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ABSTRACT 

Magnetic resonance imaging (MRI) provides an effective approach to track the labeled 

pluripotent stem cell (PSC)-derived neural progenitor cells (NPCs) for neural transplantation and 

neurological disorder treatments.  However, labeling the thawed cells after cryopreservation can 

be limited by the inefficient intracellular labeling and variations in labeling efficiency.  Therefore, 

cryopreservation of the pre-labeled cells can provide uniform cell population and operational 

convenience for the following in vitro and in vivo investigations.  In this study, the feasibility of 

cryopreserving PSC-derived NPC aggregates labeled with micron-sized particles of iron oxide 

(MPIO) was investigated.  The NPC aggregates derived from embryoid body formation were 

labeled in suspension with different concentrations of MPIO in the range of 0-100 μg Fe per mL.  

The results indicated that intracellular MPIO incorporation was retained after cryopreservation 

(70-80% labeling efficiency), which did not significantly affect cell recovery, proliferation, 

cytotoxicity and neural lineage commitment.  MRI analysis was performed in the phantom tissue 

environment using cell layers with different MPIO exposures separated by agarose gels.  The 

results showed comparable detectability for the MPIO-labeled cells before and after 

cryopreservation indicated by T2 and T2* relaxation rates.  These findings indicate the feasibility 

of cryopreserving MPIO-labeled PSC-derived NPC aggregates for potential cell banking toward 

various in vitro and in vivo cell tracking studies. 

Key words: Neural progenitor aggregate, pluripotent stem cell, cryopreservation, iron oxide 

particle, magnetic resonance imagin
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CHAPTER 1 

INTRODUCTION 

Recent developments in neural progenitor cells (NPCs) derived from pluripotent stem 

cells (PSCs), including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), 

offer new prospects for neural transplantation and neurological disorder treatments [1-3].  In 

general, the therapeutic NPCs need to be visualized and tracked in order to study the in vivo 

cellular behaviors and the transplanted cell fate [4,5].  Magnetic resonance imaging (MRI) that 

can dynamically evaluate in vivo anatomy/pathology and achieve high resolution and 

longitudinal tracking is a powerful tool to investigate the bio-distribution and migration of the 

transplanted PSC derivatives [5,6].  The transplanted cells are usually labeled with specific 

contrast agents that alter T1, T2 and/or T2* relaxation rates that result in the changes of magnetic 

signals [7], allowing MRI to distinguish the transplanted cells from the surrounding tissues [8].  

Micron-sized particles of iron oxide (MPIO) (0.75 μm and larger) have demonstrated the 

feasibility for stem cell tracking and visualization by MRI in recent years [9,10].  Compared to 

superparamagnetic iron oxide particles (SPIO, 50-120 nm), MPIO exhibit the better particle 

uptake ability and detectability due to the facts that MPIO particles contain a higher level of iron 

and a single MPIO is sufficient for MRI detection [11-13].   

 The clinical applications in neural disease treatments require large quantities of neural 

cells and 3-D neural tissue structures that can be generated from undifferentiated PSCs [14].  The 

abundant number of NPCs can be obtained through large scale PSC expansion, differentiation, 

and cryopreservation [15-18].  NPC spheres, especially the mini-neural tissues/organs, are 

usually derived from PSCs through the formation of embryoid bodies (EBs), the multicellular 

structure that partially recapitulates embryonic development [19-21].  The 3-D neural spheres 
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better preserve the stem cell niche and the functions of neural cells [19].  Our previous studies 

have demonstrated the cryopreservation of 3-D multicellular PSC aggregates and NPC spheres, 

which have shown to maintain the self-renewal ability and/or lineage-specific differentiation 

potential [22,23].  Our previous study also evaluated the cell tracking with MPIO and the cellular 

functions of the labeled fresh cells [24].  However, labeling fresh NPC spheres or the thawed 

cells after cryopreservation with MPIO for each transplantation study may encounter the 

variability in each labeling or low labeling efficiency due to the recovery of the thawed cells 

[25,26].  To provide uniform PSC-derived 3-D NPC spheres for cell tracking and to minimize 

the impact of cell recovery on the labeling efficiency, cryopreservation and banking of MPIO-

labeled PSC-derived NPCs, especially the 3-D multicellular neural aggregates, become a 

necessary step for the subsequent in vitro and in vivo studies [27]. 

 Both cryopreservation and MPIO labeling could induce oxidative stress of the cells and 

affect cell viability and cellular function [28-30].  Especially, PSCs and their derivatives have 

been shown sensitive to the cryopreservation and thaw conditions which could affect cell 

recovery, pluripotency, and lineage commitment [26,31,32].  However, the additive effects of 

cryopreservation and MPIO labeling on PSC-derived NPC spheres have not been well studied.  

To date, there are only a few studies that evaluated the cryopreservation of SPIO-labeled single 

cells [27,33].  To our knowledge, cryopreservation of iron oxide-labeled 3-D multicellular 

structure has not been demonstrated.  Especially, the impacts of cryopreservation on labeling 

efficiency and detectability of intracellular MPIO for neural aggregates have not been well 

characterized. 

This study investigated the effects of cryopreservation and thawing on MPIO retention, 

MRI detectability, and biological functions of MPIO-labeled 3-D NPC aggregates derived from 
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ESCs.  The hypothesis is that the ESC-derived NPC aggregates after MPIO-labeling can 

maintain the intracellular MPIO for MRI tracking and the multicellular structure for efficient 

differentiation after cryopreservation and thaw.  The knowledge gained from this study would 

advance our understanding on the interactions of intracellular iron oxide particles with 3-D NPC 

aggregates during cryopreservation.  The cryopreserved 3-D neural aggregates after MPIO-

labeling are suitable for in vitro analysis and in vivo animal study. 
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CHAPTER 2 

BACKGROUND 

2.1 Differentiation of neural progenitor cells from pluripotent stem cells 

NPCs derived from PSCs possess the great potential to develop restorative treatments for 

neurodegenerative diseases, such as stroke, traumatic brain injury, spinal cord injury, or other 

central nerve system (CNS) disorders. In many cases, the pathological trauma or disorder of 

adult central nerve system (CNS) is unable to be healed and repaired [34-36].  For instance, 

when spinal cord is injured, the motor neurons may lose function permanently, due to the 

inability of the spinal myelin to regenerate [35].  This paralysis leads to the loss of sensation 

below the site of spinal injury, which causes paraplegia or quadriplegia of patients [35].  The 

treatment of spinal cord injury (SCI) can be treated through the cellular therapies by 

transplantation of neural cells with the functionalities (Figure 2.1). PSC-derived NPCs, which 

can be differentiated into primary CNS lineages including neurons, astrocytes, or 

oligodendrocytes, provide a robust source for the cellular transplantation (Figure 2.2). As 

progenitors, these cells can also be cultivated for many passages without losing the 

differentiation capacity in vitro and easily be expanded in scalable process using bioreactors 

[37,38]. The methods for generation of NPCs from PSCs, however, have been studied and 

developed for different cell lines for both mouse ESCs and human PSCs. 

2.1.1. Differentiation of neural progenitor cells from mouse ESCs 

For mouse ESCs, the best-studied neural differentiation protocol is the generation of 3- 

embryoid bodies (EBs) in suspension culture [39,40]. The methods for formation of NPC-EBs 

without treatment of retinoic acid (RA) are depended on the selective medium to eliminate non-

neural cells, which could not grow when cultivating in the selective conditions. The survived 
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nestin-positive NPCs were enriched and differentiated into neurons with majority of γ -

aminobutyric acid neurons and some glutamatergic cells [41]. After treating with Sonic 

hedgehog (Shh) and fibroblast growth factor (FGF)-8, the ESC-derived NPCs were induced into 

dopaminergic neurons (treatment for Parkinson’s disease) and serotogergic neurons [42]. 

Another strategy based on EB protocols was through treating differentiating ESCs with retinoic 

acid to generate motor neurons for SCI therapies [43]. In our lab, we mainly employed to the 4-

/4+ day RA treatment protocol to generate and expand mouse EB-NPCs (Figure 2.3). 

 

 

Figure 2.1 Potential sources of stem/progenitor cells for transplantation into the injured 

spinal cord. Thuret et al., Nat Rev Neurosci, 2006, 7: 628-643. Copyright © 2006, with 

permission from Nature Publishing Group.  
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Figure 2.2 Neural cells from pluripotent stem cells (PSCs). A. Schematic diagram showing the 

neural differentiation derived from PSCs. 

 

2.1.2. Differentiation of neural progenitor cells from human PSCs 

For human PSCs, robust neural differentiation has been observed from various human 

ESC (hESC) and human iPSC (hiPSC) lines, although variations among cell lines exist (Table 

2.1) [1,44,45]. The differentiation of human PSCs (hPSCs) into NPCs has been performed either 

by monolayer induction or by the formation of EBs in suspension, with inducing factors 

including RA, FGF-2, epidermal growth factor (EGF), and Shh etc (Figure 2.4) [46-50]. 

Recently, the synergistic induction using two inhibitors of SMAD signaling, noggin (or 

LDN193189) and SB431642, resulted in efficient neural differentiation for various hPSC lines 

[44,51].  SMADs are intracellular proteins that transduce extracellular signals from TGF-  

ligands to the nucleus where they activate downstream gene transcription.  The derived neural 

progenitors demonstrated the ability to further differentiate into dopaminergic neurons, when 

treated with Shh and FGF8, and motor neurons, when treated with brain-derived neurotrophic 

factor (BDNF), ascorbic acid, Shh, and RA [44]. Both monolayer induction and EB formation 
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methods produced high-purity (>80%) NPCs.  However, the populations obtained in different 

studies had different potential to differentiate into mature neuronal types.  For example, FGF-

2/EGF expanded hiPSC-derived NPCs showed a high tendency to differentiate into -

aminobutyric acid neurons while RA/FGF-2 induced hESC-derived NPCs differentiated easily 

into motor neurons [47,48].  

 

 

Figure 2.3 Neural Progenitor cells (NPCs) derived from mouse ES cells for EB based 

protocol. (A) Schematic diagram showing experimental design of EB-NPCs derived from 

mESCs in suspension culture. (B- I) Representative phase contrast images showing morphology 

of different days (B: day 0, C – I: day 2 to day 8) of formation of EB-NPCs.  (J) Representative 

phase contrast images showing neural differentiation pattern after replating of EB-NPCs at day 3.  

(L – N) Representative Immunocytochemistry staining images of neural specific markers for 

Pax6, nestin and - III tubulin (or Tuj1), respectively (Green = neural markers, blue = hoescht 

4γγγ). Scale bar, 100 μ m. From my preliminary data.  
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Specific neuronal cell types are required for treating particular neurological diseases.  For 

example, protocols of motor neuron differentiation have been developed by several groups due to 

their potentials to treat SCI, amyotrophic lateral sclerosis (ALS), and muscular atrophy etc 

[52,53]. For the applications in treating Alzheimer’s disease, the hiPSC-derived neuronal cells 

were shown to express amyloid precursor protein and capable of secreting A  protein [54]. To 

treat stroke-damaged brain, early-stage neural progenitors expressing nestin, Pax6, and Musashi 

have been used in several studies [46,55,56]. Human ESC-derived NPCs were transplanted into 

the cortex rats after permanent distal middle cerebral artery occlusion.  Some improvements in 

sensorimotor functions were observed but more complicated functions were not restored [46]. 

HiPSC-derived NPCs have also been shown to engraft with little neuroblasts or morphologically 

mature neurons in a rat model [57,58]. Recently, transplantation of hiPSC-derived NSCs 

exhibited functional recovery and electrophysiological properties of mature neurons, and was 

proved to be a safe approach for neuron replacement in stroke-damaged brain [55]. However, the 

cell engraftment and in vivo maturation are yet to be improved.   

Transplantation of NPCs derived from hiPSCs for treating other neurological diseases 

such as ALS and muscular atrophy has also been demonstrated in proof-of-principle studies 

[48,59]. The neural progenitors survived and engrafted in vivo, and the nestin-positive cells 

differentiated into neuronal phenotype and mononeuron-like structure in both wild-type rats and 

the ALS rats harboring a mutated human SOD1 (G93A) gene [59]. To eliminate the risk of 

tumorigenicity of the residual undifferentiated hPSCs, intermediate NPC and NSC lines were 

established from hPSCs, which can be maintained for more than 100 passages [47]. There are 

growing interests in functional NPC differentiation from hPSCs to generate neural cells with 

clinically relevant quality and quantity for preclinical and potential clinical studies [17]. Current 
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challenges include the functional maturation of NSCs and NPCs both in vitro and in vivo [17]. 

Large-scale generation of a specific neural subtype also remains a major challenge for neuronal 

differentiation of hPSCs.  Recreating the stem cell niches enriched with ECMs is being pursued 

to address these challenges [20]. 

 

 

Figure 2.4 Neural Progenitor cells (NPCs) derived from human iPSCs for EB based 

protocol. (A) Schematic diagram showing experimental design of EB-NPCs derived from 

hiPSCs in suspension culture. (B) Representative phase contrast images showing morphology of 

different days (day 5 amd day 8) of formation of EB-NPCs.  (C) Representative 

Immunocytochemistry staining images of neural specific markers for nestin and - III tubulin (or 

Tuj1), respectively ( Green = neural markers, blue = hoechst 33342). Scale bar, 100 μ m. From 

my preliminary data. 

 

 



10 

 

Table 2.1 Protocols and in vivo studies for NPC differentiation from hPSCs. From my 

publication. 

Growth factors Cell source Cell characteristics Reference 

EB-based protocol 

FGF-2/RA/ascorbic 

acid, db-cAMP, HAg 

16 hiPSC lines 13 of the cell lines produced 

functional motor neurons. Treat 

with BDNF, GDNF, CNTF to 

produce motor neurons.(4-15% 

ISL
+
 neurons) 

Boulting et al, 

2011 [45] 

RA/FGF-2 hESC lines: H7, 

hCSC14, 

hCSC14-CL1 

Produce neuronal progenitors 

(>95% nestin and Musashi-1), can 

become cholinergic neurons, 

GABA neurons, etc. 

Nistor et al, 

2011 [48] 

Isolated Rosette 

expanded with 

EGF/FGF-2 

hiPSC lines Generate long-term expandable 

neuro-epithelial like stem cells 

(Lt-NES); in stoke model, the cells 

improved recovery of fine 

forelimb movements. 

Oki et al, 2012 

[55] 

RA/Shh hESC lines H1 

and H9 

To generate motor neurons (50% 

HB9
+
 motor neurons) 

Hu et al, 2009 

[53] 

Monolayer-based protocol 

Noggin and 

SB431542 

hESC line: H9 

hiPSC lines: 

iPS-14, iPS-27 

>80% PAX6
+ 

cells; Shh/FGF8 for 

midbrain dopamine neurons; 

BDNF, Shh, RA, ascorbic acid for 

motor neurons;  

Chambers et al, 

2009 [44] 

Noggin and 

SB431542 

hESC line: H9 

hiPSC line: 

253G4 

Treat BDNF, GDNF, NT-3 for 

forebrain neurons which secrete 

A  for drug screening. 

