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Abstract

Cryopreservation by vitrification has been recognized as a promising strategy for long-term 

banking of living cells. However, the difficulty to generate a fast enough heating rate to minimize 

devitrification and recrystallization-induced intracellular ice formation during rewarming is one of 

the major obstacles to successful vitrification. We propose to overcome this hurdle by utilizing 

magnetic induction heating (MIH) of magnetic nanoparticles to enhance rewarming. In this study, 

superparamagnetic (SPM) Fe3O4 nanoparticles were synthesized by a chemical coprecipitation 

method. We successfully applied the MIH of Fe3O4 nanoparticles for rewarming human umbilical 

cord matrix mesenchymal stem cells (hUCM-MSCs) cryopreserved by vitrification. Our results 

show that extracellular Fe3O4 nanoparticles with MIH may greatly suppress devitrification and/or 

recrystallization during rewarming and significantly improve the survival of vitrified cells. We 

further optimized the concentration of Fe3O4 nanoparticles and the current of an alternating 

current (AC) magnetic field for generating the MIH to maximize cell viability. Our results indicate 

that MIH in an AC magnetic field with 0.05% (w/v) Fe3O4 nanoparticles significantly facilitates 

rewarming and improves the cryopreservation outcome of hUCM-MSCs by vitrification. The 

application of MIH of SPM nanoparticles to achieve rapid and spatially homogeneous heating is a 

promising strategy for enhanced cryopreservation of stem cells by vitrification.
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Introduction

Mesenchymal stem cells (MSCs) show self-renewal and multi-lineage differentiation 

properties and are important for cell-based therapies to treat a variety of disorders [1–4]. The 

umbilical cord matrix (UCM), which is routinely discarded after childbirth, is a valuable 

resource for non-invasive collection of MSCs without any ethical issues [5]. MSCs from 

human UCM (hUCM-MSCs) are an abundant source of adult stem cells and are an 

alternative to embryonic stem cells [6, 7]. UCM-MSCs show low immunogenicity and elicit 

a lower incidence of graft rejection and post-transplant infections compared with other 

sources of adult stem cells.[8] Thus, hUCM-MSCs are an extremely valuable candidate for 

cell-based regenerative medicine.[9, 10] Moreover, banking hUCM-MSCs is essential to 

meet the ever increasing needs of the cells for clinical applications and research [11].

Cell cryopreservation is a technology for long-term storage of cells by cooling the cells to 

cryogenic temperature with minimal metabolic activities [12–15]. Although it has been 

commonly used for cell cryopreservation, the conventional slow-freezing approach is time-

consuming and usually requires an expensive programmable freezer to achieve the desired 

cooling rates that are different for different types of cells [16–18]. Vitrification is attracting 

more and more attention in recent years as a fast and economic alternative to slow freezing, 

particularly for the cryopreservation of stem cells and reproductive cells [19–23]. 

Vitrification is a process by which the disordered liquid state of water is brought to a 

standstill as a solid without crystallization during cooling [24]. High cooling rates and high 

concentrations (4–8 M) of cryoprotectants have been conventionally used to achieve 

vitrification. Most research effort has been focused on achieving the ultra-rapid cooling rate 

and lowering the concentration of cryoprotectant required for vitrification [18, 19, 25–27]. 

However, due to the low thermal conductivity of biological samples, the conventional 

approach of rewarming large-volume cryopreserved samples in a water bath is associated 

with non-uniform distribution of temperature, and this non-uniformity can induce thermal 

stress that can crack the brittle cryopreserved sample [28–30]. Moreover, a high heating rate 

for rewarming is crucial, because devitrification and recrystallization will occur if the 

temperature cannot be rapidly increased above the melting points of the aqueous sample. 

Therefore, both the heating rate and uniformity of heating during rewarming are important to 

cryopreservation by vitrification.
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Electromagnetic (EM) heating, which produces a higher warming rate and more uniform 

heating than the conventional water bath rewarming method, is considered to be an effective 

approach for rewarming cryopreserved samples [31, 32]. Previous studies have been focused 

on microwave and high frequency RF rewarming (hundreds of MHz even GHz in 

frequency). Ketterer et al. thawed cryopreserved canine kidney using a microwave oven [33, 

34]. However, because the microwave penetration depth is limited and a uniform heating 

may not be achieved, the rewarming outcome was not favorable [35]. Ruggera et al. 
proposed rapid EM heating using a resonant helical coil applicator to prevent the formation 

of ice crystals during the rewarming for the cryopreservation of cells and organs [36]. 

Robinson et al. further developed this EM heating system with a cylindrical resonance cavity 

[31, 37]. Gao et al. developed a single-mode resonant cavity to achieve rapid and uniform 

warming of cryopreserved biomaterials [38]. In addition, Jin et al. used infrared laser pulses 

to achieve ultra-rapid warm rates (10,000,000 °C/min) for rewarming frozen or vitrified 

oocytes [39–41]. However, these approaches need complicated instruments and are time 

consuming.

