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Abstract

In this study, pH responsive genipin-crosslinked Pluronic F127-chitosan nanoparticles (GNPs) 

was synthesized to encapsulate trehalose for intracellular delivery to cryopreserve primary human 

adipose-derived stem cells (hADSCs). Trehalose is a disaccharide of glucose used by lower-

organisms to survive extreme cold in nature and has been used to cryopreserve various 

biomacromolecules. However, it does not enter mammalian cells due to its highly hydrophilic 

nature and has only been used in combination with other cell-penetrating cryoprotectants such as 

DMSO to cryopreserve mammalian cells. Our data show that trehalose can be efficiently 

encapsulated in our GNPs for intracellular delivery, which enables cryopreservation of primary 

hADSCs using the nontoxic sugar as the sole cryoprotectant. This capability is important because 

the conventional approach of cryopreserving mammalian cells using highly toxic (at body 

temperature) cell-penetrating cryoprotectants requires multi-step washing of the cryopreserved 

cells to remove the toxic cryoprotectant for further use, which is time-consuming and associated 

with significant cell loss (~10% during each washing step). By contrast, the trehalose-

cryopreserved cells can be used without washing, which should significantly facilitate the wide 

application of the burgeoning cell-based medicine.
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INTRODUCTION

With the recent advancements in cell-based medicine, the living cells are becoming 

increasingly important for healthcare1–3. Therefore, it is important to ensure the ready 

availability of living cells for the burgeoning cell-based medicine. This can be achieved by 

cell preservation to bank living cells in a state of suspended animation with negligible 

metabolic and degradative activities2–9, which is particularly important for stem cells 

because of the high cost of culturing stem cells at 37 °C and their tendency of spontaneous 

differentiation and/or possible genetic alterations during continuous long-term culture in 

vitro10–17. This suspended state of animation can be achieved by cooling cells to bank in 

liquid nitrogen, a technology commonly known as cell cryopreservation2–9. However, 

current practice of cell cryopreservation relies on the use of cell membrane-permeable 

cryoprotectants (usually dimethyl sulfoxide known as DMSO in no less than ~10% in 

volume) to protect cells from being killed during cooling/freezing/warming between room 

and cryogenic temperatures2–9, 18, 19. Although it is less so below room temperature, the 

commonly used cryoprotectants are highly toxic at 37 °C (body temperature) and can’t be 

applied to patients. For example, incomplete removal of DMSO from cells has been shown 

to cause intravascular hemolysis and increased serum transaminase levels in clinic 

application20, 21. In addition, DMSO has been found to induce differentiation of more than 

25 human stem cell lines22. Therefore, tedious multi-step washing is required to completely 

remove the highly toxic, cell membrane-permeable cryoprotectants from cryopreserved cells 

for clinical use, which is often associated with significant loss of the precious cells (~10% 

during each washing step). Therefore, it is important to achieve cell cryopreservation with 

nontoxic cryoprotectants.

Trehalose, a non-reducing sugar (disaccharide of glucose, 342 Da), is commonly found in 

organisms capable of withstanding extreme drought and cold in nature (e.g., water bear and 

yeast)23–25. This is attributed to its exceptional capability of 1) acting as water to form 

hydrogen bonds with and/or promoting preferential hydration of biomacromolecules so that 

their functional conformations can be retained during cell dehydration (e.g., by freeze-

concentration during cryopreservation)7, 26–33, and 2) forming a stable glassy matrix with 

extremely low molecular mobility to suspend any degradative and metabolic activities in the 

dehydrated state7, 33–36. As a result, trehalose has been explored as a nontoxic cryo and 

lyoprotectant to protect various biologicals including lipids, proteins, nuclear materials, 

virus, bacteria, platelets, and red blood cells from freezing and drying induced injury36–42. 