Yahata et al, 

2011 [54] 

Noggin only; 

FGF-2 may be added 

at later stage 

hESC line: H1, 

H7, H9 

>90% nestin, 

musashi, and PSA-NCAM; For 

TH neurons, add 

Shh/FGF8/ascorbic acid; followed 

by BDNF, GDNF, ascorbic acid, 

and laminin 

Gerrard et al, 

2005 [49] 

FGF-2 hESC line: 

SA002 and 

AS034 

>90% nestin, NCAM; For 

neuronal lineage, add Shh/FGF8; 

after differentiation TH
+
 cells, 

MAPab
+
 cells, and astrocytes 

existed 

Axell et al, 

2009 [50] 

EB: embryoid body; FGF-2: fibroblast growth factor-2; RA: retinoic acid; db-cAMP: dibutyryl-cAMP; 

HAg; a small molecule agonist of the sonic hedgehog pathway; hESC: human embryonic stem cell; 

hiPSC: human induced pluripotent stem cell; BDNF: brain-derived neurotrophic factor; GDNF: glial cell-

derived neurotrophic factor; CNTF: ciliary neurotrophic factor; GABA: gamma-Aminobutyric acid; Shh: 

sonic hedgehog; NT-3: neurotrophin-3; PSA-NCAM: polysialylated-neural cell adhesion molecule; TH: 

tyrosine hydroxylase; NCAM: neural cell adhesion molecule. 



11 

 

2.1.3. The role of stem cell niche during neural differentiation 

To utilize PSC-derived NPCs successfully and effectively, a series of fundamental issues 

especially the effects of microenvironment need to be elucidated to gain a precise and predictable 

control over stem cell responses, in terms of self-renewal, migration, and differentiation.  

However, a better understanding of the interactions among stem cells, the specific 

microenvironment or “niche”, and extrinsic signals or forces is currently uncertain and implicit 

[60].  Stem cells are surrounded by specialized niches comprising of a variety of cell-specific 

cues.  Although these cues are extremely complicated, they can be divided into three primary 

groups: cell-cell interactions, cell-growth factor interactions, and cell-matrix interactions [20,61].  

Previously, several reports demonstrated that well-modulated intrinsic and external signals such 

as soluble/immobilized growth factors and cell-cell contacts influence and tune the proliferation 

and differentiation of NPCs [62-65]. The cell-cell interactions can be simply modulated by 

seeding density, which impacts the frequency of cell-cell contacts.  For the cell-growth factor 

interactions, the dynamic association of grow factors with ECMs is recently found to play an 

important role in affecting stem cell fate decision [66].  ECMs can serve as a reservoir of the 

growth factors, controlling their sequestration, release, and thus their biological activities [67].  

The immobilized growth factors in ECMs have been found to be more potent than the soluble 

growth factors [68].  For cell-matrix interactions, the impacts of mechanical properties of the 

matrix, such as elastic modulus, on the differentiation profile of NPCs and neural differentiation 

of PSCs are also shown [69,70].  Stem cells cultured on hydrogels with varied stiffness 

demonstrated that substrate elastic modulus can alter critical cellular events, such as ECM 

assembly, cell motility, and cell spreading [60,71,72]. Matrix stiffness, indicated by elastic 

modulus, has recently been demonstrated to be a critical biophysical factor that has significant 
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effects on PSC self-renewal and neural differentiation (Table 2.2) [70,73,74].  Normally, cells 

sense elasticity during the attachment on the substrate through focal adhesions and formation of 

stress fibers.  In most cases, their responses to the matrix properties relied on myosin-directed 

contraction and cell-ECM adhesions, which involve integrins, cadherins, and other adhesion 

molecules [75]. 

2.1.4. The role of extracellular matrix properties during neural differentiation 

Pelham and Wang were the first group to modulate the elasticity of matrix by growing 

cells on collagen-coated polyacrylamide gel substrate [76].  Since then, the influences of 

substrate stiffness on regulating stem cell activities and directing stem cell fate have gained 

increasing interests [77].  Soft matrices have been shown to induce neuronal phenotypes in 

mesenchynal stem cells; stiffer substrates with modulus in the range of muscle tissue generated 

myogenic commitment, while rigid matrices mimicking collagenous bone favored osteogenic 

lineage [60,72].  The mechanical response of ESCs to the matrix stiffness was also observed 

recently.  The spreading and proliferation of ESCs increased as the function of substrate stiffness 

[69].  And the softer substrate (~ 0.6 kPa) was shown to keep the self-renewal capability of 

mouse ESCs in the absence of leukemia inhibitory factor [78].  Human PSCs, however, preferred 

a stiff hydrogel (~ 10 kPa) which maintained cell proliferation and pluripotency via activation of 

paralogous proteins YAP/TAZ [79]. 

For NPCs, the influence and repercussions of substrate modulus seem to be more distinct 

and significant compared to other lineages.  Native brain tissue is one of the softest tissues in the 

body (i.e. elastic modulus (E) = 0.5 – 1 kPa ) [80,81] compared to other tissues or organs, such 

as muscle (E ~ 10kPa) [82], cartilage tissue (E ~ 500 kPa) [83], connective tissue (E ~ 10kPa), 

and cortical bone ( E ~ 107 kPa) [84].  In addition, the different parts of brain, including white 
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and gray matter, pia mater, layered cell structures, glial scars and blood vessels, have a 

mechanical modulus varying from 0.5 to 50 kPa [81,85].  Thus, NPCs may encounter different 

biomechanical environments and biomechanical cues, in particular stiffness of substrate, play 

important roles in NPC differentiation [80].  

 

Table 2.2 Effects of matrix modulus on PSC self-renewal and neural differentiation. From 

my publication. 

Cell source Range of 

modulus 

Effect on self-renewal and 

differentiation 

Reference 

Mouse ESCs 0.6 kPa Soft substrate supported self-

renewal 

Chowdhury et al, 

2010 

Human ESCs and 

iPSCs 

0.7-10 kPa The stiff (10 kPa) hydrogel 

maintained cell proliferation and 

pluripotency 

Musah et al, 2012 

Human ESCs 0.05-7 MPa Low modulus (<0.1 MPa) 

promoted ectoderm, 

intermediate modulus (0.1-1 

MPa) promoted endoderm, and 

high modulus (1.5-6 MPa) 

promoted mesoderm 

Zodan et al, 2011 

Human ESCs and 

iPSCs 

0.1-75 kPa Soft matrix (0.1 kPa) promoted 

early neural differentiation 

Keung et al, 2012  

Human ESCs 0.08-1.17 MPa Increased stiffness favored 

mesoderm differentiation 

Eroshenko et al, 2013 

Human ESCs 1 kPa, 10 kPa, 

3 GPa 

Rigid matrix promoted cardiac 

differentiation 

Arshi et al, 2013 

Neural progenitor 

cells 

0.1 kPa – 10 

kPa 

Soft gel (100-500 Pa) favored 

neurons, harder gel (1-10 kPa) 

promoted glial cells 

Saha et al, 2008 

Neural progenitor 

cells 

1-20 kPa <1 kPa favored neuronal 

differentiation; <3.5 kPa 

supported astrocyte; >7kPa 

favored oligodendrocyte 

Leipzig et al, 2009 

 

 



14 

 

Several groups have shown that neurons, glia and neural differentiation from adult NPCs 

were promoted on soft substrates while rigid matrix was preferable for mesoderm cells [86,87].  

Saha et al developed a synthetic hydrogel to evaluate the effects of substrate modulus on 

hippocampus-derived NPC differentiation [80].  Soft gels (E~ 100-500 Pa) were found to favor 

neurons while harder gels (E~ 1,000-10,000 Pa) promoted the NPC differentiation into glial cells.  

The study by Leipzig et al also precisely controlled neural stem cell proliferation and 

differentiation by optimizing hydrogel elasticity [62].  The stiffness of the photocrosslinkable 

hydrogel scaffolds was modulated by varying the concentration of a photointiator, 2, 2-

dimethoxy-2-phenylacetophenone (DMAP) [62].  The results showed that NPCs preferably 

differentiated into neurons on very soft substrates (E < 1 kPa), astrocytes on stiffer ones (E~ 1-

3.5 kPa), and oligodendrocytes on the stiffest substrate (E > 7 kPa).  However, the differences in 

oligodendrocyte maturation may exist on different substrates, as myelination tests showed 

maturation and myelination was the best at modulus < 1 kPa [62].  

Neural differentiation from human PSCs has also been found to be affected by modulus 

very recently [70,87].  PSC differentiation into each germ layer was affected by different 

stiffness of the scaffolds.  Neural differentiation (ectoderm) was found to be promoted by soft 

ECMs (< 0.1 MPa), while intermediate ECMs ( 0.1-1 MPa) were better for endoderm 

differentiation and stiff ECMs (1.5-6 MPa) promoted cardiomyocye differentiation (mesoderm) 

[70,73,86,87].  The soft ECM may result in less cell spreading, higher cell packing density, and 

more condensed cell/nuclear shape, which played import roles during neurogenesis [70].  In 

contrast, mesoderm differentiation may require higher intercellular force which was enhanced on 

stiff matrix [87].  Compared to the alteration of lineage commitment in adult NPCs, soft ECMs 
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increased the population of early neural progenitors from human PSCs, reflecting the effect of 

matrix stiffness on the early embryonic development. 

2.2 Cryopreservation of pluripotent stem cell and its derivatives 

Cryopreservation, a process that stores cells, tissues or organs at freezing temperature 

below – 80 ℃ or even below – 140 ℃ in order to maintain their viability [88], has played a vital 

role for stem cells and  their derivatives collection and clinical applications. For instance, human 

haematopoietic stem cells for bone marrow transplantation and cord blood banking require 

cryopreservation practice for storage and delivery [89].  And mesenchymal stem cells are 

cryopreservable for regenerative implants and cell therapies with an efficient recovery around 80% 

by the method using 10% DMSO with 90% fetal bovine serum (FBS) [90]. Hence, 

cryopreservation has emerged an essential bioprocessing procedure to establish large-scale cell 

banks that provide a uniform cell source for clinical implementation.  

General speaking, a typical cryopreservation process contains several steps, including cell 

harvest and cryoprotective agents addition, cooling down and long-term storage at freezer, rapid 

thawing and cryoprotective agent removing, and cell replating and recovery in the growth 

medium (Figure 2.5) [91]. The freezing process involves complex phenomena and each step has 

critical variables that may impact cell survival. For instance, hPSCs were initially failed to be 

cryopreserved in single-cell suspension condition and were usually harvested and frozen as cell 

clumps for cooling preservation, due to the specific effects of the intimate cell-cell and cell-

matrix for hPSCs [92]. This situation was not changed until the addition of ROCK inhibitor Y-

27632, a small molecular that can maintain E-cadherin and F-actin structure, in the growth 

medium, which could significantly improve the cell recovery from 5% to 53% after thawing for 

single-cell cryopreservation of hPSCs [93,94]. In order to better understand how these cryo-
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parameters influence on cell survival, we need to recapitulate the principle of cryopreservation 

and the cryo-injury caused by this process. 

 

 

Figure 2.5 Representative diagram of the main steps involved in a general cryopreservation 

process and the critical variable. These steps and variables needs to be considered in order to 

achieve a good cells recovery rate. Martín-Ibáñez et al, Current Frontiers in Cryobiology, 2012, 

In Tech: 139-166. Open Access. 
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Figure 2.6 Effects occurring during the cryopreservation of cells at different cooling rates. 

After the cooling process begins, ice crystals formation occurs and free intracellular water is 

osmotically pulled from the cells. If the cooling process goes down slowly, this effect leads to 

cellular cell death by dehydration and shrinkage. In contrast, if the cooling process happens 

rapidly, intracellular ice crystals formation starts before complete cellular dehydration has 

occurred. These crystals induce cell death by cellular organelles and membrane disruption during 

the thawing process. An optimal cooling rate together with using cryoprotectants (CPAs) in the 

freezing media avoids dehydration effects and intracellular ice formation allowing cell survival 

after thawing. Martín-Ibáñez et al, Current Frontiers in Cryobiology, 2012, In Tech: 139-166. 

Open Access. 

 

2.2.1. Cryopreservation principles 

The freezing process involves ice formation and alteration of solution osmolality inside 

the cells that can be detrimental to cells. During cryopreservation, when temperature is cooled 

down to about -5 ℃, the cells and extracellular medium remain unfrozen because of supercooling 

[95]. The ice formation occurs in the surrounding environment between -5 to -15℃, while the 

inside cell parts remain unfrozen and supercooled, because the plasma membrane blocks the ice 
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crystals into the cytoplasm. The cryopreservation events in the cell depend on the cooling rate 

(Figure 2.6). For slow cooling, the cells may lose water rapidly to prevent the osmolality 

imbalance, resulting in cell dehydration and non-freezing intracellularly. However, if cells are 

frozen at a rapid cooling rate, cellular damage happens due to the intracellular ice formation. 

Therefore, the cell cryopreservation requires an optimal cooling rate and the addition of 

cryoprotectant (CPA) to reduce cell dehydration and intracellular ice crystals formation. In fact, 

the cell damages in cryopreservation contributes to several factors, including cytotoxicity of 

CPAs, osmotic injury, intracellular ice formation in the cooling process, and intracellular 

recrystallization during the warming step [91].  

The CPAs that are utilized for cryopreservation are usually small organic compounds, 

which can penetrate into the cells, has low or no toxicity to most cells and inhibit intracellular ice 

formation, such as glycerol, dimethyl sulfoxide (DMSO), ethylene glycol (EG), propylene glycol 

(PG) [96]. The two most commonly used CPAs are glycerol and DMSO. Glycerol was the first 

one found as CPA [97,98]. However, because of the slow penetration into most cells, it was 

replaced by DMSO quickly, although DMSO is more toxic to cells than glycerol [99]. Another 

category of CPAs is impermeable substances, e. g. polyethylene glycol (PEG) and trehalose, 

which are used to stabilize the cell by forming a viscous glassy shell around its surface [100,101]. 

Therefore, selecting an appropriate CPA combined with its optimal concentration is important to 

the cryopreservation process. Here, for PSCs, developing a low or nontoxic alternative to DMSO 

or reducing its damaged level has been investigated in recently. 
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Figure 2.7 CPAs formulation effects of cryopreservation on PSCs. (A) Four different CPAs 

mediums were tested when cryopreserved mouse ESCs small aggregated (109±56um). Sart et 

al.Biotechnol. Prog , 2012. 29(1):143-153, from our lab’s publication. (B) Five different CPAs 

mediums were analyzed by slow cooling human PSCs clumps. A: 6% (w/v) hydroxyethyl starch 

(HES), 5% (v/v) DMSO, 4% (w/v) bovine serum albumin (BSA), 50% (v/v) DMEM/F12 in 

saline; B: 6% (w/v) HES, 5% (v/v) DMSO, 50% (v/v) DMEM/F12 in saline; C: 6% (w/v) HES, 

5% (v/v) DMSO, 4% (v/v) BSA in saline; D: 6% (w/v) HES, 5% (v/v) DMSO in saline; E: 6% 

(w/v) HES, 5% (v/v) DMSO, 5% (v/v) ethylene glycol (EG) in saline. Imaizumi et al, PLoS One, 

2014, 9(2): e88696. Open Access. 

 

2.2.2. Cryopreservation of pluripotent stem cells and their derivatives 

Cryopreservation of PSCs and their derivatives has been done  in our lab [22]. Sart et al. 

evaluated defined protein-free formulations in cryopreservation of mouse PSC aggregates. In the 

study, different cryopreserved mediums: 90% fetal bovine serum (FBS) plus 10% vol/vol 

DMSO , 90% DMEM plus 10 % vol/vol DMSO, 90% CryoStor
®
 -10 (CS-10) + 10% DMSO, 90% 

HypoThermosol
®

 FRS (HTS-FRS) plus 10% vol/vol DMSO), and 90% HTS-FRS + 8% PEG + 2% 

DMSO, were compared. When testing small PSC aggregates (109±56um), it was found that CS-

10 and HTS-FRS + 10% DMSO obtained the highest level of cell viability, up to 80% (Figure 

2.7). And since HTS-FRS is fully chemical-defined, this study further investigated the effects of 
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CPA concentration on cell viability and recovery. By using various concentration of DMSO (2%, 

5% and 10% vol/vol), with HTS-FRS medium, it demonstrated that no significant difference in 

cell viability for the conditions was observed immediately post-thaw, but the cell recovery was 

better for 10% DMSO. The gold standard formulation for cryopreservation, 90% FBS + 10% 

DMSO, was served as control. This work provides the knowledge that the protein-free solution 

HTS-FRS can be an alternative to the animal-derived FBS for cryopreservation process and for 

the following clinical applications.  