Magnetic nanoparticles, which possess several unique characteristics including 

biocompatibility and SPM properties, are widely applied in medicine [42–45]. They can be 

rapidly heated upon exposure to an AC magnetic field and are uniformly spread throughout 

the biomaterial [30, 46]. Heating magnetic nanoparticles can be conveniently realized with 

an induction apparatus over a medium frequency range (several hundreds of kHz), and has 

been investigated to treat tumors [42, 43, 46–50]. Magnetic nanoparticles have also been 

shown to improve the efficiency of the microwave rewarming process, and augment tumor 

treatment with cryosurgery [51, 52]. However, the effect of magnetic induction heating 

(MIH) of SPM nanoparticles in an AC magnetic field on vitrified cryopreservation has not 

been reported. In this study, we synthesize and characterize SPM nanoparticles and apply 

them, as part of the vitrification solution, for hUCM-MSCs cryopreservation by vitrification. 

We found that SPM nanoparticles improve the rewarming of hUCM-MSCs cryopreserved by 

vitrification under an alternating magnetic field.

Materials and methods

Synthesis of Fe3O4 nanoparticles

Fe3O4 nanoparticles were synthesized by a chemical coprecipitation method detailed 

elsewhere [53]. In brief, FeCl3 (0.5 mol/L) and FeSO4 (0.5 mol/L) were mixed in water, and 

aqueous ammonia solution was added into the mixture drop by drop with vigorous stirring 

until the pH reached 9 under N2 gas. The mixture was further stirred for 30 min to complete 

the reaction. Afterward, Fe3O4 nanoparticles were collected and washed three times with 

distilled water by centrifugation and kept in a refrigerator for future use.

Characterization of Fe3O4 nanoparticles

The morphology of the Fe3O4 nanoparticles were examined using a H-700H transmission 

electron microscope (TEM, Hitachi, Ltd., Tokyo, Japan) at an accelerating voltage of 100 

kV, and the samples of Fe3O4 nanoparticles for the TEM study were prepared by placing 

drops of the nanoparticles in ethanol on the surface of carbon grids. The size of Fe3O4 
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nanoparticles was assessed by dynamic light scattering (DLS) using a DynaPro-MS800 

instrument (Wyatt Technology, Santa Barbara, CA, USA), for which the Fe3O4 nanoparticles 

were dispersed in phosphate-buffered saline (PBS) at a concentration of 50 μg/mL. After 

ultrasonication, the aqueous solution was obtained after the samples were equilibrated at 

25 °C for 10 min. The surface zeta potential of Fe3O4 nanoparticles was measured using a 

Malvern Nano-ZS90 Zetasizer Nano instrument (Malvern Instruments Ltd., Malvern, UK) at 

room temperature. The magnetic properties of the Fe3O4 nanoparticles were measured with 

a vibrating sample magnetometer (VSM, Quantum Design, Inc., San Diego, CA, USA) 

vibrating sample magnetometer at room temperature.

hUCM-MSC culture

hUCM-MSCs were generously provided by Anhui Huien Biotechnology Corporation, LTD. 

(Hefei, Anhui, China), and they have been used in previous studies [54, 55]. To isolate the 

hUCM-MSCs, UCMs from the UCM of consenting patients were enzymatically dissociated 

in Dulbecco’s modified Eagle medium (DMEM) with 0.25% (w/v) trypsin (Gibco, Carlsbad, 

CA, USA), 300 U collagenase type II (Gibco), and 10% (v/v) fetal bovine serum (FBS, 

Gibco). After incubating at 37 °C for 60 min, the dissociation was terminated by washing in 

medium (DMEM with 10% (v/v) FBS), and the samples were sequentially filtered through a 

25 μm nylon mesh to remove tissue debris. The isolated hUCM-MSCs were suspended in 

DMEM containing 10% (v/v) FBS, and cultured at 37 °C and 5% CO2 in a humidified 

incubator. Culture medium was changed every other day until reaching 80–90% confluency. 

All cells used in this study were no more than the third passage.

Cell uptake of Fe3O4 nanoparticles

For the cell uptake study, Fe3O4 nanoparticles were purified by dialyzing against sterile PBS 

overnight. The purified Fe3O4 nanoparticles were then dispersed in culture medium and 

incubated with hUCM-MSCs for 12 h at 37 °C and 5% CO2 in an incubator. Afterward, the 

hUCM-MSCs were fixed with glutaraldehyde for examination using a Hitachi H-700H TEM 

(Hitachi, Ltd., Tokyo, Japan) instrument at an accelerating voltage of 80 kV.