For preserving eukaryotic mammalian cells, trehalose must be present both outside and 

inside them to provide sufficient protection43, 44. Unfortunately, mammalian cells generally 

lack the mechanism to synthesize trehalose endogenously and their plasma membrane is 

impermeable to the sugar4, 40, 45. Therefore, effective intracellular delivery of trehalose is of 

crucial importance to achieve cryopreservation of eukaryotic mammalian cells using the 

sugar as the sole cryoprotectant.

Rao et al. Page 2

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Over the past decades, a number of approaches have been explored to introduce trehalose 

into eukaryotic mammalian cells. The most direct approach is to microinject exogenous 

trehalose into the cytoplasm of mammalian cells one by one. This approach has been applied 

successfully to deliver trehalose into mammalian oocytes that are large in size (~100 μm in 

diameter) and small in quantity (tens or at most hundreds)44, 46–48. The trehalose-laden 

oocytes were found to survive well after cryopreservation. However, this approach is 

difficult to apply for most eukaryotic mammalian cells that are much smaller (< ~20 μm in 

diameter) than oocytes and present in large quantities (usually millions to billions). Small 

eukaryotic mammalian cells have been genetically engineered to synthesize trehalose. This 

approach requires the constant production of adenoviral vectors that exhibit significant 

cytotoxicity, particularly at high multiplicities of infection49–51. Trehalose has also been 

introduced into small eukaryotic mammalian cells through engineered or native 

transmembrane pores43, 52–54, electroporation55, 56, fluid phase endocytosis57–59, and lipid 

phase transition59, 60. Recently, liposomes (~400 nm in diameter) have been investigated as 

a potential vesicle for intracellular delivery of the sugar61–63. Moreover, polymeric 

nanoparticles made of Pluronic F127 and poly (ethylene imine) have been used to 

successfully deliver trehalose into mammalian cells64.

However, a consistent report on cryopreservation of small eukaryotic mammalian cells using 

trehalose as the sole cryoprotectant is still missing45, 61, 65. This could be due to the inability 

to deliver a sufficient amount of trehalose into the eukaryotic cells using some of the 

approaches (e.g., fluid phase endocytosis). In addition, cells could be too severely 

compromised during the delivery step to withstand further freezing or drying induced 

stresses, considering the highly invasive nature of some of the approaches (e.g., mounting 

transmembrane pores and electroporation). Therefore, further investigations to develop an 

effective approach for intracellular delivery of trehalose as the sole cryoprotectant for cell 

cryopreservation are needed.

Building upon our recent work on synthetizing thermally responsive nanoparticles of 

Pluronic F127 and chitosan with a core-shell structure66, 67, we developed a procedure using 

the Pluronic F127-chitosan nanoparticles (NPs) with further genipin crosslinking to achieve 

efficient encapsulation of trehalose for effective delivery into primary human adipose 

derived stem cells (hADSCs) in this study. Moreover, we achieved cryopreservation of the 

primary hADSCs using trehalose as the sole cryoprotectant with high survival and intact 

function evaluated by their expression of stem cell genes and proteins and capability of 

adipogenic, osteogenic, and chondrogenic differentiation post cryopreservation.

2. MATERIALS AND METHODS

2.1 Materials

Pluronic F127 (12.6 kDa, polydispersity index: ~1.4) was obtained from BASF Corp 

(Wyandotte, MI, USA). Chitosan oligosaccharide of pharmaceutical grade (1.2 kDa, 95% 

deacetylation) was purchased from Zhejiang golden-shell biochemical Co. Ltd (Zhejiang, 

China). Genipin and α, α-trehalose dehydrate were purchased from Sigma (St. Louis, MO, 

USA). The CCK-8 cell proliferation reagent was purchased from Dojindo Molecular 

Technologies (Rockville, MD, USA). Fetal bovine serum (FBS), penicillin, and 
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streptomycin were purchased from Invitrogen (Carlsbad, CA, USA). The primary hADSCs 

and their culture and differentiation media were purchased from Lonza (Allendale, NJ, 

USA). All other chemicals were purchased from Sigma unless specifically mentioned 

otherwise.