Another work was done using human PSCs [102]. This study tested five different 

combinations of CPAs modified from a commercially available freezing medium CP-1
TM

 in slow 

cooling-rapid thawing protocols. The CP-1
TM

 basal freezing medium, usually used for  the 

cryopreservation of bone marrow stem cells and cord blood stem cell in Japan, is 68 mL of saline 

consisting of 12 g of hydroxyethyl starch (HES) and 10 mL of DMSO [102]. By comparison 

these five cryopreservation cocktails, Imaizumi el at developed the CP-5E medium, containing 6% 

weight/vol HES, 5% vol/vol DMSO, and 5% vol/vol EG in saline, that showed the highest cell 

recovery post-thaw (Figure 2.7). This observation is probably attributed to the combination of 

EG and DMSO. In fact, the toxicity of four different CPAs for human iPSCs has been analyzed, 

including DMSO, EG, PG and glycerol [103]. It found that DMSO was the most harmful CPA 

for human PSCs whereas EG was the least toxic one. However, for the protection against cooling 

and thawing, DMSO showed the most protective effect while EG was the worst [103]. Therefore, 

the components, DMSO and EG, in CP-5E medium may exert different effects, and thus the 

existence of the both CPAs can greatly improve the recovery of human PSC clumps during the 

cryopreservation process. In addition, Imaizumi el at further examined the cryopreservation 

efficacy of CP-5E medium in combination with the cell dissociation methods [102]. When 
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human PSCs colonies were detached with Pronase/EDTA followed by cryopreservation using 

CP-5E media, , over 80% of cell recoveries post-thaw were achieved through the alkaline 

phosphatase (ALP) assay [102].  

 

Figure 2.8 Microenvironment effects on cryopreservation of EB-NPCs. (A) The post-thaw 

cell viability showed for intact EB-NPC aggregates and dissociated EB-NPC cells for different 

cell densities. (B) The expression level of ECM proteins of dissociated EB-NPC cells for both 

cryopreservation and non-cryopreservation groups. (C) The expression level of ECM proteins of 

intact EB-NPC cells for both cryopreservation and non-cryopreservation groups. (D) The post-

thaw cell recovery showed for intact EB-NPC aggregates and dissociated EB-NPC cells for 

different cell densities. Sart et al. Tissue Eng Part C Methods. DOI: 10.1089/ten.tec.2014.0276, 

from my publication. 

 



22 

 

2.2.3. The role of stem cell niche in cryopreservation of PSCs 

As we know, the cryopreservation of human PSCs through slow freezing-rapid thawing 

usually has a very low survival rates (5-20%) and plenty of the cells may differentiate post 

thawing [104,105]. The sensitivity of human PSCs to cryopreservation may partially be 

attributed to the requirements of intimate interactions of stem cell niche factors (including cell-

cell and cell-matrix contacts) within the colony. Human PSCs usually grow as highly associated 

adherent cells with intimate physical contact, called colonies, surrounded with ECM. And 

conventional cryopreservation manipulation may destroy this specific extracellular structure of 

human PSCs, which results in the death of cells after thawing. In fact, our previous study has 

demonstrated the effects of the microenvironment, including the extracellular structure, on PSCs 

during cryopreservation process [23]. In the study, we compared the intact EB-NPCs (I-E) 

aggregates and dissociated EB-NPCs (D-E) for cell recovery and neural differentiation post 

thawing in the slow cooling and rapid thawing method.  The I-E NPCs were observed with an 

elevated cell viability as well as cell recovery compared with the other groups at different cell 

densities (Figure 2.8). And we found that this observation could be interpreted by the 

preservation effects of ECM proteins (Figure 2.8), cell-cell contacts, and F-actin distribution 

exerting by the intact aggregate for I-E conditions. Although we utilized mouse ESC-derived 

EB-NPCs as experimental model, the results can be still applied to explain how the 

microenvironment of human PSCs impacts cell survival and functions during cryopreservation.  

Since the cell-cell contacts and F-actin organization are important to upon thawing 

recovery and viability of human PSCs, chemical factors like small molecules that can maintain 

cellular microenvironment and cytoskeleton could be utilized to enhance the survival of human 

PSCs in cryopreservation. One of the most important molecules is Rho-associated kinase (ROCK) 
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inhibitor Y-27632, a compound that can regulate multiple biological functions, such as apoptosis, 

cell cycle, differentiation, cell adhesion as well as cell migration [93]. The first study that used 

ROCK inhibitor Y-27632 for cryopreservation of human ESCs was reported in 2008 [94]. In this 

work, the small human ESC colony clumps were slowly cooled down and 10 uM ROCK 

inhibitor Y-27632 was added to the post-thawing medium for 24 hours [94]. At day 5 after the 

colonies were replated, about 80% of the colonies survived.  When human PSCs were treated by 

ROCK inhibitor Y-27632, the cells colonies formed rapidly and maintained E-cadherin and F-

actin distribution, enhancing the survival and recovery. More importantly, the addition of ROCK 

inhibitor Y-27632 in the post-thaw media enables the cryopreservation of human PSCs as singles 

cells. In one study [106], ROCK inhibitor Y-27632 was added to both pre- and post-thaw culture 

media and about 90% cells were viable. In addition, with ROCK inhibitor Y-27632 treatment, 

the human ESCs and human iPSCs preserved the typical morphology, stable karyotype and 

pluripotent markers [106]. Because of the feasibility to cryopreserve dissociated human PSCs, it 

is suitable to establish cell banks for clinical applications by using PSCs in a large scale.  

2.3 Labeling pluripotent stem cell-derived neural progenitors with iron oxide particles for 

magnetic resonance imaging 

MRI has become an important tool for cellular imaging for many basic and clinical 

applications, including tracking and monitoring of stem cells after implantation, T-cell 

trafficking and migration, macrophage infiltration, and cancer detection. In general, Cellular 

MRI requires intracellular contrast agents with high-relaxivity that enable the cell visibility. The 

contrast agents used for cell labeling are usually composed of iron oxide or gadolinium core 

coated with polymer in the form of sphere particles, dendrimer-based structures, or simple 

chelates [107]. When implanted stem cells take up the para- or superparamagenetic particles, the 
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particles can change the local T1, T2, and T2* relaxation time (RT) and generate an alteration of 

magnetic signal, which pinpoints the location of cells within the tissue or organ [7,8].  

 

Table 2.3 The physical properties of MPIO (from the manufacturer). From my publication. 

Parameters Values 

Fluorescent dye Flash red 

Diameter range (μm) 0.50-0.99 

Average diameter (μm) 0.86 

Particle density (g/mL) 1.65 

Stock concentration (mg/mL) 100 

Particle concentration (particles/mL) 1.82×10
10

 

Fe/particle 1 pg 

g(Fe)/mL 18.2×10
-2

 

Surface composition Encapsulated: Carboxyl modified 

polystyrene (P(S/V-COOH)) 

 

 

2.3.1 The role of iron oxide particles 

Among various types of contrast agents for MRI, iron oxides have demonstrated 

suitability due to their biocompatibility and the enhanced relaxivity and hypointensity compared 

to gadolinium chelates which have limited cell number detection [7,8].  Moreover, iron oxide 

particles can be modified for easy tracking by other modalities, particularly with fluorescent 

agents for immunohistochemical study, and can be encapsulated in polymers to reduce the 

cytotoxicity of iron oxide [108] while enhancing cyto-compatibility [109].  Various types of iron 

oxide-based particles are currently tested as contrast agents for MRI tracking of stem cells, 

including superparamagnetic iron oxides (SPIO, 50-120 nm), ultra‐small iron oxides (USPIO, 

10-50 nm), and micron‐sized particles of iron oxide (MPIO, 0.75 μm and larger) [9,110,111].   
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There are several limitations in nanometer-sized particles (e.g. USPIO, SPIO) for MRI 

cell tracking. First, to be detectable by MRI, one individual cell needs to take up millions of the 

same type of nano-size iron oxide particles that necessitate highly efficient labeling [11]. This 

usually requires the help of a transfection agent, which may be toxic to the cells. And the 

intracellular particles concentrations can be diluted by cell division, which may influence the 

detectability of MRI.  In addition, the dextran-coated iron oxide nanoparticles are biodegradable, 

meaning, the particles may break down after several weeks, which leads to the loss of detection 

[112]. MPIOs, however, are reported more readily detected than the nano-size particles of iron 

oxide because of a higher density of iron for a single MIPO. For the same iron concentration, 

MPIOs displays enhanced detectability, magnetic susceptibility and relaxivities compared to the 

smaller magnetic particles [10,13,113].   

 

 

Figure 2.9 Cell is taking the MPIOs by endocytosis. (A) Bright-field of hepatocyte labeled 

with 2.79 um MPIOs. (B) Red fluorescent image of hepatocyte labeled with MPIOs. Shapiro et a. 

Magn Reson Med. 2005, 53: 229-338, Copyright © 2005, with permission from John Wiley and 

Sons.  
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2.3.2 Cell labeling with MPIOs 

MPIOs consist of an iron oxide core typically encased within an inert divinyl benzene 

polymer shell that can be impregnated with or conjugated to a fluorescent molecular for optional 

colocalization [9]. The physical properties of MPIOs used in our research are summarized in the 

Table 2.3. Detections of MPIO-laded cells, including hematopoietic CD34+ cells and 

mesenchymal stem cells [10], primary mouse hepatocyte [12,107], immune cells like 

macrophages [13,114] and dendritic cells [115], have been investigated for either in vitro and/or 

in vivo MRI-based tracking.  The iron oxide-particle-induced effects on cellular viability and 

functionality were also described after labeling cells with MPIO particles. Cells take up the 

MPIOs through the process of endocytosis, and most of the particles are localized in the 

cytoplasm of cell (Figure 2.9) [6].   

 

Figure 2.10 Comparison of dissociated EB-NPC and intact EB-NPC taking in MPIOs for 

different transfection concentrations. (A) The images showed the labeling of MPIOs is 

localized in the dissociated EB-NPCs. (B) The images showed the labeling of MPIOs is localized 

in the intact EB-NPCs. From my preliminary data. 
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In our previous work [116], MPIOs labeled PSC-derived NPCs were tested by in vitro 

MRI. We compared the labeling efficiency of particles incubated with the cells for intact EB-

NPC aggregates and dissociated EBs derived NPCs (Figure 2.10). In this study, MPIO were 

found to be incorporated by the cells in multicellular EB-NPC aggregates and  demonstrated 

similar efficiency (70%) compared to single cells by simple incubation of MPIOs at different 

concentrations, including 2.5 μg/mL, 5 μg/mL and 10 μg/mL. The quantification of MPIO-

labeled aggregates indicated the concentration-dependent increase in labeling efficiency: from 50% 

at β.5 μg Fe/mL to 70% at 10 μg Fe/mL [116]. However, the labeling efficiency for dissociated 

EB-NPCs showed about 70% of labeled cells at all three concentrations. And the diffusion 

limitation in EB-NPC aggregates was observed.  The diffusion length of MPIOs to reach the 

center of aggregates was estimated to be around 100-150 μm, while the replated aggregates on 

tissue culture surface had an average diameter of 317±94 μm.  On the other hand, majority of the 

dissociated EB-NPCs were labeled efficiently even at low MPIO concentrations. The limited 

diffusion of MPIOs in EB-NPC aggregates may be as a result of the multicellular structure of 

cell aggregates. In fact, the micro- and nano-particle diffusion into 3D aggregates was reported to 

be a function of particle size, particle concentration, and labeling time [6,117,118].  The ECM 

and the tight cell-cell contact inside the aggregate created a major barrier for particle diffusion 

[117,118].   

And we further examined the effects of MPIOs labeling on the neural differentiation of 

EB-NPC aggregates [116]. We developed a novel experiment paradigm for NPCs incubation 

with MPIO particles, a way that the PSC-derived NPC aggregates could take up the iron 

magnetic moments efficiently and thoroughly in the suspension culture, and employed MRI to 

assess this approach for subsequent clinical monitoring of transplanted cells. NPC aggregates 
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were incubated with 1 mL of fresh differentiation medium contain 50×107 fluorescent 

MPIOs/mL, corresponding to the concentration at 50 μg Fe/mL for 1β h [116]. The MPIO-

labeled EB-NPCs displayed phenotypic expressions of neural progenitors (Nestin) and mature 

neural cells ( -tubulin III), indicating that the selective MPIO labeling has no positive or 

negative impacts on neural differentiation of EB-NPC aggregates (Figure 2.11). Meanwhile, 

when the cell aggregates were incubated with different concentrations of MPIOs, including 5, 25 

and 50 μg Fe/mL, for 1β h, the detectability tested by in vitro MRI followed a concentration-

dependent manner (Figure 2.11). The labeling efficiency for human PSC-derived NPC 

aggregates was 85.9%, which was comparable to the results of mouse ESCs-derived NPC 

aggregates (Figure 2.11). 
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Figure 2.11 Illustration of MPIOs-labeled EB-NPC aggregates. (A) Confocal image NP 

spheres labeled with MPIO. Blue = cell nuclei; Red = MPIO. Scale bar: 100 μm. The replated 
NP spheres are also differentiated on Geltrex-coated surface for 3 days. Extensive neuron 

outgrowth is observed. (B) Fluorescent image of NP spheres with neuronal outgrowth; (C) 

Neuronal outgrowth from the NP sphere. In (b) and (c), Blue = cell nuclei; Red = MPIO. Green = 

-tubulin III (neurons). Scale bar: 100 μm. (D) Example of image from in vitro MRI analysis E. 
Flow cytometry histogram of labeling efficiency for NPs derived from human iPSK3 cells. Sart 

et al. Methods Mol Biol. DOI 10.1007/7651_2014_123. From my publication. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Undifferentiated ESC culture and generation of NPC aggregates 

Murine ES-D3 line (American Type Culture Collection, Manassas, VA) was maintained 

on 0.1% gelatin-coated 6-well plates in a standard 5% CO2 incubator as previously reported 

[22,119].  The expansion medium is composed of Dulbecco’s Modified Eagle’s Medium 

(DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% ESC-screened fetal bovine serum 

(FBS, Hyclone, Logan, UT), 1 mM sodium pyruvate, 0.1 mM -mercaptoethanol, penicillin (100 

U/mL), streptomycin (100 µg/mL) (all from Invitrogen), and 1000 U/mL leukemia inhibitory 

factor (LIF, Millipore).  To derive NPCs, ESCs were seeded at 1×10
6 

cells into Ultra-Low 

Attachment (ULA) 6-well plates (Corning Incorporated, Corning, NY) in 3 mL of DMEM-F12 

plus 2% B-27 serum-free supplement (Invitrogen) [120,121].  At day 4, all-trans retinoic acid 

(RA) (Sigma-Aldrich, St. Louis, MI) was added at 1 µM in the differentiation medium.  After 

another 4 days, the aggregates, referred as EB-NPCs, were used for MPIO labeling experiments 

(Figure 3.1). 