The cell uptake of nanoparticles was also studied with a colorimetric assay detailed in a 

previous study [56, 57]. Briefly, the hUCM-MSCs after incubating with Fe3O4 nanoparticles 

were mixed with 1.2 M HCl and 2 M ascorbic acid at 65–70 °C for approximately 2 h. A 

reagent containing ferrozine, neocuproine, ascorbic acid, and ammonium acetate was then 

added. The absorbance of the resultant solution at 562 nm was measured using a Hitachi 

U2810 UV-Vis spectrophotometer. A standard curve of the absorbance at 562 nm was 

obtained using Fe3O4 nanoparticles at concentrations of 0, 0.1, 0.5, 1.0, 2.0, and 5.0 μg/mL.

Cytotoxicity of Fe3O4 nanoparticles

To assess the cytotoxicity of Fe3O4 nanoparticles, cell proliferation assay was performed by 

culturing hUCM-MSCs with the nanoparticles. The hUCM-MSCs were seeded in 96-well 

plates at a density of 105 cells per mL in 100 μl medium. After overnight culture, the 

medium was replaced with medium containing 0.01%, 0.05%, and 0.1% (w/v) Fe3O4 

nanoparticles for further culture for up to 3 d. The cells cultured in medium without the 

nanoparticles were also studied to serve as control. The CCK-8 reagent Kit (Dojindo Inc., 
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Kumamoto, Japan) was used to measure cell proliferation. After incubating with cells for 4 h 

at 37 °C, absorbance at 450 nm was measured to quantify the cell number in each well 

according to a standard line made with the known number of cells in each well. The 

proliferation capacity was quantitatively assessed as the relative cell number on day 2 & 3 to 

that on day 1.

Cryopreservation of hUCM-MSCs

Before cryopreservation, the attached hUCM-MSCs were harvested at 70–80% confluency. 

The hUCM-MSCs were lightly trypsinized, collected by centrifugation at 500g for 5 min, 

and resuspended in culture medium (DMEM with 10% (v/v) FBS) for further use. For the 

vitrification studies, the cells were spun down at 500g for 5 min and resuspended in 1 mL of 

pre-cooled (on ice for 10 min) culture medium with 1.0 M 1,2-propanediol (PROH, Sigma-

Aldrich, St. Louis, MA, USA), 1.0 M Ethylene Glycol (EG, Sigma-Aldrich) and 0.5 M 

trehalose (Sinozyme Biotechnology Co., Ltd., China). The cells were then collected by 

centrifuging at 500g for 5 min, resuspended in a pre-cooled vitrification solution made of 

culture medium with 2.0 M PROH, 2.0 M EG, and 0.5 M trehalose, and equilibrated on ice 

for another 10 min. Afterward, the cells were mixed with Fe3O4 nanoparticles at various 

concentrations (0.01–0.1% (w/v)) pre-cooled on ice to prevent cellular uptake of the 

nanoparticles.

As illustrated in Scheme 1, for cryopreservation by vitrification, 200 μL of the cell 

suspension was then loaded into straws (Figure S1a, FHK, Japan) at a density of 107 

cells/mL. The straws were immediately cooled by plunging into liquid nitrogen and stored 

there for 1 day. The cryopreserved sample was rewarmed by plunging the straw into 37 °C 

culture medium with 0.2 M trehalose under an AC magnetic field generated by a 6-loop coil 

apparatus (Shenzhen Shuangping Power Supply Technology Co., Ltd., China, Figure S1b) 

for magnetic induction heating (MIH) at a medium frequency (375 kHz) for 10 s. The 

cryopreserved sample warmed by plunging the straws into warm culture medium with 0.2 M 

trehalose without MIH was studied in parallel to serve as negative control. The cell 

suspension was then unloaded from the straw with a syringe. The Fe3O4 nanoparticles were 

removed from the collected suspension using a ferromagnet. The post-cryopreservation cells 

were centrifuged at 500g for 5 min and resuspended in medium for evaluation of viability 

and further culture.

Assessment of cell viability with fluorescence staining

The viability of hUCM-MSCs post-cryopreservation was evaluated using an acridine orange/

ethidium bromide (AO/EB) staining kit (KeyGen BioTECH Co., Ltd., China). The cells 

were resuspended in 20 μL fresh medium and the fluorescence staining solution (1 μL) was 

added into the cell suspension. The cells were stained with the fluorescent dyes (i.e., AO and 

EB) by incubating the sample at room temperature for 5 min. Fluorescence images of the 

cells were then taken using a DS-Ri1 (Nikon, Japan) camera and 10× objective equipped on 

a Nikon Ti-FL inverted microscope with fluorescence capability. The red (i.e., EB) and 

green (AO) stained cells in the fluorescence images were counted using Image J (NIH, 

