protective agents and the methods for applying them to the cells also 

should not cause significant cytotoxicity or damage to the cells. If trehalose is to be 

used as an effective cryo- or lyoprotectant for preserving cells and tissues, its loading 

method should not significantly alter the cell structure or function, or cause cell damage 

or death. Methods that allow for selective entry of trehalose are also preferred, as the 

influx or efflux of other undesired small molecules could have a negative impact on the 

cells. Approaches that allow for quick trehalose uptake are preferred, as 
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cryopreservation of cells is usually desired within one day of procurement. 

Nanoparticles or other encapsulation methods appear to be promising for intracellular 

delivery of trehalose, as they allow for specific delivery of trehalose without 

modification of significant cell structures. Future directions for improving this 

approach include modifying the nanoparticle design to allow for faster and more 

efficient cellular uptake. Nanoparticles designed with a fast payload release could 

improve intracellular trehalose concentrations and cut down on incubation time. Cold-

responsive nanoparticles capable of releasing trehalose upon exposure to cold 

temperatures (i.e., lower than room temperature) experienced by the cells during the 

cooling process would be well suited for cryopreservation applications. Overall, 

trehalose shows much promise as a nontoxic cryoprotectant that does not need to be 

removed from cells prior to applications in research or clinical settings. Much advance 

has been made in developing approaches for delivering the sugar across the plasma 

membrane into cells. The nanoparticle-mediated approach is particularly attractive. 

With further development, it might revolutionize the field by offering an organic 

solvent (e.g., DMSO)-free strategy for cell banking to facilitate the widespread use of 

living cells in modern medicine. 
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