3.2 Intracellular labeling of EB-NPC aggregates with MPIO 

The EB-NPCs were labeled as intact aggregates in suspension with fresh DMEM-F12 

plus 2% B-27 containing 0, 5, 25, 50, 100×10
7
 fluorescent MPIOs/mL (Bangs Laboratories, Part 

number ME03F/9772), corresponding to concentrations at 0, 5, 25, 50, and 100 μg(Fe)/mL 

(Figure 3.1).  After 12-hour incubation, EB-NPCs with MPIO were extensively washed (10 times) 

with phosphate buffered saline (PBS) to remove free particles.  The MPIO-labeled EB-NPC 

aggregates were divided into two groups: one group was used for cryopreservation and the other 

group was used as non-cryopreservation control.  The cryopreserved and non-cryopreserved 
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groups were evaluated for labeling efficiency, cell viability, cytotoxicity, and neural 

differentiation etc. 

 

Figure 3.1. Schematic diagram of the experimental procedure. NPC aggregates were derived 

through embryoid body (EB) formation and were incubated with MPIOs at various 

concentrations in suspension for 12 hours.  The cells with MPIOs were then washed and divided 

into two groups: the group without cryopreservation and the cryopreserved group.  The non-

cryopreserved cells were replated and cultured for 3-5 days before characterization.  The 

cryopreserved cells were thawed, replated, and characterized. 

 

3.3 Cryopreservation of MPIO-labeled EB-NPCs 

The MPIO-labeled EB-NPCs were cryopreserved as intact aggregates.  Approximately 50 

aggregates in 250 µL media were taken and dissociated.  The resulting single cells were counted 

by hemacytometer.  The aggregates were washed in PBS and resuspended in 90% FBS plus 10% 
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DMSO or 90% HypoThermosol® FRS (HTS-FRS, BioLife Solutions) plus 10% DMSO [22].  A 

fixed number of cells (1×10
6
 cells in 1 mL) were placed into cryogenic vials for 10-15 min.  The 

vials were transferred into the StrataCooler
®
 Cryo Preservation Module (Agilent Technologies, 

Santa Clara, CA) and put in a -80°C freezer overnight.  The cooling rate was 0.4–0.6 °C/min.  

For long-term use, the cells were stored in liquid nitrogen.  The frozen cells were quickly thawed 

at 37°C, immediately counted and analyzed for cell membrane integrity (i.e. viability) using 

Live/Dead assay.  Cells were also seeded into 24 well-plates coated with Geltrex (Life 

technologies).  The recovery at passage 1 (P1) after thaw was calculated as the harvested cell 

number 3-5 days after replating divided by the cell number immediately post thaw. 

3.4 Determination of labeling efficiency 

To visualize MPIO incorporation, the label cells before and after cryopreservation were 

incubated with 4',6-Diamidino-2-Phenylindole (DAPI) solution to reveal cell nuclei as blue 

signals (370/470 nm), while the MPIOs were revealed as flash red signals (660/690 nm).  The 

replated outgrowth cells were imaged under fluorescent microscopy (Olympus IX70, Melville, 

NY).  The aggregates were also imaged under a confocal microscope (Leica TCS SP2 AOBS, 

Bannockburn, IL) to reveal the MPIO inside the aggregates.  To quantify the labeling efficiency, 

the cell aggregates were dissociated using 0.05% trypsin/EDTA and analyzed by flow cytometry 

(BD FACSCanto™ II flow cytometer, Becton Dickinson).  The labeling efficiency was 

calculated as the percentage of flash red (MPIOs) positive cells over the total cells.   

3.5 Live/Dead, reactive oxygen species, and poly caspase assays  

Live/Dead Assay: Live/Dead
® 

staining kit (Molecular Probes) was used to assess cell 

viability after cryopreservation [22].  Immediately after thawing, the cells were incubated in 

DMEM-F12 containing 1 μM calcein AM (green) and 2 μM ethidium homodimer I (red) for 30 
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min.  The samples were then washed and imaged under a fluorescent microscope (Olympus IX70, 

Melville, NY).  Using ImageJ software, the staining intensity was measured and the viability was 

calculated as the percentage of green intensity over total intensity. 

ROS assay: Image-iT™ Live Green Reactive Oxygen Species Detection kit (Molecular 

probes) was used to detect the intracellular ROS.  Briefly, the EB-NPC aggregates labeled with 

MPIOs were seeded at 1×10
5
/mL in 96-well plates.  After 2-3 days, the cells were rinsed with 

Hank’s balanced salt solution and incubated in a solution of β5 μM carboxy-H2DCFDA for 30 

min at 37℃.  The samples were washed and measured under a fluorescence microplate reader 

using 488 nm wavelength for excitation and 530 nm for emission (Bio-Tek, FLx800, Winoosk, 

VT).  The ROS intensity was calculated as the mean value of triplicate wells.   

Caspase assay: Caspases (caspase -1, -3, -4, -5, -6, -7, -8, and -9) were detected using 

Image-iT™ Live Green Poly Caspase Detection Kits (Molecular Probes).  Caspases -8 and -9 are 

initiator caspase and caspases -3, -6, and -7 are effector caspase [122].  Briefly, the cells were 

incubated for one hour with the fluorescent inhibitor of caspases (FLICA) reagent and analyzed 

by a fluorescence microplate reader with wavelength of 488 nm for excitation and 530 nm for 

emission.  The caspase intensity was calculated as the mean value of triplicate wells.   

3.6 Cell proliferation and cytotoxicity assays 

Cell recovery immediately post thaw and after 3-day culture were determined by 

counting the cell numbers using a hemocytometer after trypsinization.  To determine cellular 

activity, the replated cell aggregates were incubated with 5 mg/mL 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT, Sigma) solution at day 1, 2, and 3.  Afterwards, the 

formazan crystals were hydrolyzed with dimethyl sulfoxide (Sigma) and the absorbance of the 
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samples was measured at 500 nm using a microplate reader (Biorad, Richmond, CA).  The 

cytotoxicity of cells was assessed using Lactate Dehydrogenase (LDH) assay kit (Roche 

Diagnostic, Indianapolis, IN).  Briefly, 100 μL of spent medium was transferred to one well of an 

optically clear 96-well plate (BD Falcon).  The reaction mixture was then added and incubated 

for 30 min.  The absorbance was read at 490 nm using a microplate reader with a reference 

wavelength of 655 nm.  Culture media without cells were used as the low-range control, and 

lysed cells were used as high-range control.  The cytotoxicity was calculated as below: 

� ���  % = � ��� � �  � � −  �� �� � ����ℎ �� �� � � −  �� �� � � ×  

 

3.7 MRI sample preparation 

MRI measurements were carried out by harvesting MPIO-labeled cells with trypsin and 

then suspending 2×10
5
 cells in a tissue mimicking phantom made with agarose gel.  Agarose cell 

layers were formed by mixing an equal volume of cell suspension in media with a 2% (w/w) 

low-temperature agarose (VWR, Suwannee, GA) to form a 1% (w/w) agarose-cell final 

concentration.  As used previously [123], the suspended cells were layered in a 10-mm NMR 

tube (Wilmad Glass, Buena, NJ) with a 1% agarose layer separating the cell-containing layers.  

The number of cells suspended in each layer was consistent across all initial MPIO exposures. 

3.8 In vitro MRI experiments 

An 11.75 tesla (500-MHz) vertical magnet (Magnex Scientific, Oxford, UK) with an 89 

mm widebore (WB) equipped with a Bruker Avance console and Micro2.5 gradients (Bruker 

Corp, Billerica, MA, USA) was utilized to acquire images from all samples.  Relaxation 

measurements were performed to quantify T2 and T2* using a single-slice 2D spin echo (SE) at 
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the center of the sample.  The sequence was acquired with 16 echo times (TE = 8-128 ms) and a 

repetition time (TR) of 5.0.  Other parameters include a matrix of 128×128 with FOV = 1.8 X 

1.0 cm and a slice thickness of 1.0 mm.  To visualize the iron labeled cells, a 3D gradient 

recalled echo (GRE) was acquired with 50 μm isotropic resolution using TE/TR = 5.3/70 ms. All 

acquisitions were made at 20
o
C.  Data were analyzed by means of regions of interest (ROIs) 

drawn over the magnitude images for every cell layer.  Signal intensity for each sample’s layer 

was averaged and T2 (or T2*) relaxation was fitted using a three-parameter exponential decay 

function using Levenburg-Marquadt algorithm (Sigma Plot 7.101, SPSS Inc, Chicago, IL, USA).   

3.9 F-Actin staining 

Actin organization was assessed with Phalloidin staining [124,125].  After 3 days of 

culture, the two groups labeled with different MPIO concentrations were fixed with 4% 

paraformaldehyde (PFA) in PBS for 30-60 min and permeabilized with 1% Triton X-100 

solution (Sigma) for about 5-10 min.  The samples were then incubated for 30 min with Alexa 

Fluor® 594 Phalloidin (Molecular Probes).  After washing, the samples were mounted in 

Vectashield solution containing DAPI and visualized under a fluorescent microscope (Olympus 

IX70, Melville, NY).   

3. 10 Immunocytochemistry  

To assess the effect of MPIO labeling on neural differentiation, the EB-NPCs were 

replated in the absence of growth factors on Geltrex-coated surface.  The MPIO-labeled EB-NPC 

aggregates were cultured in the medium of DMEM-F12 supplemented with 2% B-27.  After 3-5 

days, the cells were fixed in 4% PFA, permeabilized with 0.2-0.5% Triton X-100, blocked, and 

incubated with mouse or rabbit primary antibody against: Nestin (Sigma) and Musashi 1 (Abcam) 

as markers for progenitors, -tubulin III (Millipore) as a neuron marker, and glial fibrillary acidic 
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protein (GFAP, Millipore) as an astrocyte marker.  After washing, the cells were incubated with 

the corresponding secondary antibody: Alexa Fluor® 488 goat anti-Mouse IgG1 (for GFAP and 

-tubulin III) or Alexa Fluor® 488 goat anti-Rabbit IgG (for Nestin and Musashi-1).  The 

samples were mounted with DAPI and visualized using a Nikon TE2000-E2 Eclipse fluorescent 

microscope (Nikon Instruments Inc., USA). 

3. 11 Flow cytometry for neural marker expression 

Flow cytometry was used to quantify the levels of differentiation marker expression [119].  

About 1×10
6
 MPIO-labeled cells (after dissociation) per sample were fixed with 4% PFA and 

washed with staining buffer (2% FBS in PBS).  The cells were permeabilized with 100% cold 

methanol.  After blocking, the samples were incubated with primary antibodies against Nestin 

(Sigma), -tubulin III (Millipore), GFAP (Millipore), Musashi 1 (Abcam) or NG2 (Millipore) 

followed by the corresponding secondary antibody: Alexa Fluor® 488 goat anti-Mouse IgG1 (for 

GFAP, -tubulin III and NG2) or Alexa Fluor® 488 goat anti-Rabbit IgG (for Nestin and 

Musashi-1).  The cells were acquired with BD FACSCanto™ II flow cytometer (Becton 

Dickinson).  The analysis was performed against isotype controls using FlowJo software. 

3. 12 Human iPK3 cell culture and MPIO labeling 

The procedure developed for mouse ESCs can be readily adapted to the NPCs derived from 

hiPSCs. 

Undifferentiated hiPSC cultures. Human iPSK3 cells were kindly provided by Dr. Stephen 

Duncan, Medical College of Wisconsin) [126].  The cells were maintained on Geltrex-coated 

tissue culture 6-well plate in mTeSR™ 1 medium (Stem Cell Technologies Inc).  Culture media 

were replaced every day and the cells were subcultured every 4-6 days.  For passaging, the cells 
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were incubated with Accutase (Life Technologies) for 5 min and cell clumps were dissociated by 

gentle pipetting.  The cell suspension was spun down at 300g for 5 min and after removing the 

supernatant, the cell pellet was resuspended in fresh medium and plated on Geltrex-coated 6-well 

plate in the presence of Yβ76γβ (10 μM) (Sigma) for the first 24 hours.  The seeding density was 

in the range of 1-1.5 × 10
5 

cells/cm
2
. 

NPC differentiation.  Accutase-dissociated undifferentiated iPSK3 cells were seeded into low 

attachment 6-well plate at 1×10
6
 cells/well in differentiation medium containing Yβ76γβ (10 μM) 

for the first 24 hours.  The differentiation medium was composed of DMEM-F12 plus 2% B27 

supplemented with RA (10 μM) and fibroblast growth factor (FGF)-2 (10 ng/mL) (Life 

Technologies).  After 5 days of daily medium change, RA was removed and FGF-2 

concentration was reduced to 5 ng/mL.  The cultures were fed every other day until day 18-20.  

The resulting NPC spheres were used for MPIO labeling. 

MPIO labeling of NPC aggregates in suspension. NPC spheres were incubated with 1 mL of 

fresh Differentiation Medium containing 50×10
7
 fluorescent MPIOs/mL, corresponding to the 

concentration at 50 μg Fe/mL.  The cells were incubated with MPIO for 12 hours and then were 

extensively washed with PBS (10 times).  The labeled cells were characterized for labeling 

efficiency by flow cytometry.  

3. 13  Statistical analysis 

Each experiment was carried out at least three times.  The average values of independent 

experiments were presented and the results are expressed as [mean ± mean absolute deviation 

(MD)].  In each experiment, triplicate samples were used.  To assess the statistical significance, 
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one-way ANOVA followed by Fisher’s LSD post hoc tests or t-tests were performed.  A p-value 

<0.05 was considered statistically significant. 
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CHAPTER 4 

RESULTS 

4.1 MPIO incorporation and intracellular labeling efficiency 

When incubating with MPIO for 12 hours in suspension without any transfection agents, 

EB-NPC aggregates uptake the magnetic iron particles spontaneously through endocytosis [9].  

The distribution of MPIO was observed throughout the EB-NPC aggregates (Figure 4.1A), 

indicating the efficient MPIO incorporation.  When EB-NPC aggregates were replated, the cells 

with MPIO grew out of the aggregates (Figure 4.1B).  The presence of intracellular MPIO was 

further confirmed in the enlarged image, which showed the red particles surrounding the blue 

cell nuclei (Figure 4.1C, 4.1D).  The intracellular MPIO was also visible in phase contrast 

images which showed the dark MPIO in the cytoplasm (Figure 4.1E, 4.1F). The percentage of 

MPIO-labeled cells was assessed by flow cytometry after dissociation (Figure 4.1G).  At higher 

MPIO exposure, higher labeling efficiency of EB-NPC aggregates was observed, which showed 

53.1%, 80.1%, and 90% for 5, 50, and 100 μg(Fe)/mL of MPIO, respectively.  Because 

increasing the concentration from 50 to 100 μg(Fe)/mL only had 10% increase in labeling 

efficiency, the concentrations of 0, 5, β5, and 50 μg(Fe)/mL were used for the following 

experiments.   

4.2 Effect of cryopreservation on cell recovery of MPIO-labeled EB-NPC aggregates 

MPIO-labeled EB-NPC aggregates were cryopreserved and the cell viability, recovery, 

and post-thaw labeling efficiency were assessed.  The EB-NPC aggregates displayed high 

viability (80-90%) immediately post-thaw, which was similar to the cells without 

cryopreservation (Figure 4.2A).  In addition, there was no significant difference for the groups  
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Figure 4.1. Fluorescent images and labeling efficiency of EB-NPC aggregates labeled with 

MPIOs. (A) Confocal images of EB-NPC aggregates labeled with MPIO (red) and DAPI (blue). 

(B) After relating, single cells with MPIO grew out of aggregates. (C) The NPC outgrowth 

labeled with MPIO. Scale bar=100 μm. (D) The enlarged image (from region i of image (C)) 

showing that the red MPIO surrounded the blue nuclei. Scale bar=50 μm. Blue= DAPI, 
red=MPIO. (E) The phase contrast image showing the cells containing MPIO; (F) The phase 

contrast image showing the presence of MPIO throughout the cell cytoplasm.  Scale bar=β0 μm. 
(G) The histograms of MPIO-labeled cells assessed by flow cytometry to determine labeling 

efficiency. 