Bethesda, USA) as the dead and live cells, respectively. The cell viability was further 

calculated as the percentage of viable cells out of the total (i.e., live and dead) cells counted.
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Flow cytometry analysis of cell necrosis and apoptosis

The cell viability of post-cryopreservation also was analyzed by flow cytometry to quantify 

the cell necrosis and apoptosis. The cells post-cryopreservation were collected and washed 

in PBS. The cells were then resuspended in binding buffer (0.01 M HEPES pH 7.4, 0.14 M 

NaCl, and 2.5 mM CaCl2), stained with 5 μL FITC-conjugated Annexin V and 5 μL 

propidium iodide (PI) (Vazyme Biotech Co., Ltd., China) in 100 μL binding buffer on ice. 

The PI and Annexin V were used to stain cells that died of necrosis and apoptosis, 

respectively. The cells were incubated for 15 min in the dark. The stained samples were 

analyzed using a flow cytometer (BD FACSCalibur, Becton Dickinson, San Jose, CA, USA) 

together with the Flowjo software.

Analysis of attachment efficiency and proliferation

To further check the long-term viability of cells post-cryopreservation, cell attachment and 

proliferation were estimated as detailed in a previous study [58]. The hUCM-MSCs post 

cryopreservation were incubated with fresh culture medium for 10 min at 37 °C and the cells 

spun down to remove cryoprotective agents. The cells were then further cultured for one day. 

Fresh hUCM-MSCs without cryopreservation were studied as control. The attachment 

efficiency was calculated as the ratio of the total number of attached cells post-

cryopreservation of a cryopreserved sample to that of the control non-frozen sample at day 

1.

To quantify cell proliferation, the cell growth was evaluated over a 3-day period as 

previously described [59]. The cryopreserved hUCM-MSCs were seeded in 6-well plates. 

After 1 day of culture, the cells were detached and 1.5 × 104 cells were seeded in 48-well 

plates. Fresh hUCM-MSCs without cryopreservation were seeded in the same way to serve 

as control. At different times (1, 2, and 3 d), the medium was removed and the cells washed 

using PBS twice. The cell number in each well at different times was then determined using 

the CCK-8 kit and proliferation was calculated as the ratio of the cell number on day 2 and 

day 3 to the cell number on day 1.

Functional characterization of hUCM-MSCs

For functional study, we checked the stemness and multi-lineage potential of the hUCM-

MSCs post cryopreservation. The expression of two surface markers (CD44+ and CD31−) 

was analyzed by flow cytometry, and the multi-lineage potential of hUCM-MSCs was tested 

by adipogenic, osteogenic, and chondrogenic differentiation. The fresh and post 

cryopreserved (treated by induction heating at 15 A, 375 kHz for 10 s) hUCM-MSCs were 

cultured for 3 d, detached using trypsin/EDTA, washed with PBS, and stained with CD44-

FITC (BD Biosciences, San Jose, CA, USA) and CD31-PI (BD Biosciences) antibodies. The 

stained samples were analyzed using a flow cytometer (BD FACSCalibur). For multi-lineage 

potential assays, both the fresh and post-cryopreserved hUCM-MSCs were studied using 

adipogenic, osteogenic, and chondrogenic differentiation kits (Invitrogen, Carlsbad, CA, 

USA). In the differentiation assays, 2 × 105 cells were seeded in 6-well plates and medium 

was changed every other day till the cell confluency reached 50%. The supplemented 

induction medium was added into the 6-well plates for culture, the medium was changed 

every 3 d, and the cells were cultured for 12 d. The differentiated cells were harvested and 
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fixed with 4% paraformaldehyde. The fixed cells were stained with Oil Red O, Alizarin Red 

S, or Alcian Blue for adipogenic, osteogenic, or chondrogenic differentiations, respectively.

Statistical analysis

All data are presented as the mean ± standard deviation from at least three independent runs. 

The statistical analyses are performed using Student’s two-tail paired t tests between the 

groups, and a p value < 0.05 is considered statistically significant. Statistical significance 

between the mean values of more than two groups is determined using one-way analysis of 

variance (ANOVA) with Tukey post-hoc tests. The difference is considered statistically 

significant when the p value is less than 0.05.