2.2 Synthesis of Genipin-Crosslinked Pluronic F127-Chitosan Nanoparticles (GNPs) and 
Encapsulation of Trehalose in GNPs to Obtain Nanoparticle-Encapsulated Trehalose (nTre)

To encapsulate trehalose in GNPs, Pluronic F127-Chitosan nanoparticles (NPs) were 

synthesized using a procedure detailed elsewhere67. In brief, a total of 500 μl of the 4-

nitrophenyl chloroformate (4-NPC) activated polymer (300 mg/ml) in dichloromethane was 

added dropwise into 5 ml of chitosan solution (15 mg/ml) in deionized (DI) water at pH 10 

under sonication using a Branson 450 digital sonifier (Danbury, CT, USA) at 16% of 

maximum amplitude for 3 min. Dichloromethane was then removed by rotary evaporation. 

The resultant solution was dialyzed against DI water with a Spectra/Por dialysis tube 

(MWCO, 50 kDa) overnight and further dialyzed against DI water for 3 h using 1000 kDa 

Spectra/Por dialysis tube. Finally, the sample was freeze-dried for 48 h to obtain dry NPs.

To encapsulate trehalose, 1 mg free trehalose (fTre) and the Pluronic F127-chitosan NPs (10 

mg) were soaked in 1 ml DI water at 4 °C when the NPs were swollen with high wall-

permeability. After 1 h, the sample was lyophilized at −50 °C for 24 h and further dried at 

25 °C for 3 h to remove water both inside and outside the NPs. The dried sample was then 

put in a humidified oven at 37 °C to shrink the NPs and the shrunken sample was dissolved 

in 0.9 ml of warm (37 °C) 1x PBS and 100 μl of genipin solution (5 mg/ml in 1x PBS) was 

added. After further keeping at 37 °C for 8 h, the sample was dialyzed against DI water with 

20 kDa Spectra/Por dialysis tube for 8 h to remove non-encapsulated fTre and non-reacted 

genipin and obtain clean solution of nanoparticle-encapsulated trehalose (nTre). The sample 

was then freeze-dried for 24 h to obtain dry nTre that can be stored at −20 °C for future use. 

The same procedures were also used to encapsulate propidium iodide (PI), a small 

fluorescent molecule to obtain nanoparticle-encapsulated PI (nPI). Empty GNPs were made 

in the same way except soaking with trehalose or PI.

2.3 Characterization of GNPs and nTre

The morphology of GNPs was visualized using an FEI (Hillsboro, OR, USA) Tecnai G2 

transmission electron microscope (TEM), for which a carbon film-coated copper TEM grid 

was first glow-discharged with a Denton (Moorestown, NJ, USA) DV-502 vacuum 

evaporator for ~30 s. A total of 1 μl aqueous solution of the GNPs (4 mg/ml) was then 

dropped on the grid and air-dried for ~6–7 minutes. Afterward, the grid was put in contact 

with a drop of 12.5 μl 1% (w/v) uranyl acetate solution on a Ted Pella (Redding, CA, USA) 

PELCO® grid holder pad. Excess solution on the grid was removed by dab drying. All 

procedures were performed at room temperature.

The size and surface zeta potential of GNPs/nTre were assessed using a Brookhaven 

(Holtsville, NY, USA) 90 Plus/BI-MAS dynamic light scattering (DLS) instrument by 

dispersing the nanomaterials at 1 mg/ml in DI water and 1 mM aqueous solution of 

potassium chloride, respectively, according to the manufacturer’s instructions. The resultant 
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solutions were then filtered through a 0.45 μm filter and the DLS data were obtained after 

equilibrating the samples at the desired temperatures for at least 30 min.