 

 

with different MPIO concentrations.  Cell recovery immediately post-thaw showed about 25-35% 

of the frozen cell number (Figure 4.2B).  This step yield included the cell loss due to the washing, 

dissociation for counting, and the cryopreservation.  Again, there was no significant difference 

for the MPIO-labeled cells compared to the unlabeled control.  Cell recovery after 3 days of 
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culture showed about 90% of recovered cells (Figure 4.2C) for the labeled and non-labeled cells.  

Consistently, the representative images of cells stained with calcein AM indicated that most of 

the cells were alive after thaw (Figure 4.2D). 

 

Figure 4.2. Effect of cryopreservation on cell recovery of MPIO-labeled EB-NPC aggregates.  

(A) Cell viability determined by Live/Dead assay for MPIO-labeled EB-NPC aggregates with or 

without cryopreservation. (B) Cell recovery upon thaw for MPIO-labeled EB-NPC aggregates. 

(C) Cell recovery 3 days (passage 1) post thaw for MPIO-labeled EB-NPC aggregates. (D) 

Representative images of live cell aggregates stained with calcium AM: (i) 0 μg/mL, (ii) 5 
μg/mL, (iii) β5 μg/mL, and (iv) 50 μg/mL.  (E) Flow cytometry histograms of the MPIO-labeled 

cells showing labeling efficiency before and after cryopreservation: (i) 0 μg/mL, (ii) 5 μg/mL, 
(iii) β5 μg/mL, and (iv) 50 μg/mL.  The numbers for 5, β5, and 50 μg/mL MPIO were corrected 
by subtracting the numbers in the controls (0 μg/mL). 
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To determine whether the MPIO-labeling was preserved after cryopreservation and thaw, 

the labeling efficiency was measured by flow cytometry (Figure 4.2E).  For unlabeled EB-NPCs 

(0 μg/mL), the cryopreserved group has higher background than that of non-cryopreserved group 

(18% vs. 3%), which may be due to the higher auto-fluorescence of the cells.  After subtracting 

the corresponding background, the percentage of MPIO-labeled cells dropped from 52% to 32% 

for the 5 μg/mL condition.  The labeling efficiency was comparable (55% vs. 64%) for the 25 

μg/mL conditions, while the 55% labeling efficiency for the pre-cryopreservation cells may be 

under-estimated.  For the 50 μg/mL condition, the labeling efficiency slightly decreased from 85% 

to 77%.  Overall, similar or slightly lower labeling efficiency was observed after 

cryopreservation. 

4.3 MTT activity and cytotoxicity of MPIO-labeled EB-NPC aggregates 

MTT activity (an indicator for the cell viability and proliferation) and cytotoxicity 

(determined by LDH assay) were also investigated.  The MTT activities were similar for 

different MPIO concentrations with or without cryopreservation (Figure 4.3A, 4.3B).  However, 

for the groups without cryopreservation, MTT activity increased significantly from day 1 to day 

2 with little increase from day 2 to day 3.  For the cryopreserved groups, MTT activity had little 

increase from day 1 to day 2 but the significant increase from day 2 to day 3.  The delayed 

increase in MTT activity indicated the recovery phase of the cryopreserved cells.  An 

insignificant decrease in MTT activity was observed from day 2 to day 3 for the non-

cryopreserved cells labeled with 50 μg/mL of MPIO, which may reflect the cell death after the 

plateau phase.   
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Figure 4.3. MTT activity and cytotoxicity of MPIO-labeled EB-NPC aggregates with or 

without cryopreservation. MTT activity and cytotoxicity were assessed at day 1-3 after 

replating of EB-NPC aggregates with or without cryopreservation.  (A) MTT activity without 

cryopreservation. (B) MTT activity post cryopreservation. (C) Cytotoxicity of MPIO labeled EB-

NPC aggregates without cryopreservation. (D) Cytotoxicity of MPIO labeled EB-NPC 

aggregates post cryopreservation. * p-value < 0.05. 

 

The cytotoxicity of MIPO-labeled EB-NPCs with cryopreservation was higher than that 

of the non-cryopreserved cells, probably due to the cryo-injury (Figure 4.3C, 4.3D).  There was 

no significant difference for different MPIO concentrations of non-cryopreserved cells.  For the 

cells post-cryopreservation, the slightly increased cytotoxicity (10-15%) for the group of 50 

μg/mL MPIO was observed compared to unlabeled control.  Overall, MPIO labeling had 

minimal effects on cell proliferation and cytotoxicity, while cryopreservation had more 

significant effects. 



44 

 

 

Figure 4.4. ROS and caspase expressions of MPIO-labeled EB-NPC aggregates with or 

without cryopreservation.  ROS and caspase expressions were assessed at day 3 after replating 

of EB-NPC aggregates with or without cryopreservation. (A) ROS expression of labeled EB-

NPC aggregates without cryopreservation.  (B) ROS expression of labeled EB-NPC aggregates 

post cryopreservation. (C) Caspase expression of labeled EB-NPC aggregates without 

cryopreservation.  (D) Caspase expression of labeled EB-NPC aggregates post cryopreservation. 

 

4.4 ROS and caspase expression of MPIO-labeled EB-NPC aggregates 

To assess the oxidative stress caused by MPIO incorporation, ROS expression was tested 

for the EB-NPC aggregates with or without cryopreservation after replating (Figure 4.4A, 4.4B).  

There was no significant difference in ROS levels of non-cryopreserved cells for different MPIO 

concentrations.  For the cells post-cryopreservation, the ROS levels showed the slightly 

increasing trend with the MPIO concentrations, but the difference was not statistically significant.  

Because ROS expression can trigger the apoptosis mediated by caspase [28], the level of caspase 
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activation was assessed to examine the effect of MPIO incorporation (Figure 4.4C, 4.4D).  

Similarly, there was no significant difference in caspase levels for different MPIO concentrations, 

both for non-cryopreserved and cryopreserved group.  However, for both ROS and caspase, 

higher levels were observed in the cryopreserved EB-NPCs than the non- cryopreserved cells, 

suggesting that the cryopreservation may induce oxidative stress and cell apoptosis.  

 

 

Figure 4.5. Effect of MPIO labeling on F-actin organization after cryopreservation. F-actin 

distribution was visualized by immunocytochemistry for the replated EB-NPC aggregates: (A) 

without cryopreservation; (B) post cryopreservation.  Representative images of F-actin 

expression were shown for cells labeled with MPIO at various concentrations: (1) 0 μg/mL, (β) 5 
μg/mL, (γ) β5 μg/mL, and (4) 50 μg/mL.  (a) Red=MPIO. (b) Blue= DAPI, Scale bar=100 μm. 
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4.5 F-actin organization of MPIO-labeled EB-NPC aggregates 

F-actin organization for the cells in the outgrowth of MPIO-labeled aggregates after 

cryopreservation was also evaluated (Figure 4.5).  The cells loaded with a high level of iron 

oxide nanoparticles have been reported to reduce the polymerization of actin and tubulin 

cytoskeleton, while the effect was reversible when the level of iron particles was reduced 

[108,127].  In our study, the cells in outgrowth exhibited distinct actin fibers for all MPIO 

concentrations, indicating that MPIO labeling has no severe interference on the distribution of 

actin cytoskeleton.  For the cryopreserved groups, slightly more cells with cortical actin were 

observed compared to non-cryopreserved cells, which may be due to the cell recovery process 

post cryopreservation. 

4.6 In vitro MRI analysis 

MRI was performed to detect the MPIO-labeled EB-NPCs before and after 

cryopreservation as illustrated in Figure 4.6A.  The cell-agarose layer was prepared in an NMR 

tube for imaging.  T2 and T2* measurements were analyzed for the cryopreserved and non-

cryopreserved cells (Figure 4.6B-D).  GRE images showed a dose-dependent reduction of T2, 

T2*, and 3D flash rates for both the cryopreserved and non-cryopreserved cells (Figure 4.6B).  

T2 values showed the comparable relaxation rates (ms) in the cells with or without 

cryopreservation (Figure 4.6C).  For T2 rates, the 50 μg/mL group yielded a significantly lower 

value than the control for the non-cryopreserve cells, whereas the difference was not significant 

for the cryopreserved cells due to large variations.  In Figure 4.6D, T2* also showed the 

comparable relaxation rates (ms) in the cells with or without cryopreservation.  For both groups 

of cells, the T2* rates for the MPIO groups were significantly lower than the unlabeled cells.  
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Overall, EB-NPC labeled with MPIO can be detected by MRI in a dose-dependent manner with 

the comparable detectability for the cryopreserved and the non-cryopreserved cells. 

 

 

Figure 4.6 In vitro MRI analysis of MPIO-labeled EB-NPCs with or without 

cryopreservation. EB-NPCs were dissociated before MRI analysis and a fixed number of cells 

were layered in agarose solution.  (A) Illustration of the cell-agarose layering in an NMR tube. 

(B) Contrast MRI images of immobilized EB-NPCs with or without cryopreservation. (C-D) 

Relaxation graphs showing (C) T2 and (D) T2* rates for each MPIO exposure with or without 

cryopreservation.  Results are expressed as mean ± standard deviation.  * p-value < 0.05. 
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Figure 4.7 Expression of neural markers of MPIO labeled EB-NPC aggregates after 

cryopreservation. Neural marker expression was visualized by immunocytochemistry for the 

replated EB-NPC aggregates: (A) without cryopreservation; (B) post cryopreservation. 

Representative three-color fluorescent images were shown for Nestin (i), Musashi 1 (ii), -

tubulin III (iii), and GFAP (iv); Green=Neural markers, Blue=DAPI, Red=MPIO. Scale bar: 100 

μm. 

 

4.7 Neural Differentiation of MPIO-labeled EB-NPC aggregates after cryopreservation 

Neural differentiation of the labeled EB-NPC aggregates after cryopreservation was 

assessed by three-color immunocytochemistry (Figure 4.7).  MPIO-labeled EB-NPCs displayed 

phenotypic expressions of -tubulin III (neurons), GFAP (astrocytes), Nestin and Musashi-1 

(progenitors) after cryopreservation.  The quantification by flow cytometry indicated similar 

neural marker expressions (e.g. 55-65% Nestin, 63-69% Musashi 1, 44-45% -tubulin III) for the 

MPIO-labeled cells compared to the non-labeled cells after cryopreservation (Figure 4.8).  

Cryopreservation slightly affected the differentiation of EB-NPCs, either labeled or non-labeled 

with MPIO.  The percentage of Musashi 1 positive cells decreased (77-83% vs. 63-69%) after 

cryopreservation.  The expressions of -tubulin III (44-45%) and GFAP (14-21%) were higher 
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for the cryopreserved cells than non-cryopreserved cells (24-29% for -tubulin III and 5-8% for 

GFAP).  While cryopreservation slightly increased more mature neural markers, MPIO-labeling 

did not affect the neural differentiation.  

 

 

Figure 4.8 Neural differentiation of MPIO-labeled EB-NPC aggregates after 

cryopreservation. Neural marker expression was quantified by flow cytometry 5 days after 

replating. (A) Percentages of cells positive for progenitor markers without cryopreservation.  (B) 

Percentages of cells positive for progenitor markers post cryopreservation.  (C) Percentages of 

cells positive for neuronal and glial markers without cryopreservation.  (D) Percentages of cells 

positive for neuronal and glial markers post cryopreservation.  

 

While all the above experiments were performed with the cryopreservation buffer of 90% 

FBS plus 10% DMSO, a defined serum-free formulation 90% HTS-FRS plus 10% DMSO was 
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also evaluated for EB-NPC aggregates labeled with 50 μg/mL MPIO (Table 4.1).  The MPIO-

labeled cells maintained the labeling efficiency and neural differentiation potential after thaw. 

Table 4.1 Comparison of cryopreservation buffer for MPIO-labeled EB-NPCs 

Parameters 90% FBS + 10 % DMSO 90% HTS + 10% DMSO 

Cell recovery 

Viability (%) 87.0±0.4 86.1±0.9 

Cell recovery immediately 

post thaw (%) 

45.4±2.5 44.6±0.9 

Fold of expansion 0.89±0.25 0.90±0.40 

Labeling efficiency 74.6±2.1 75.6±0.7 

Neural differentiation 

Nestin (%) 55.5±23.2 47.3±13.1 

Musashi 1 (%) 75.3±13.5 85.7±2.0 

-tubulin III (%) 37.1±0.6 36.7±6.6 

GFAP (%) 16.1±8.6 21.3±10.5 
*No significant difference (p > 0.05) was observed between the two groups. 

 

 

4.8 Labeling human iPSK3 cell-derived NPC aggregates 

The labeling efficiency of human iPSK3 cell-derived NPC aggregates was determined as 

85% by flow cytometry when the cells were labeled with 50 μg/mL.  This labeling efficiency 

was comparable to that was achieved using mouse ESC-derived NPC aggregates.  This result 

indicated that the procedure developed from mouse ESCs was readily adapted to human iPSCs. 
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CHAPTER 5 

DISCUSSION 

Cellular MRI analysis has become an effective approach to track magnetic contrast agent-

labeled cells for neurological disorder treatments [6,8,128,129].  Although MRI using SPIOs has 

been well studied for NPC tracking [130-132], the applications using MPIO particles and PSC-

derived multicellular NPC aggregates were less addressed.  Moreover, the labeling effects have 

not been well characterized after cryopreservation.  Our study investigated the feasibility of 

cryopreserving MPIO labeled EB-NPC aggregates and the biological effects of MPIO labeling.  

5.1 Biological effects of MPIO labeling on EB-NPC aggregates 

Compared to SPIOs, a single MPIO particle contains higher level of iron which can 

increase the detectability of the labeled cells [13].  To date, only a few studies have evaluated the 

contrast effects of MPIO-loaded cells, including hematopoietic CD34+ cells and mesenchymal 

stem cells [10], primary hepatocytes [12], and dendritic cells [115] for in vitro and/or in vivo 

MRI tracking.  In our study on EB-NPC aggregates, MPIO labeling demonstrated little adverse 

effects on cell proliferation and neural differentiation before and after cryopreservation, while 

high concentration of MPIO might have mild toxicity to cells [115].  Our results also indicated 

that MPIO labeling has no noticeable interference on the distribution of F-actin, which may be 

due to the low MPIO exposure (< 100 μg/mL).  It has been found that mitosis-related 

cytoskeletal functions were not affected for cells with an intake of about 25 MPIOs per cell [9].  

In addition, MPIO-labeled EB-NPC aggregates exhibited similar efficiency of neural lineage 

commitment compared to non-labeled cells in our study, which was reported for fetal NPCs 

labeled with MPIO [9].  
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5.2 Effects of cryopreservation on MPIO labeling efficiency and cell recovery 

Cryopreservation and thaw involve osmotic changes of the cells, leading to cell shrinking 

and swelling during the steps of loading and unloading the cryoprotectant [95].  This process, 

however, can cause cell injury and result in low cell recovery after thawing due to the increased 

oxidative stress especially for PSC and their derivatives [31,133,134].  Preservation of 3-D 

structures during cryopreservation may facilitate cell recovery and the maintenance of cellular 

functions for PSCs [22].  In this study, cryopreservation of MPIO-labeled EB-NPCs, also can 

provide homogeneous cell populations and operational convenience for the in vivo 

transplantation study, while the cryopreservation effects on MPIO-labeled cells need to be 

characterized. 