Results and discussion

Characterization, cell uptake, and cytotoxicity of Fe3O4 nanoparticles

Fe3O4 nanoparticles were synthesized using the chemical coprecipitation method and their 

morphology and size were characterized by TEM (Figure 1a). The nanoparticles are largely 

spherical with a quite uniform size (10.02 ± 1.56 nm in diameter). The diameter of Fe3O4 

nanoparticles in aqueous solution (PBS) was determined by DLS to be 25.2 ± 9.3 nm, as 

shown in Figure 1b. Probably because the nanoparticles have high affinity to water 

molecules to form a hydration layer on their surface, the diameter determined by DLS is 

larger than that of TEM. The nanoparticles have a negatively charged surface (−35.0 ± 5.2 

mV) at room temperature (Figure 1c). The magnetic property characterization (Figure 1d) 

shows that Fe3O4 nanoparticles have SPM property and high magnetization with a saturation 

value of 42.69 emu/g for an individual Fe3O4 nanoparticle. When the size of Fe3O4 

nanoparticles is smaller than 30 nm, they exhibit size-dependent SPM behavior [60]. Under 

an external magnetic field, they become magnetized up to their saturation magnetization and 

can convert the some of the energy carried by the external magnetic field into heat. Upon 

removal of the external magnetic field, they no longer exhibit any residual magnetic 

interaction. Unlike bulk magnetite, SPM nanoparticles, containing a single magnetic 

domain, exhibits high magnetic susceptibility [61].

Fe3O4 nanoparticles can interact with the cell plasma membranes to form endosomes and 

enter cells [62, 63]. To quantify the cell uptake of Fe3O4 nanoparticles, a colorimetric assay 

for detecting the colored complex formed as a result of the reaction of ferrozine with Fe2+ 

reduced from the Fe3O4 nanoparticles [57]. Figure 2a shows the concentration of Fe3O4 

nanoparticles loaded into the hUCM-MSCs at different incubation times. The uptake 

increases gradually with the incubation time from 4 to 8 h and reaches a plateau after 8 h. 

After incubated with hUCM-MSCs for 12 h at 37 °C, the Fe3O4 nanoparticles localized in 

endosomes can be observed by TEM, as shown in Figure 2b. Fe3O4 nanoparticles are 

segregated from the cytoplasm by the membrane of endosome. Moreover, the nucleus, 

mitochondria, and endoplasmic reticula of hUCM-MSC are distinct, which indicate that the 

uptake of Fe3O4 nanoparticles may not affect the activity of hUCM-MSCs.

To check the toxicity of Fe3O4 nanoparticles to hUCM-MSCs, we obtained proliferation of 

hUCM-MSCs using the CCK-8 kit after incubating the cells with the Fe3O4 nanoparticles 
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for 1, 2, and 3 d. Figure 2c shows the proliferation of hUCM-MSCs after exposure to Fe3O4 

nanoparticles at different concentration (0, 0.01, 0.05, and 0.1% (w/v)) for 1, 2, and 3 d. Our 

data show that the Fe3O4 nanoparticles at concentrations as high as 0.1% (w/v) do not affect 

the proliferation of the hUCM-MSCs, even after 3 d of incubation. These results indicate 

that the SPM Fe3O4 nanoparticles do not affect mitochondrial function (checked using a 

CCK-8 kit) at concentrations as high as 0.1% (w/v). Therefore, Fe3O4 nanoparticles are 

considered as a biocompatible nanomaterial for augmenting the cryopreservation of primary 

hUCM-MSCs by vitrification.

Effect of Fe3O4 nanoparticles on cryopreservation of primary hUCM-MSCs by vitrification

It has been reported that nanoparticles have a significant impact on the thermophysical 

processes/parameters of cryopreservation such as homogeneous nucleation, phase change 

temperature, the ice growth and devitrification temperature [64–67]. Hydroxyapatite 

nanoparticles even can significantly improve the survival rate of in vitro matured porcine 

oocytes post-cryopreservation by vitrification [68]. To detect the effects of Fe3O4 

nanoparticles on cryopreservation by vitrification, the outcome of vitrification with varying 

concentration of Fe3O4 nanoparticles were investigated. As detailed in the previous studies 

[20, 26], the appearance of opacity or visible ice formation was considered as non-

vitrification. If there is no observable opacity, it is taken as being vitrified. Figure 3a shows a 

typical picture of the vitrification solution (2.0 M PROH, 2.0 M EG in culture medium) with 

or without Fe3O4 nanoparticles in straws after the straws were plunged into liquid N2. The 

solution without the Fe3O4 nanoparticles is transparent while, ice formation is evident in the 

vitrification solution with 0.05% (w/v) Fe3O4 nanoparticles. Trehalose is a non-penetrating 

cryoprotectant and lyoprotectant that has been shown to protect various biologicals from 

freezing and drying-induced injury [59, 69–72]. When both Fe3O4 nanoparticles and 

trehalose (0.5 M or higher) were incorporated into the vitrification solution, it also appears 

transparent after plunging into liquid N2 in the straw. Table 1 details the effect of various 

combinations of Fe3O4 nanoparticles, non-penetrating cryoprotectant (trehalose), and 

penetrating cryoprotectants (PROH and EG) on the vitrification of the solution in the straw. 

Fe3O4 nanoparticles did not facilitate the vitrification of the cryopreservation solution. 