For characterization using 1H nuclear magnetic resonance (NMR), materials were dissolved 

in deuterated water (D2O) and 1H NMR spectra were obtained using a Bruker (Billerica, 

MA, USA) DPX 400 MHz NMR with D2O as the internal reference. For Fourier transform 

infrared spectroscopy (FTIR) study, 5 mg of materials were mixed with 80 mg potassium 

bromide powder by grinding. The mixture was then molded into a thin film by pressing it 

between two stainless steel plates and the film was inserted into the sample holder for 

obtaining the FTIR spectra using a Thermo Nicolet Nexus 870 FTIR instrument.

2.4 Encapsulation Efficiency (EE) and Loading Content (LC)

To determine EE (the weight percentage of trehalose in nanoparticles out of trehalose/PI 

initially fed for encapsulation) and LC (the weight percentage of trehalose in nanoparticles 

out of the total weight of both trehalose and nanoparticles), the amount of trehalose 

concentration in various samples was determined using a trehalose assay kit (Megazyme, 

Wicklow, Ireland) by following the manufacturer’s instructions. In brief, trehalose in a 

sample was phosphorylated using hexokinase and adenosine-5’-triphosphate (ATP) into 

glucose-6-phosphate (G-6-P). In the presence of glucose-6-phosphate dehydrogenase (G6P-

DH), the produced G-6-P was oxidized by nicotinamide-adenine dinucleotide phosphate 

(NADP+) into gluconate-6-phosphate and reduced nicotinamide-adenine dinucleotide 

phosphate (NADPH). The absorbance at 340 nm of NADPH was then measured using a 

Beckman Coulter DU800 UV-Vis spectrophotometer to determine the amount of trehalose 

in the sample. The amount of PI was quantified colorimetrically by dispersing nPI in DI 

water and measure the absorbance at 494 nm with a Beckman Coulter DU800 UV-Vis 

spectrophotometer (Indianapolis, IN, USA).

2.5 Cell Culture

Primary human adipose-derived stem cells (hADSCs) (Lonza) were cultured in hADSC 

basal medium (Lonza) supplemented with 10% fetal bovine serum (FBS), 5 ml L-glutamine 

(Lonza) and 0.5 ml gentamicin-amphotericin (Lonza) at 37 °C in humidified atmosphere 

with 5% CO2. Medium was changed every other day. Cells at ~80% confluence were 

detached for passaging and/or further experimental use. Only cells at or before passage 5 

were used.

2.6 Cytotoxicity of GNPs

To check the potential cytotoxicity of GNPs, hADSCs were seeded in 48-well plates at a 

density of 15,000 cells per well in 250 μl medium. After overnight culture, the cells were 

treated with empty GNPs at various concentrations (0.1–10 mg/ml). Fresh cells without any 

treatment (i.e., 0 mg/ml GNPs) were studied in parallel. After culturing for 3 days, the 

medium containing GNPs was removed and the cells washed using 1x PBS twice. A total of 

250 μl of fresh medium and 25 μl of CCK-8 reagent were then added into each well. After 

incubating for 4 h at 37 °C, absorbance at 450 nm was measured using a Perkin Elmer 

(Waltham, MA, USA) VICTORTM X4 Multilabel plate reader to quantify cell number in 

each well according to a standard line made with the known number of cells in each well 
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according to the manufacturer’s instructions. Cell proliferation was further calculated as the 

ratio of the cell number determined for each sample to that of fresh cells with no GNP 

treatment on day 1.

2.7 Cell Uptake

To visualize cell uptake of nPI with Zeiss (Oberkochen, Germany) ApoTome (confocal-

like68) structured illumination microscopy (SIM), type I collagen-coated glass coverslips (12 

mm) were placed in 35 mm Petri dish and hADSCs were seeded in the dish at 1 × 105 cells/

dish in 1 ml medium for attaching on the coverslips during overnight incubation. The 

collagen-coated glass coverslips were made by dipping the glass coverslips in type I 

collagen solution (1 mg/ml) in 1x PBS for 1 min and drying for 15 min in air at room 

temperature69. The cells were then treated with medium containing nPI (0.08 mM) for up to 

24 h at 37 °C. Afterward, the cells were washed twice with 1x PBS and fixed with 4% 

paraformaldehyde at 37 °C for 10 min. The fixed cells were further incubated with SYTO® 

16 green (5 μM in 1x PBS) for 10 min at 37 °C to stain the cell nuclei. After washing twice 

with 1x PBS at 37 °C, the coverslip with attached cells was mounted onto a glass slide with 

mounting medium for examination using a Zeiss Axiovert Observer.Z1 microscope with 

ApoTome SIM capability. Control cells treated with fPI or a simple mixture of fPI and 

GNPs were studied in the same way in parallel.