Our study indicated that MPIOs in the EB-NPCs were preserved and cryopreservation did 

not induce selective death of MPIO-labeled cells or possible exocytosis of MPIO at the tested 

concentrations.  Previous study demonstrated that cryopreservation could have adverse effects on 

iron oxide nanoparticles [135], while successful cryopreservation of ferumoxides-protamine 

sulfate (FePro) labeled endothelial progenitor cells has been demonstrated [33].  Our results 

showed the slight decrease (about 10-15%) in labeling efficiency after cryopreservation.  The 

slight decrease may be attributed to the apoptotic effects of cryopreservation and thaw.  However, 

most MPIOs can be preserved during cryopreservation and thaw after intake by EB-NPCs. 

The effects of cryopreservation on the recovery of PSCs or derivatives have been well-

recognized.  It was observed that freezing and thawing process resulted in cell loss of PSCs 

mainly due to apoptosis [92].  Cryopreservation-induced apoptosis may be attributed to several 

mechanisms, including Rho-associated kinase (ROCK) activation, p53 activation, elevations of 

ROS and caspase, and actin cytoskeleton dynamics [26,31,133,136].  Our data showed that the 
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expression levels of ROS and caspase for MPIO-labeled EB-NPCs were comparable to the non-

labeled cells, indicating the minimal perturbation on cryopreservation-induced oxidative stress 

due to MPIO incorporation.  

5.3 Effects of cryopreservation on proliferation and differentiation of MPIO-labeled EB-

NPCs 

MPIO-labeled EB-NPCs resumed the proliferative activity after the cryopreservation 

which was indicated by MTT activity.  Although a lag phase was observed with little increase in 

MTT activity at day 2 post thaw compared to day 1, the cells showed significant increase at day 

3.  Because cell proliferation was affected by cell spreading and cytoskeleton polymerization 

[137], F-actin distribution was evaluated in this study.  Actin stress fibers were observed for 

MPIO-labeled NPCs after cryopreservation and replating, which were comparable to non-labeled 

cells.  The actin cytoskeleton also acts on other cellular functions, such as migration and cell 

adhesion.  Cryopreservation has been demonstrated to disrupt E-cadherin and F-actin, which 

gave rise to cell death due to the loss of adhesion and cell-cell interactions [138].  However, the 

3-D structures of EB-NPC aggregates in this study maintained cell-cell contacts and preserved F-

actin organization.  Actin stress fibers were observed for the MPIO-labeled NPCs after 

cryopreservation and replating, which were comparable to the non-labeled cells.  The 

multicellular structures also promoted the secretion of endogenous ECM comprised of sugar-rich 

proteoglycans and glycoproteins, providing beneficial influences on cell proliferation after 

cryopreservation [67,134]. 

In this study, cryopreservation slightly increased the differentiation of EB-NPC 

aggregates into neurons and astrocytes independent of MPIO labeling.  While the exact 

mechanism for cryopreservation-induced neural differentiation of EB-NPCs was less understood, 
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the observed increase of -tubulin III and GFAP expressions may be due to the elevated ROS 

after freezing and thawing.  Studies also suggested that ROS could serve as regulators of 

intracellular signaling pathways which affect neuronal phenotype [139,140].  For instance, it was 

found that a high level of ROS was found in fetal neurons and more than 95% of high-ROS cells 

expressed neuronal marker -tubulin III with few nestin expressions [141].  Taken together, our 

data showed that MPIO-labeling did not alter the effects of cryopreservation compared to non-

labeled cells. 

5.4 The detectability of MPIO-labeled EB-NPCs after cryopreservation 

To analyze MRI detectability, MPIO-labeled EB-NPCs before and after cryopreservation 

were immobilized in agarose to provide a controlled tissue mimicking phantom for which T2 and 

T2* relaxations were correlated with the initial MPIO exposure [110].  The T2 and T2* 

relaxation rates were comparable for the non-cryopreserved and cryopreserved cells.  The in 

vitro MRI measurements provide a controllable method of modeling contrast effects, which is a 

critical factor in using MPIOs to monitor the transplanted cells in vivo.  MRI results illustrated 

that the internalized irons were sufficient for detection using a high-field, high-resolution MRI in 

the homogeneous phantom for the cryopreserved cells.  The T2* rates decreased quickly with 

MPIO incorporation indicating the good detectability, and the cryopreserved cells followed the 

similar trend to the non-cryopreserved cells.  The quantification of relaxation rates for T2 and 

T2* correlated with MPIO concentrations and a linear regression of the data showed a linear 

decrease in T2 and T2* with MPIO exposures (goodness of fit of R2 > 0.90) for both 

cryopreserved and non-cryopreserved groups. 
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CHAPTER 6 

CONCLUSIONS 

Cryopreservation affects the cell recovery, proliferation and differentiation of EB-NPCs, 

while MPIO labeling has minimal impacts on cell survival and functionality. The cell recovery 

post-cryopreservation can be significantly impacted, which only about 30% of the cryopreserved 

cells were survival after thawing, however, it can recover after continue cultivation of the cells. 

This decreased cell number may be due to the apoptosis of cells, as the elevated ROS expression 

caused by cryopreservation can induce the generation of caspase, triggering the death of cells. 

Meanwhile, the generation of ROS can be served as a regulator that induces the neuronal 

differentiation of MPIOs-labelled EB-NPCs. In addition, the maintenance of EBs’ multi-cellular 

structure, including correct cell-cell contacts and endogenous ECMs, minimizes the detrimental 

effects on cellular physiology and function that caused by cryopreservation process. Therefore, 

cryopreservation and banking EB-NPCs after labeling MPIOs is feasible and practical due to the 

facts that most of the MPIO load was retained and the detection of MRI was hardly interrupted 

after freezing and thawing. Our research offers the possibility of cryopreservation of MPIO-

labeled EB-NPC aggregates for large scale storage, banking and clinical application of PSCs-

derived NPCs.  

In the future, the cryopreservation effects on the human iPSCs-derived EB-NPC 

aggregates labeling with MPIOs should be investigated. The in vivo MRI detectability of the 

cells will be examined after the implantation of these cells. Also, the MRI can be applied to test 

the treatment efficiency of the MPIOs labeled NPCs for some neural system related diseases. e.g. 

SCI.  This study demonstrated the suitability of MPIO-labeled EB-NPC aggregates for in vitro 
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cellular monitoring, which should accelerate the applications of PSC-derived NPCs for various 

in vivo purposes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



57 

 

APPENDIX: COPYRIGHT PERMISSION 

JOHN WILEY AND SONS LICENSE 

Nov 10, 2014 

 

This is a License Agreement between Yuanwei Yan ("You") and John Wiley and Sons 

("John Wiley and Sons") provided by Copyright Clearance Center ("CCC"). The license 

consists of your order details, the terms and conditions provided by John Wiley and 

Sons, and the payment terms and conditions. 

All payments must be made in full to CCC. For payment instructions, please see 

information listed at the bottom of this form. 

License Number 3503880266398 

License date Nov 07, 2014 

Licensed content publisher John Wiley and Sons 

Licensed content 

publication 

Magnetic Resonance in Medicine 

Licensed content title Sizing it up: Cellular MRI using micron-sized iron oxide particles 

Licensed copyright line Published 2005 Wiley-Liss, Inc. 

Licensed content author Erik M. Shapiro,Stanko Skrtic,Alan P. Koretsky 

Licensed content date Jan 27, 2005 

Start page 329 

End page 338 

Type of use Dissertation/Thesis 
 

Requestor type University/Academic 

Format Electronic 

Portion Figure/table 

Number of figures/tables 1 

Original Wiley figure/table 

number(s) 

Figure 6 

Will you be translating? No 

Title of your thesis / 

dissertation 

Cryopreservation of pluripotent stem cell-derived neural progenitor 

aggregates labelled with micron-sized particles of iron oxide 

Expected completion date Nov 2014 

Expected size (number of 

pages) 

75 

Total 0.00 USD 
 

 



58 

 

NATURE PUBLISHING GROUP LICENSE 

Nov 10, 2014 

This is a License Agreement between Yuanwei Yan ("You") and Nature 

Publishing Group ("Nature Publishing Group") provided by Copyright Clearance Center 

("CCC"). The license consists of your order details, the terms and conditions provided 

by Nature Publishing Group, and the payment terms and conditions. 

All payments must be made in full to CCC. For payment instructions, please see 

information listed at the bottom of this form. 

License Number 3503871277446 

License date Nov 07, 2014 

Licensed content publisher Nature Publishing Group 

Licensed content 

publication 

Nature Reviews Neuroscience 

Licensed content title Therapeutic interventions after spinal cord injury 

Licensed content author Sandrine Thuret,Lawrence D. F. MoonandFred H. Gage 

Licensed content date Aug 1, 2006 

Volume number 7 

Issue number 8 

Type of Use reuse in a dissertation / thesis 
 

Requestor type non-commercial (non-profit) 

Format electronic 

Portion figures/tables/illustrations 

Number of 

figures/tables/illustrations 

1 

High-res required no 

Figures Figure 5 

Author of this NPG article no 

Your reference number None 

Title of your thesis / 

dissertation 

Cryopreservation of pluripotent stem cell-derived neural progenitor 

aggregates labelled with micron-sized particles of iron oxide 

Expected completion date Nov 2014 

Estimated size (number of 

pages) 

75 

Total 0.00 USD 
 

   



59 

 

REFERENCES 

1. Kim DS, JS Lee, JW Leem, YJ Huh, JY Kim, HS Kim, IH Park, GQ Daley, DY Hwang 

and DW Kim. (2010). Robust enhancement of neural differentiation from human ES and 

iPS cells regardless of their innate difference in differentiation propensity. Stem Cell Rev 

6:270-81. 

 

2. Yu DX, MC Marchetto and FH Gage. (2013). Therapeutic translation of iPSCs for 

treating neurological disease. Cell Stem Cell 12:678-88. 

 

3. Li Y, A Gautam, J Yang, L Qiu, Z Melkoumian, J Weber, L Telukuntla, R Srivastava, 

EM Whiteley and R Brandenberger. (2013). Differentiation of oligodendrocyte 

progenitor cells from human embryonic stem cells on vitronectin-derived synthetic 

peptide acrylate surface. Stem Cells Dev 22:1497-1505. 

 

4. Daadi MM, Z Li, A Arac, BA Grueter, M Sofilos, RC Malenka, JC Wu and GK 

Steinberg. (2009). Molecular and magnetic resonance imaging of human embryonic stem 

cell-derived neural stem cell grafts in ischemic rat brain. Mol Ther 17:1282-91. 

 

5. Nejadnik H, TD Henning, RT Castaneda, S Boddington, S Taubert, P Jha, S Tavri, D 

Golovko, L Ackerman, R Meier and HE Daldrup-Link. (2012). Somatic differentiation 

and MR imaging of magnetically labeled human embryonic stem cells. Cell Transplant 

21:2555-67. 

 

6. Chen CC, MC Ku, MJ D, JS Lai, DY Hueng and C Chang. (2013). Simple SPION 

incubation as an efficient intracellular labeling method for tracking neural progenitor 

cells using MRI. PLoS One 8:e56125. 

 

7. Na HB, IC Song and T Hyeon. (2009). Inorganic nanoparticles for MRI contrast agents. 

Adv Mater 21:2133-2148. 

 

8. Bulte JW and DL Kraitchman. (2004). Iron oxide MR contrast agents for molecular and 

cellular imaging. NMR Biomed 17:484-99. 

 

9. Boulland JL, DS Leung, M Thuen, E Vik-Mo, M Joel, MC Perreault, IA Langmoen, O 

Haraldseth and JC Glover. (2012). Evaluation of intracellular labeling with micron-sized 

particles of iron oxide (MPIOs) as a general tool for in vitro and in vivo tracking of 

human stem and progenitor cells. Cell Transplant 21:1743-59. 

 

10. Hinds KA, JM Hill, EM Shapiro, MO Laukkanen, AC Silva, CA Combs, TR Varney, RS 

Balaban, AP Koretsky and CE Dunbar. (2003). Highly efficient endosomal labeling of 

progenitor and stem cells with large magnetic particles allows magnetic resonance 

imaging of single cells. Blood 102:867-72. 

 

11. Shapiro EM, S Skrtic and AP Koretsky. (2005). Sizing it up: cellular MRI using micron-

sized iron oxide particles. Magn Reson Med 53:329-38. 



60 

 

12. Shapiro EM, S Skrtic, K Sharer, JM Hill, CE Dunbar and AP Koretsky. (2004). MRI 

detection of single particles for cellular imaging. Proc Natl Acad Sci U S A 101:10901-6. 

 

13. Hsiao JK, MF Tai, CY Yang, ST Chen, JL Wang, HC Ku and HM Liu. (2007). 

Comparison of micrometer and nanometer sized magnetic particles for cell labeling 

Magnetics, IEEE Transactions 63:2421-2423. 

 

14. Tabar V and L Studer. (2014). Pluripotent stem cells in regenerative medicine: challenges 

and recent progress. Nat Rev Genet 15:82-92. 

 

15. Coopman K. (2011). Large-scale compatible methods for the preservation of human 

embryonic stem cells: current perspectives. Biotechnol Prog 27:1511-21. 

 

16. Stacey GN, JM Crook, D Hei and T Ludwig. (2013). Banking human induced pluripotent 

stem cells: lessons learned from embryonic stem cells? Cell Stem Cell 13:385-388. 

 

17. Daadi MM and GK Steinberg. (2009). Manufacturing neurons from human embryonic 

stem cells: biological and regulatory aspects to develop a safe cellular product for stroke 

cell therapy. Regen Med 4:251-63. 

 

18. Nakano T, S Ando, N Takata, M Kawada, K Muguruma, K Sekiguchi, K Saito, S 

Yonemura, M Eiraku and Y Sasai. (2012). Self-formation of optic cups and storable 

stratified neural retina from human ESCs. Cell Stem Cell 10:771-85. 

 

19. Illes S, S Theiss, HP Hartung, M Siebler and M Dihne. (2009). Niche-dependent 

development of functional neuronal networks from embryonic stem cell-derived neural 

populations. BMC Neurosci 10:93. 

 

20. Solozobova V, N Wyvekens and J Pruszak. (2012). Lessons from the embryonic neural 

stem cell niche for neural lineage differentiation of pluripotent stem cells. Stem Cell Rev 

8:813-29. 

 

21. Lancaster MA, M Renner, CA Martin, D Wenzel, LS Bicknell, ME Hurles, T Homfray, 

JM Penninger, AP Jackson and JA Knoblich. (2013). Cerebral organoids model human 

brain development and microcephaly. Nature 501:373-9. 

 

22. Sart S, T Ma and Y Li. (2013). Cryopreservation of pluripotent stem cell aggregates in 

defined protein-free formulation. Biotechnol Prog 29:143-153. 

 

23. Sart S, Y Yan and Y Li. (2014). The microenvironment of embryoid bodies modulated 

the commitment to neural lineage post-cryopreservation. Tissue Engineering Part C: 

Methods. In Press. 

 

24. Sart S, F Calixto Bejarano, MA Baird, Y Yan, JT Rosenberg, T Ma, SC Grant and Y Li. 

(2014). Intracellular labeling of mouse embryonic stem cell-derived neural progenitor 

aggregates with micron-sized particles of iron oxide. Cytotherapy In Press. 



61 

 

25. van Tiel ST, PA Wielopolski, GC Houston, GP Krestin and MR Bernsen. (2010). 

Variations in labeling protocol influence incorporation, distribution and retention of iron 

oxide nanoparticles into human umbilical vein endothelial cells. Contrast Media Mol 

Imaging 5:247-57. 

 

26. Hunt CJ. (2011). Cryopreservation of human stem cells for clinical application: a review. 

Transfus Med Hemother 38:107-123. 