However, with trehalose, ice formation is evitable to achieve vitrification.

We checked the effect of Fe3O4 nanoparticles on the survival of vitrified primary hUCM-

MSCs. Figure 3b shows representative fluorescence micrographs of the hUCM-MSCs 

stained live/dead (AO/EB) fluorescence probes after rewarming the cells vitrified with 

various concentrations of Fe3O4 nanoparticles. Viability of fresh cells without 

cryopreservation without Fe3O4 nanoparticles was quantified using the same method. As 

expected, the viability of fresh cells was high, indicated by the bright green fluorescence of 

the AO dye with negligible red fluorescence of the EB dye (Figure 3b). However, hUCM-

MSCs post-cryopreservation by vitrification either with or without the Fe3O4 nanoparticles 

were stained with the red fluorescence. Figure 3c shows that viabilities of the hUCM-MSCs 

post-cryopreservation in the absence (0%) and presence (0.01%, 0.05% and 0.1% (w/v)) of 

Fe3O4 nanoparticles are all below 40%. Although the average viability seems to decrease 

along with the increase of the concentration of the SPM nanoparticles, the decrease is not 

statistically significant. This suggests that the SPM nanoparticles alone (in the absence of 
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external AC magnetic field) have no apparent influences on the viability of hUCM-MSCs 

post cryopreservation by vitrification.

Effect of MIH with Fe3O4 nanoparticles on cryopreservation of primary hUCM-MSCs by 
vitrification

Figure 4a shows the representative fluorescence micrographs of hUCM-MSCs stained with 

live/dead dyes after cryopreservation by vitrification with and without MIH for rewarming. 

The corresponding quantitative data are shown in Figure 4b. MIH in an AC magnetic field 

with 0.01 and 0.1% (w/v) Fe3O4 nanoparticles slightly increased viability. More importantly, 

MIH in the same AC magnetic field with 0.05% (w/v) Fe3O4 nanoparticles during 

rewarming significantly improves the viability of hUCM-MSCs post-cryopreservation by 

vitrification.

To obtain optimal MIH condition for rewarming, we further investigated the effect of the 

electric current for MIH on the outcome of cryopreservation by vitrification. Figure 4c 

shows the typical two-channel (FITC-Annexin V and PI) flow cytometry data from current 

response experiments with quadrant gates showing four populations. The corresponding 

quantitative data from at least three independent runs are shown in Figure 4d. For the fresh 

cells without treatment as the positive control, the majority of cells were viable (91.3%, 

Annexin V−/PI−). In contrast, when cells vitrified with 2.0 M EG and 2.0 M PROH without 

MIH (0.05% (w/v) Fe3O4 nanoparticles) during rewarming, only 18.2% of cells (Annexin 

V−/PI−) survived. Moreover, with MIH during rewarming, there was a significant increase in 

the Annexin V−/PI− population and a corresponding decrease in cells that died of necrosis 

(Annexin V−/PI+) as shown in Figure 4d. The percentages of cells that died of apoptosis 

(Annexin V+/PI−) and both necrosis and apoptosis (Annexin V+/PI+) do not appear to be 

affected by the MIH during rewarming. Figure 4e shows the effect of the current for 

generating the magnetic field on the cell viability (i.e., percentage of Annexin V−/PI− 

hUCM-MSCs) post-cryopreservation by vitrification with 0.05% (w/v) Fe3O4 nanoparticles 

for MIH during rewarming. According to the FDA guidelines, cell viability should be > 70% 

for the release of cell therapy product lots [73]. Our approach are in compliance with the 

requirement, since we obtain 71.7% recovery of viable cells (Annexin V−/PI− hUCM-

MSCs) if 0.05% (w/v) Fe3O4 nanoparticles were used together with MIH rewarming (15A, 

375 kHz). Additionally, the cell viability of only one out of four times in our experiments 

falls below the FDA requirement for 70%, i.e., without further optimization, the likely 

failure rate of the MIH rewarming method is about 25%. Besides, A low current at 5 A may 

not enough to generate fast enough MIH heating to minimize devitrification/recrystallization 

induced cell death during rewarming and a current that is too high (e.g., > 30 A) may induce 

cell death by overheating the cells during rewarming.

We further examined the attachment efficiency of the cryopreserved hUCM-MSCs with 

MIH for rewarming (375 kHz, 10 s, and 0.05% (w/v) Fe3O4 nanoparticles). The attachment 

efficiency was calculated as the percentage of attached live cells post-cryopreservation 

relative to the number of fresh cells after 1 d of culture. As shown in Figure 4f, only 15% of 

the cells with cryopreservation without MIH during rewarming were able to attach on the 

dish. Moreover, the MIH for rewarming significantly improves the attachment efficiency of 
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the cells post-cryopreservation. Similar to the trend of cell viability, a slight decrease in 

attachment efficiency was observed as the current increases from 15 to 30 A. Moreover, the 

attached cells post-cryopreservation with MIH for rewarming proliferated similarly to fresh 

hUCM-MSCs (Figure 4g). The morphology of the hUCM-MSCs post-cryopreservation with 

MIH was also similar to that of fresh hUCM-MSCs after culture for up to 3 d (Figure S2). 

These data indicate that the MIH of Fe3O4 nanoparticles in an AC magnetic field can 

significantly augment recovery of cryopreservation by vitrification. SPM nanoparticles have 

zero magnetization once the applied magnetic field is removed and are unlikely to 

agglomerate, which makes them the ideal choice for enhancing both the rate and uniformity 

of heating cryopreserved sample during rewarming by acting as spatially uniformly 

dispersed point sources of heating upon exposure to external AC magnetic field [74, 75].

The hUCM-MSCs cryopreserved by vitrification with MIH for rewarming were observed by 

TEM and representative images are shown in Figure 5a. The cryopreserved cells exhibit 

similar ultra-structure as fresh cells with normal nuclear and cytoplasmic morphology. 

Distinct nuclei (indicated by the white arrow) were observable in both the fresh and 

cryopreserved cells, and apoptosis bodies were not present in the anisotropic nuclei. 

Moreover, the mitochondria and endoplasmic reticula are similar in the fresh and 

cryopreserved cells. These data indicate the hUCM-MSCs cryopreserved by vitrification 

with MIH for rewarming retain normal subcellular ultrastructure. In addition, no Fe3O4 

nanoparticle is observed in the cells after cryopreservation.

To assess the functional survival of the hUCM-MSCs cryopreserved by vitrification with 

MIH for warming, we studied their stemness and capability of multi-lineage differentiation. 

As shown in Figure 5b, flow cytometry analyses indicate that the expression of two typical 

surface markers (CD44+ and CD31−) on the fresh and cryopreserved hUCM-MSCs is 

similar not significantly different. The data on adipogenic, osteogenic, and chondrogenic 

differentiations of the cryopreserved and fresh hUCM-MSCs are shown in Figure 5c. For 

adipogenic differentiation, no significance was observed between the two groups of cells in 

terms of Oil Red O staining of adipocyte-like cells with lipid-filled droplets. For osteogenic 

differentiation, both groups of cells maintained similar osteogenic potential assessed by 

Alizarin Red S staining of calcific deposition, a major function of osteoblasts. For 

chondrogenic differentiation, Alcian Blue staining of sulfated proteoglycan deposits that are 

indicative of the presence of functional chondrocytes is not significantly different between 

the fresh and cryopreserved hUCM-MSCs. These data indicate that the cryopreserved 

hUCM-MSCs retain their stemness and functional capability of multi-lineage differentiation.

It is worth noting that in this study, we demonstrated the MIH-enhanced vitrification 

approach using a single straw containing ~200 μL of cell suspension with ~2 million cells. 

For the eventual application of this approach to cryopreserve many more stem cells for 

clinical use, an inexpensive device that is compatible with the MIH technology should be 

further designed to allow for cryopreserving the cells using multiple straws in parallel. This 

work is ongoing in our laboratories.
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Conclusions

In this study, we synthesized SPM Fe3O4 nanoparticles using the chemical coprecipitation 

method and thoroughly characterized their effect on cell cryopreservation by vitrification. It 

was found that the nanoparticles are highly compatible with minimal toxicity to the hUCM-

MSCs. However, the Fe3O4 nanoparticles alone have no significant impact on the 

cryopreservation of hUCM-MSCs by vitrification. More importantly, the hUCM-MSCs can 

be used for MIH to improve the heating rate during rewarming of vitrified cells to 

significantly improve the post-vitrification survival of the hUCM-MSCs. Moreover, the cells 

retain their stemness and functional capability of multi-lineage differentiation after 

cryopreservation by vitrification using an optimized protocol with Fe3O4 nanoparticle-

mediate MIH during rewarming. Our results indicate that utilizing Fe3O4 nanoparticles for 

MIH during rewarming is a promising strategy for advancing cryopreservation of hUCM-

MSCs and possibly many other important cells by vitrification to meet their ever increasing 

demand by the burgeoning cell-based medicine.
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Statement of Significance

In this manuscript, we report the successful synthesis and application of Fe3O4 

nanoparticles for magnetic induction heating (MIH) to enhance rewarming of 

vitrification-cryopreserved human umbilical cord matrix mesenchymal stem cells 

(hUCM-MSCs). We found that MIH-enhanced rewarming greatly improves the survival 

of vitrification-cryopreserved hUCM-MSCs. Moreover, the hUCM-MSCs retain their 

intact stemness and multilineage potential of differentiation post cryopreservation by 

vitrification with the MIH-enhanced rewarming. Therefore, the novel MIH-enhanced cell 

vitrification is valuable to facilitate the long-term storage of adult stem cells to meet their 

ever-increasing demand by the burgeoning cell-based medicine.
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Figure 1. 
Characterization of coprecipitation synthesized Fe3O4 nanoparticles: (a) Representative 