 

27. Thu MS, LH Bryant, T Coppola, EK Jordan, MD Budde, BK Lewis, A Chaudhry, J Ren, 

NR Varma, AS Arbab and JA Frank. (2012). Self-assembling nanocomplexes by 

combining ferumoxytol, heparin and protamine for cell tracking by magnetic resonance 

imaging. Nat Med 18:463-7. 

 

28. Circu ML and TY Aw. (2010). Reactive oxygen species, cellular redox systems, and 

apoptosis. Free Radic Biol Med 48:749-62. 

 

29. Chetverikova EP. (2012). DNA damage by reactive oxygen species in cryopreservation 

and the antioxidant properties of cryoprotectors. Biophysics 57:263-269. 

 

30. Stroh A, C Zimmer, C Gutzeit, M Jakstadt, F Marschinke, T Jung, H Pilgrimm and T 

Grune. (2004). Iron oxide particles for molecular magnetic resonance imaging cause 

transient oxidative stress in rat macrophages. Free Radic Biol Med 36:976-84. 

 

31. Li Y and T Ma. (2012). Bioprocessing of cryopreservation for large scale banking of 

human pluripotent stem cells. BioResearch Open Access 1:205-214. 

 

32. Katkov, II, MS Kim, R Bajpai, YS Altman, M Mercola, JF Loring, AV Terskikh, EY 

Snyder and F Levine. (2006). Cryopreservation by slow cooling with DMSO diminished 

production of Oct-4 pluripotency marker in human embryonic stem cells. Cryobiology 

53:194-205. 

 

33. Janic B, K Jafari-Khouzani, A Babajani-Feremi, AS Iskander, NR Varma, MM Ali, RA 

Knight and AS Arbab. (2012). MRI tracking of FePro labeled fresh and cryopreserved 

long term in vitro expanded human cord blood AC133+ endothelial progenitor cells in rat 

glioma. PLoS One 7:e37577. 

 

34. Tysseling-Mattiace VM, V Sahni, KL Niece, D Birch, C Czeisler, MG Fehlings, SI Stupp 

and JA Kessler. (2008). Self-assembling nanofibers inhibit glial scar formation and 

promote axon elongation after spinal cord injury. J Neurosci 28:3814-23. 

 

35. Thuret S, LD Moon and FH Gage. (2006). Therapeutic interventions after spinal cord 

injury. Nat Rev Neurosci 7:628-43. 

 

36. Yang F, R Murugan, S Ramakrishna, X Wang, YX Ma and S Wang. (2004). Fabrication 

of nano-structured porous PLLA scaffold intended for nerve tissue engineering. 

Biomaterials 25:1891-900. 



62 

 

37. Liu N, R Zang, ST Yang and Y Li. (2014). Stem cell engineering in bioreactors for large 

scale bioprocessing. Engineering in Life Sciences 14:4-15. 

 

38. McLeod M, M Hong, A Sen, D Sadi, R Ulalia, LA Behie and I Mendez. (2006). 

Transplantation of bioreactor-produced neural stem cells into the rodent brain. Cell 

Transplant 15:689-97. 

 

39. Doetschman T., E H., K M., S W. and K R. (1985). The in vitro development of 

blastocyst-derived embryonic stem cell lines: formation of visceral yolk sac, blood 

islands and myocardium. J. Embryol Exp Morph 87:27-45. 

 

40. Bain G, D Kitchens, M Yao, JE Huettner and DI Gottlieb. (1995). Embryonic stem cells 

express neuronal properties in vitro. Dev Biol 168:342-57. 

 

41. Okabe S, K Forsberg-Nilsson, AC Spiro, M Segal and RD McKay. (1996). Development 

of neuronal precursor cells and functional postmitotic neurons from embryonic stem cells 

in vitro. Mech Dev 59:89-102. 

 

42. Lee SH, N Lumelsky, L Studer, JM Auerbach and RD McKay. (2000). Efficient 

generation of midbrain and hindbrain neurons from mouse embryonic stem cells. Nat 

Biotechnol 18:675-9. 

 

43. Wichterle H, I Lieberam, JA Porter and TM Jessell. (2002). Directed differentiation of 

embryonic stem cells into motor neurons. Cell 110:385-97. 

 

44. Chambers SM, CA Fasano, EP Papapetrou, M Tomishima, M Sadelain and L Studer. 

(2009). Highly efficient neural conversion of human ES and iPS cells by dual inhibition 

of SMAD signaling. Nat Biotechnol 27:275-80. 

 

45. Boulting GL, E Kiskinis, GF Croft, MW Amoroso, DH Oakley, BJ Wainger, DJ 

Williams, DJ Kahler, M Yamaki, L Davidow, CT Rodolfa, JT Dimos, S Mikkilineni, AB 

MacDermott, CJ Woolf, CE Henderson, H Wichterle and K Eggan. (2011). A 

functionally characterized test set of human induced pluripotent stem cells. Nat 

Biotechnol 29:279-86. 

 

46. Hicks AU, RS Lappalainen, S Narkilahti, R Suuronen, D Corbett, J Sivenius, O Hovatta 

and J Jolkkonen. (2009). Transplantation of human embryonic stem cell-derived neural 

precursor cells and enriched environment after cortical stroke in rats: cell survival and 

functional recovery. Eur J Neurosci 29:562-74. 

 

47. Koch P, T Opitz, JA Steinbeck, J Ladewig and O Brustle. (2009). A rosette-type, self-

renewing human ES cell-derived neural stem cell with potential for in vitro instruction 

and synaptic integration. Proc Natl Acad Sci U S A 106:3225-30. 

 



63 

 

48. Nistor G, MM Siegenthaler, SN Poirier, S Rossi, AJ Poole, ME Charlton, JD McNeish, 

CN Airriess and HS Keirstead. (2011). Derivation of high purity neuronal progenitors 

from human embryonic stem cells. PLoS One 6:e20692. 

 

49. Gerrard L, L Rodgers and W Cui. (2005). Differentiation of human embryonic stem cells 

to neural lineages in adherent culture by blocking bone morphogenetic protein signaling. 

STEM CELLS 23:1234-41. 

 

50. Axell MZ, S Zlateva and M Curtis. (2009). A method for rapid derivation and 

propagation of neural progenitors from human embryonic stem cells. J Neurosci Methods 

184:275-84. 

 

51. Stover AE, DJ Brick, HE Nethercott, MG Banuelos, L Sun, DK O'Dowd and PH 

Schwartz. (2013). Process-based expansion and neural differentiation of human 

pluripotent stem cells for transplantation and disease modeling. J Neurosci Res 91:1247-

1262. 

 

52. Dimos JT, KT Rodolfa, KK Niakan, LM Weisenthal, H Mitsumoto, W Chung, GF Croft, 

G Saphier, R Leibel, R Goland, H Wichterle, CE Henderson and K Eggan. (2008). 

Induced pluripotent stem cells generated from patients with ALS can be differentiated 

into motor neurons. Science 321:1218-21. 

 

53. Hu BY and SC Zhang. (2009). Differentiation of spinal motor neurons from pluripotent 

human stem cells. Nat Protoc 4:1295-304. 

 

54. Yahata N, M Asai, S Kitaoka, K Takahashi, I Asaka, H Hioki, T Kaneko, K Maruyama, 

TC Saido, T Nakahata, T Asada, S Yamanaka, N Iwata and H Inoue. (2011). Anti-Abeta 

drug screening platform using human iPS cell-derived neurons for the treatment of 

Alzheimer's disease. PLoS One 6:e25788. 

 

55. Oki K, J Tatarishvili, J Woods, P Koch, S Wattananit, Y Mine, E Monni, DT Prietro, H 

Ahlenius, J Ladewig, O Brustle, O Lindvall and Z Kokaia. (2012). Human induced 

pluripotent stem cells form functional neurons and improve recovery after grafting in 

stroke-damaged brain. STEM CELLS 30:1120-1133. 

 

56. Polentes J, P Jendelova, M Cailleret, H Braun, N Romanyuk, P Tropel, M Brenot, V Itier, 

C Seminatore, K Baldauf, K Turnovcova, D Jirak, M Teletin, J Come, J Tournois, K 

Reymann, E Sykova, S Viville and B Onteniente. (2012). Human induced pluripotent 

stem cells improve stroke outcome and reduce secondary degeneration in the recipient 

brain. Cell Transplant 21:2587-602. 

 

57. Jensen MB, H Yan, R Krishnaney-Davison, A Al Sawaf and SC Zhang. (2013). Survival 

and differentiation of transplanted neural stem cells derived from human induced 

pluripotent stem cells in a rat stroke model. J Stroke Cerebrovasc Dis 22:304-308. 

 



64 

 

58. Chen SJ, CM Chang, SK Tsai, YL Chang, SJ Chou, SS Huang, LK Tai, YC Chen, HH 

Ku, HY Li and SH Chiou. (2010). Functional improvement of focal cerebral ischemia 

injury by subdural transplantation of induced pluripotent stem cells with fibrin glue. Stem 

Cells Dev 19:1757-67. 

 

59. Popescu IR, C Nicaise, S Liu, G Bisch, S Knippenberg, V Daubie, D Bohl and R Pochet. 

(2013). Neural progenitors derived from human induced pluripotent stem cells survive 

and differentiate upon transplantation into a rat model of amyotrophic lateral sclerosis. 

Stem Cells Transl Med 2:167-74. 

 

60. Discher DE, DJ Mooney and PW Zandstra. (2009). Growth factors, matrices, and forces 

combine and control stem cells. Science 324:1673-7. 

 

61. Vunjak-Novakovic G and DT Scadden. (2011). Biomimetic platforms for human stem 

cell research. Cell Stem Cell 8:252-61. 

 

62. Leipzig ND and MS Shoichet. (2009). The effect of substrate stiffness on adult neural 

stem cell behavior. Biomaterials 30:6867-78. 

 

63. Hung CH and TH Young. (2006). Differences in the effect on neural stem cells of fetal 

bovine serum in substrate-coated and soluble form. Biomaterials 27:5901-8. 

 

64. Cattaneo E and R McKay. (1990). Proliferation and differentiation of neuronal stem cells 

regulated by nerve growth factor. Nature 347:762-5. 

 

65. Johe KK, TG Hazel, T Muller, MM Dugich-Djordjevic and RD McKay. (1996). Single 

factors direct the differentiation of stem cells from the fetal and adult central nervous 

system. Genes Dev 10:3129-40. 

 

66. Hynes RO. (2009). The extracellular matrix: not just pretty fibrils. Science 326:1216-9. 

67. Rozario T and DW DeSimone. (2010). The extracellular matrix in development and 

morphogenesis: a dynamic view. Dev Biol 341:126-40. 

 

68. Lutolf MP, PM Gilbert and HM Blau. (2009). Designing materials to direct stem-cell fate. 

Nature 462:433-41. 

 

69. Evans ND, C Minelli, E Gentleman, V LaPointe, SN Patankar, M Kallivretaki, X Chen, 

CJ Roberts and MM Stevens. (2009). Substrate stiffness affects early differentiation 

events in embryonic stem cells. Eur Cell Mater 18:1-13; discussion 13-4. 

 

70. Keung AJ, P Asuri, S Kumar and DV Schaffer. (2012). Soft microenvironments promote 

the early neurogenic differentiation but not self-renewal of human pluripotent stem cells. 

Integr Biol (Camb) 4:1049-58. 

 

71. Engler A, L Bacakova, C Newman, A Hategan, M Griffin and D Discher. (2004). 

Substrate compliance versus ligand density in cell on gel responses. Biophys J 86:617-28. 



65 

 

72. Engler AJ, S Sen, HL Sweeney and DE Discher. (2006). Matrix elasticity directs stem 

cell lineage specification. Cell 126:677-89. 

 

73. Eroshenko N, R Ramachandran, VK Yadavalli and RR Rao. (2013). Effect of substrate 

stiffness on early human embryonic stem cell differentiation. J Biol Eng 7:7. 

 

74. Sun Y, LG Villa-Diaz, RH Lam, W Chen, PH Krebsbach and J Fu. (2012). Mechanics 

regulates fate decisions of human embryonic stem cells. PLoS One 7:e37178. 

 

75. Discher DE, P Janmey and YL Wang. (2005). Tissue cells feel and respond to the 

stiffness of their substrate. Science 310:1139-43. 

 

76. Pelham RJ, Jr. and Y Wang. (1997). Cell locomotion and focal adhesions are regulated 

by substrate flexibility. Proc Natl Acad Sci U S A 94:13661-5. 

 

77. Nemir S and JL West. (2010). Synthetic materials in the study of cell response to 

substrate rigidity. Ann Biomed Eng 38:2-20. 

 

78. Chowdhury F, Y Li, YC Poh, T Yokohama-Tamaki, N Wang and TS Tanaka. (2010). 

Soft substrates promote homogeneous self-renewal of embryonic stem cells via 

downregulating cell-matrix tractions. PLoS One 5:e15655. 

 

79. Musah S, SA Morin, PJ Wrighton, DB Zwick, S Jin and LL Kiessling. (2012). 

Glycosaminoglycan-binding hydrogels enable mechanical control of human pluripotent 

stem cell self-renewal. ACS Nano 6:10168-77. 

 

80. Saha K, AJ Keung, EF Irwin, Y Li, L Little, DV Schaffer and KE Healy. (2008). 

Substrate modulus directs neural stem cell behavior. Biophys J 95:4426-38. 

 

81. Taylor Z and K Miller. (2004). Reassessment of brain elasticity for analysis of 

biomechanisms of hydrocephalus. J Biomech 37:1263-9. 

 

82. Collinsworth AM, S Zhang, WE Kraus and GA Truskey. (2002). Apparent elastic 

modulus and hysteresis of skeletal muscle cells throughout differentiation. Am J Physiol 

Cell Physiol 283:C1219-27. 

 

83. Athanasiou KA, MP Rosenwasser, JA Buckwalter, TI Malinin and VC Mow. (1991). 

Interspecies comparisons of in situ intrinsic mechanical properties of distal femoral 

cartilage. J Orthop Res 9:330-40. 

 

84. Katsamanis F and DD Raftopoulos. (1990). Determination of mechanical properties of 

human femoral cortical bone by the Hopkinson bar stress technique. J Biomech 23:1173-

84. 

 



66 

 

85. Lu YB, K Franze, G Seifert, C Steinhauser, F Kirchhoff, H Wolburg, J Guck, P Janmey, 

EQ Wei, J Kas and A Reichenbach. (2006). Viscoelastic properties of individual glial 

cells and neurons in the CNS. Proc Natl Acad Sci U S A 103:17759-64. 

 

86. Arshi A, Y Nakashima, H Nakano, S Eaimkhong, D Evseenko, J Reed, AZ Stieg, JK 

Gimzewski and A Nakano. (2013). Rigid microenvironments promote cardiac 

differentiation of mouse and human embryonic stem cells. Science and Technology of 

Advanced Materials 14:025003. 

 

87. Zoldan J, ED Karagiannis, CY Lee, DG Anderson, R Langer and S Levenberg. (2011). 

The influence of scaffold elasticity on germ layer specification of human embryonic stem 

cells. Biomaterials 32:9612-21. 

 

88. Baust JG, D Gao and JM Baust. (2009). Cryopreservation: An emerging paradigm 

change. Organogenesis 5:90-6. 

 

89. Berz D, EM McCormack, ES Winer, GA Colvin and PJ Quesenberry. (2007). 

Cryopreservation of hematopoietic stem cells. Am J Hematol 82:463-72. 

 

90. Liu G, H Zhou, Y Li, G Li, L Cui, W Liu and Y Cao. (2008). Evaluation of the viability 

and osteogenic differentiation of cryopreserved human adipose-derived stem cells. 

Cryobiology 57:18-24. 