TEM image of Fe3O4 nanoparticles showing their morphology and size; (b) Size distribution 

of Fe3O4 nanoparticles determined by dynamic light scattering at room temperature; (c) Zeta 

potential of Fe3O4 nanoparticles measured at room temperature; and (d) Vibrating sample 

magnetometer measurement showing the magnetic property of the nanoparticles.
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Figure 2. 
Cell uptake and cytotoxicity of Fe3O4 nanoparticles: (a) Fe3O4 nanoparticles in the hUCM-

MSCs after incubation for different time determined using the colorimetric assay; (b) 

Representative TEM images of the hUCM-MSCs incubated with Fe3O4 nanoparticles for 12 

h. (c) Proliferation of the hUCM-MSCs after incubating with Fe3O4 nanoparticles at varying 

concentrations (0, 0.01, 0.05, and 0.1% (w/v)) for 1, 2, and 3 days. Here, proliferation is 

defined as the number of cells cultured with various concentrations of Fe3O4 nanoparticles 

for various days normalized to the number of the cells cultured in medium without the 

nanoparticle on day 1.

Wang et al. Page 18

Acta Biomater. Author manuscript; available in PMC 2017 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Effect of Fe3O4 nanoparticles on cryopreservation by vitrification: (a) The different 

appearances of the solutions in straws plunged into liquid N2 with the non-vitrified solution 

being whitish as a result of ice formation; (b) Phase and fluorescence micrographs of 

hUCM-MSCs vitrified with varying concentrations of Fe3O4 nanoparticles in the 

vitrification solution; and (c) Quantitative viability data of the hUCM-MSCs after 

cryopreservation by vitrification.
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Figure 4. 
Magnetic induction heating (MIH) with Fe3O4 nanoparticles in an AC magnetic field 

improves the viability of hUCM-MSCs post-cryopreservation by vitrification: (a) 

Representative fluorescence micrographs showing live (green) and dead (read) staining of 

hUCM-MSCs post-cryopreservation by vitrification with and without MIH during 

rewarming; (b) Quantitative data of the viability of hUCM-MSCs post-cryopreservation by 

vitrification with and without MIH during rewarming. (c) Typical two-channel flow 

cytometry data (Annexin V-FITC and PI double staining), (d) quantitative data of different 

cell populations from the flow cytometry analysis, (e) cell viability calculated as the 

percentage of cells with negative staining of both Annexin V and PI, and (f) Attachment 

efficiency of the hUCM-MSCs after cryopreservation by vitrification with MIH (0.05% 
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(w/v) Fe3O4 nanoparticles) at the different currents during rewarming; (g) Proliferation of 

fresh hUCM-MSCs and the cells cryopreserved by vitrification with MIH (15 A and 0.05% 

(w/v) Fe3O4 nanoparticles) during rewarming. *, p <0.05; **, p <0.01.
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Figure 5. 
The hUCM-MSCs cryopreserved by vitrification with MIH for rewarming retain the 

subcellular ultra-structure, stemness, and capability of multi-lineage differentiation: (a) 

Representative TEM image of fresh and post-cryopreserved hUCM-MSCs. The arrowhead 

and star represent mitochondria and endoplasmic reticulum, respectively; (b) Comparable 

expression of CD44+ and CD31− on fresh and cryopreserved hUCM-MSCs; and (c) 

Adipogenic, osteogenic, and chondrogenic differentiations of fresh and cryopreserved 
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hUCM-MSCs indicated by Oil Red O stain of lipid-filled droplets, Alizarin Red S stain of 

calcific depositions, and Alcian Blue stain of sulfated proteoglycan.
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Scheme 1. 
A schematic illustration of the procedure for hUCM-MSC cryopreservation with magnetic 

induction heating (MIH). LN2: liquid nitrogen; NPs: nanoparticles; Tre: trehalose.
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Table 1

Effects of Fe3O4 nanoparticles and cryoprotectant solution in the straw on the vitrified cryopreservation.

Trehalose Fe3O4 NPs
PROH:EG (1:1)

1.0 M 1.5 M 2.0 M

W/O
W/O − − +

W − − −

0.5 M
W/O − − +

W − − +

1.0 M
W/O − −/+ +

W − − +

The symbols + and − represent apparent vitrification and appearance of visible ice crystal (opacity) in the whole solution volume, respectively. The 
symbol “−/+” indicates partial apparent vitrification.
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