 

91. Martin-Ibanez R, O Hovatta and J Canals. (2012). Cryopreservation of human pluripotent 

stem cells: are we going in the right direction? . In Katkov II, editor. In Tech: :139-166. 

 

92. Heng BC, CP Ye, H Liu, WS Toh, AJ Rufaihah, Z Yang, BH Bay, Z Ge, HW Ouyang, 

EH Lee and T Cao. (2006). Loss of viability during freeze-thaw of intact and adherent 

human embryonic stem cells with conventional slow-cooling protocols is predominantly 

due to apoptosis rather than cellular necrosis. J Biomed Sci 13:433-45. 

 

93. Watanabe K, M Ueno, D Kamiya, A Nishiyama, M Matsumura, T Wataya, JB Takahashi, 

S Nishikawa, K Muguruma and Y Sasai. (2007). A ROCK inhibitor permits survival of 

dissociated human embryonic stem cells. Nat Biotechnol 25:681-6. 

 

94. Li X, G Meng, R Krawetz, S Liu and DE Rancourt. (2008). The ROCK inhibitor Y-

27632 enhances the survival rate of human embryonic stem cells following 

cryopreservation. Stem Cells Dev 17:1079-85. 

 

95. Mazur P. (1984). Freezing of living cells: mechanisms and implications. Am J Physiol 

247:C125-42. 

 

96. Meryman HT. (2007). Cryopreservation of living cells: principles and practice. 

Transfusion 47:935-45. 

 



67 

 

97. Polge C, AU Smith and AS Parkes. (1949). Revival of spermatozoa after vitrification and 

dehydration at low temperatures. Nature 164:666. 

 

98. Arnaud FG and DE Pegg. (1989). Cryopreservation of human platelets with 1.4M 

glycerol at -196 degrees C. Thromb Res 53:585-94. 

 

99. Lovelock E and M Bishop. (1959). Prevention of freezing damage to living cells by 

dimethyl sulfoxide. Nature 183:1394-1395. 

 

100. Hubel A. (1997). Parameters of cell freezing: implications for the cryopreservation of 

stem cells. Transfus Med Rev 11:224-33. 

 

101. Karlsson JO. (2002). Cryopreservation: freezing and vitrification. Science 296:655-6. 

 

102. Imaizumi K, N Nishishita, M Muramatsu, T Yamamoto, C Takenaka, S Kawamata, K 

Kobayashi, S Nishikawa and T Akuta. (2014). A simple and highly effective method for 

slow-freezing human pluripotent stem cells using dimethyl sulfoxide, hydroxyethyl starch 

and ethylene glycol. PLoS One 9:e88696. 

 

103. Katkov, II, NG Kan, F Cimadamore, B Nelson, EY Snyder and AV Terskikh. (2011). 

DMSO-Free Programmed Cryopreservation of Fully Dissociated and Adherent Human 

Induced Pluripotent Stem Cells. Stem Cells Int 2011:981606. 

 

104. Reubinoff BE, MF Pera, G Vajta and AO Trounson. (2001). Effective cryopreservation 

of human embryonic stem cells by the open pulled straw vitrification method. Hum 

Reprod 16:2187-94. 

 

105. Richards M, CY Fong, S Tan, WK Chan and A Bongso. (2004). An efficient and safe 

xeno-free cryopreservation method for the storage of human embryonic stem cells. 

STEM CELLS 22:779-89. 

 

106. Mollamohammadi S, A Taei, M Pakzad, M Totonchi, A Seifinejad, N Masoudi and H 

Baharvand. (2009). A simple and efficient cryopreservation method for feeder-free 

dissociated human induced pluripotent stem cells and human embryonic stem cells. Hum 

Reprod 24:2468-76. 

 

107. Shapiro EM, K Sharer, S Skrtic and AP Koretsky. (2006). In vivo detection of single 

cells by MRI. Magn Reson Med 55:242-9. 

 

108. Soenen SJ, U Himmelreich, N Nuytten and M De Cuyper. (2011). Cytotoxic effects of 

iron oxide nanoparticles and implications for safety in cell labelling. Biomaterials 

32:195-205. 

 

109. Gupta AK and M Gupta. (2005). Cytotoxicity suppression and cellular uptake 

enhancement of surface modified magnetic nanoparticles. Biomaterials 26:1565-73. 



68 

 

110. Rosenberg JT, KL Sellgren, A Sachi-Kocher, F Calixto Bejarano, MA Baird, MW 

Davidson, T Ma and SC Grant. (2013). Magnetic resonance contrast and biological 

effects of intracellular superparamagnetic iron oxides on human mesenchymal stem cells 

with long-term culture and hypoxic exposure. Cytotherapy 15:307-22. 

 

111. McFadden C, CL Mallett and PJ Foster. (2011). Labeling of multiple cell lines using a 

new iron oxide agent for cell tracking by MRI. Contrast Media Mol Imaging 6:514-22. 

 

112. Skotland T, PC Sontum and I Oulie. (2002). In vitro stability analyses as a model for 

metabolism of ferromagnetic particles (Clariscan), a contrast agent for magnetic 

resonance imaging. J Pharm Biomed Anal 28:323-9. 

 

113. Williams JB, Q Ye, TK Hitchens, CL Kaufman and C Ho. (2007). MRI detection of 

macrophages labeled using micrometer-sized iron oxide particles. J Magn Reson Imaging 

25:1210-8. 

 

114. Wu YL, Q Ye, LM Foley, TK Hitchens, K Sato, JB Williams and C Ho. (2006). In situ 

labeling of immune cells with iron oxide particles: an approach to detect organ rejection 

by cellular MRI. Proc Natl Acad Sci U S A 103:1852-7. 

 

115. Rohani R, SN de Chickera, C Willert, Y Chen, GA Dekaban and PJ Foster. (2011). In 

vivo cellular MRI of dendritic cell migration using micrometer-sized iron oxide (MPIO) 

particles. Mol Imaging Biol 13:679-94. 

 

116. Sart S, F Calixto Bejarano, Y Yan, SC Grant and Y Li. (2014). Labeling pluripotent stem 

cell-derived neural progenitors with iron oxide particles for magnetic resonance imaging. 

Methods Mol Biol In Press. 

 

117. Goodman TT, J Chen, K Matveev and SH Pun. (2008). Spatio-temporal modeling of 

nanoparticle delivery to multicellular tumor spheroids. Biotechnol Bioeng 101:388-99. 

 

118. Gao Y, M Li, B Chen, Z Shen, P Guo, MG Wientjes and JL Au. (2013). Predictive 

Models of Diffusive Nanoparticle Transport in 3-Dimensional Tumor Cell Spheroids. 

Aaps J. 

 

119. Sart S, T Ma and Y Li. (2014). Extracellular matrices decellularized from embryonic 

stem cells maintained their structure and signaling specificity. Tissue Engineering Part A 

20:54-66. 

 

120. Okada Y, T Shimazaki, G Sobue and H Okano. (2004). Retinoic-acid-concentration-

dependent acquisition of neural cell identity during in vitro differentiation of mouse 

embryonic stem cells. Dev Biol 275:124-42. 

 

121. Sart S, Y Liu, T Ma and Y Li. (2014). Microenvironment regulation of pluripotent stem 

cell-derived neural progenitor aggregates by human mesenchymal stem cell secretome. 

Tissue Engineering Part A 20:2666-2679. 



69 

 

122. Alenzi FQ, M Lotfy and R Wyse. (2010). Swords of cell death: caspase activation and 

regulation. Asian Pac J Cancer Prev 11:271-80. 

 

123. Rosenberg JT, A Sachi-Kocher, MW Davidson and SC Grant. (2012). Intracellular SPIO 

labeling of microglia: high field considerations and limitations for MR microscopy. 

Contrast Media Mol Imaging 7:121-9. 

 

124. Sart S, A Errachid, YJ Schneider and SN Agathos. (2013). Modulation of mesenchymal 

stem cell actin organization on conventional microcarriers for proliferation and 

differentiation in stirred bioreactors. J Tissue Eng Regen Med 7:537-551. 

 

125. Sart S, SN Agathos and Y Li. (2013). Engineering stem cell fate with biochemical and 

biomechanical properties of microcarriers. Biotechnol Prog 29:1354-1366. 

 

126. Si-Tayeb K, FK Noto, A Sepac, F Sedlic, ZJ Bosnjak, JW Lough and SA Duncan. (2010). 

Generation of human induced pluripotent stem cells by simple transient transfection of 

plasmid DNA encoding reprogramming factors. BMC Dev Biol 10:81. 

 

127. Soenen SJ, N Nuytten, SF De Meyer, SC De Smedt and M De Cuyper. (2010). High 

intracellular iron oxide nanoparticle concentrations affect cellular cytoskeleton and focal 

adhesion kinase-mediated signaling. Small 6:832-42. 

 

128. Neri M, C Maderna, C Cavazzin, V Deidda-Vigoriti, LS Politi, G Scotti, P Marzola, A 

Sbarbati, AL Vescovi and A Gritti. (2008). Efficient in vitro labeling of human neural 

precursor cells with superparamagnetic iron oxide particles: relevance for in vivo cell 

tracking. STEM CELLS 26:505-16. 

 

129. Slotkin JR, KS Cahill, SA Tharin and EM Shapiro. (2007). Cellular magnetic resonance 

imaging: nanometer and micrometer size particles for noninvasive cell localization. 

Neurotherapeutics 4:428-33. 

 

130. Miyoshi S, JA Flexman, DJ Cross, KR Maravilla, Y Kim, Y Anzai, J Oshima and S 

Minoshima. (2005). Transfection of neuroprogenitor cells with iron nanoparticles for 

magnetic resonance imaging tracking: cell viability, differentiation, and intracellular 

localization. Mol Imaging Biol 7:286-95. 

 

131. Pickard MR, P Barraud and DM Chari. (2011). The transfection of multipotent neural 

precursor/stem cell transplant populations with magnetic nanoparticles. Biomaterials 

32:2274-84. 

 

132. Lee JH, YM Huh, YW Jun, JW Seo, JT Jang, HT Song, S Kim, EJ Cho, HG Yoon, JS 

Suh and J Cheon. (2007). Artificially engineered magnetic nanoparticles for ultra-

sensitive molecular imaging. Nat Med 13:95-9. 

 



70 

 

133. Xu X, S Cowley, CJ Flaim, W James, L Seymour and Z Cui. (2010). The roles of 

apoptotic pathways in the low recovery rate after cryopreservation of dissociated human 

embryonic stem cells. Biotechnol Prog 26:827-37. 

 

134. Sharma S, EA Szurek, JS Rzucidlo, SS Liour and A Eroglu. (2011). Cryobanking of 

embryoid bodies to facilitate basic research and cell-based therapies. Rejuvenation Res 

14:641-9. 

 

135. Tang KS, SM Hashmi and EM Shapiro. (2013). The effect of cryoprotection on the use of 

PLGA encapsulated iron oxide nanoparticles for magnetic cell labeling. Nanotechnology 

24:125101. 

 

136. Beier AF, JC Schulz, D Dorr, A Katsen-Globa, A Sachinidis, J Hescheler and H 

Zimmermann. (2011). Effective surface-based cryopreservation of human embryonic 

stem cells by vitrification. Cryobiology. 

 

137. McBeath R, DM Pirone, CM Nelson, K Bhadriraju and CS Chen. (2004). Cell shape, 

cytoskeletal tension, and RhoA regulate stem cell lineage commitment. Dev Cell 6:483-

95. 

 

138. Ichikawa H, S Yoshie, S Shirasawa, T Yokoyama, F Yue, D Tomotsune and K Sasaki. 

(2011). Freeze-thawing single human embryonic stem cells induce e-cadherin and actin 

filament network disruption via g13 signaling. Cryo Letters 32:516-24. 

 

139. Tsatmali M, EC Walcott, H Makarenkova and KL Crossin. (2006). Reactive oxygen 

species modulate the differentiation of neurons in clonal cortical cultures. Mol Cell 

Neurosci 33:345-57. 

 

140. Le Belle JE, NM Orozco, AA Paucar, JP Saxe, J Mottahedeh, AD Pyle, H Wu and HI 

Kornblum. (2011). Proliferative neural stem cells have high endogenous ROS levels that 

regulate self-renewal and neurogenesis in a PI3K/Akt-dependant manner. Cell Stem Cell 

8:59-71. 

 

141. Tsatmali M, EC Walcott and KL Crossin. (2005). Newborn neurons acquire high levels 

of reactive oxygen species and increased mitochondrial proteins upon differentiation 

from progenitors. Brain Res 1040:137-50. 

 

 

 

 

 



71 

 

BIOGRAPHICAL SKETCH 

PROFILE 

Name: Yuanwei Yan 

Gender: Male 

Citizenship: China 

Graduate GPA: 3.531 

EDUCATION AND WORK EXPERIENCE 

1. 2005-2009, Bachelor of Bioengineering, School of Biotechnology, East China University of 

Science and Technology (ECUST), Shanghai, China 

2. 2009-2011, Research Engineer, Junrong Biotechnology Co., Ltd. and School of Life Science 

& Biotechnology, Shanghai Jiao Tong University. P.R. China 

3. 2012-present, Graduate Research Associate, Department of Chemical and Biomedical 

Engineering, Florida State University, USA 

TECHNICAL SKILLS 

1. Experimental skills: fermentation and protein purification technology, cell culture, HPLC, 

flow cytometric analysis.  

2. Computation Program: C++ language, Comsol, SAS, R 

TEACHING EXPERIENCE 

1. Teaching Assistant on ECH 3266 Introductory Transport Phenomena. Florida State University. 

Fall 2012. 

2. Teaching Assistant on ECH 4323 Process Control and Lab. Florida State University. Spring 

2014. 



72 

 

PUBLICATIONS 

1. Sart, S., Yan, Y., Li, Y. (β014). The microenvironment of embryoid boides modulated the 

commitment to neural lineage postcryopreservation. Tissue Eng Part C Methods. DOI: 

10.1089/ten.tec.β014.0β76 (In press) 

β. Sart, S., Bejarano F. C., Yan Y., Grant S. C., Li, Y. (β014) Labeling pluripotent stem cell-

derived neural progenitors with iron oxide particles for magnetic resonance imaging. Methods 

Mol Biol. DOI 10.1007/7651_β014_1βγ (In press) 

γ. Wang, Z., Xia, J., Yan, Y., Tsai A. C., Li, Y., Ma, T., Guan, J. (β014) Facile functionalization 

and assembly of live cells with microcontact printed polymeric biomaterials. Acta Biomater. 

DOI: 10.1016/j.actbio.β014.10.006 (In press) 

4. Sart, S., Bejarano F. C., Baird, M. A., Yan Y., Rosenberg, J. T., Ma, T., Grant S. C., Li, Y. 

(β014) Intracellular labeling of mouse embryonic stem cell-derived neural progenitor aggregates 

with micro-sized particles of iron oxide. Cytotherapy  DOI: 10.1016/j.j cyt.β014.09.008 (In 

press) 

5. Li, Y., Liu, M., Yan, Y., Yang, S. T. (β014) Neural differentiation from pluripotent stem cells: 

the role of natural and synthetic extracellular matrix. World J Stem Cells 6(1): 11-βγ 

6. Yan, Y., Sart, S., Li, Y. (2013) Differentiation of neural progenitor cells from pluripotent stem 

cells in artificial niches. International Journal of Stem Cell Research and Transplantation. 2013, 

1: 401-409. 

 


	Florida State University
	DigiNole Commons
	November 2014

	Cryopreservation of Pluripotent Stem Cell-Derived Neural Progenitor Aggregates Labelled with Micron-Sized Particles of Iron Oxide
	Yuanwei Yan
	Recommended Citation