To quantify cell uptake of nPI using flow cytometry, hADSCs were seeded in 6-well plate at 

a density of 1 × 105 cells/well in 1 ml medium and cultured overnight. The cells were then 

incubated with medium containing nPI (0.08 mM). At the desired times (1, 6, and 24 h), the 

cells were washed twice with 37 °C 1x PBS, detached using trypsin/

ethylenediaminetetraacetic acid (EDTA), washed again with 1x PBS at 37 °C, and analyzed 

using a BD (Franklin Lakes, NJ, USA) LSR-II Flow Cytometer (excited at 488 nm and 

detected through 530/30 nm band pass filter) and Diva software.

2.8 Cryopreservation of hADSCs

To cryopreserve hADSCs, the cells were seeded in 6-well plate at a density of 1 × 105 cells/

well in 1 ml medium. After overnight incubation, the cells were further incubated in medium 

with GNPs, fTre, or nTre for 24 h. Cells incubated in medium without any further 

supplement (i.e., no pre-treatment or NPT) were also prepared in the same way for control. 

The cells were then washed with 1x PBS, detached using trypsin/EDTA, and collected by 

centrifugation at 188 g for 5 min. The collected cells were then washed with 1x PBS and re-

suspended in 200 μl hADSC culture medium containing 200 mM free trehalose. The cell 

suspension was transferred into a 1 ml cryovial (Fisher scientific, Pittsburgh, PA, USA) and 

the cryovial was hermetically sealed before putting in a Thermo Nalgene freezing container 

that cools/freezes the sample at approximately -1 °C/min to −80 °C in a −80 °C freezer. On 

the second day, the cryovials were transferred into liquid nitrogen tank for storage. For 

cryopreservation with DMSO, the detached hADSCs were re-suspended in 200 μl cell 

culture medium with 10% v/v DMSO in 1 ml cryovial and cryopreserved in the same way 

using the Thermo Nalgene freezing container. After 1 day storage, the cryovials were 

removed from the liquid nitrogen tank and thawed in 37 °C water bath. The cells were then 

washed with 10 ml medium for further analysis.
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2.9 Cell Viability, Attachment Efficiency, and Proliferation Post Cryopreservation

The immediate cell viability post cryopreservation was evaluated using the standard live/

dead assay kit (Invitrogen, Carlsbad, CA, USA) with calcein AM to identify cells with 

metabolic activity and ethidium homodimer to check the cell membrane integrity. The 

collected cells post cryopreservation were re-suspended in 1 ml fresh medium including 9 

μM calcein AM and 9 μM ethidium homodimer in a Petri dish and incubated for 10 minutes 

at 37 °C. ApoTome SIM (10 x objective) phase and fluorescence images were then taken to 

count the immediate cell viability. The total cell number under each field was determined 

using phase images. Cells that excluded ethidium homodimer (red) and maintained calcein 

(green) were taken as viable while cells stained with ethidium homodimer (red) were taken 

as dead. At least ten randomly selected fields were used for each sample. The immediate cell 

viability was calculated as the ratio of the number of viable cells to the total number of cells 

per field (10x).

To quantify cell attachment efficiency, 1.5 × 104 fresh or cryopreserved hADSCs were 

seeded in 48-well plate. After one-day incubation, the medium was removed and the cells 

washed using 1x PBS twice. A total of 250 μl fresh medium and 25 μl of CCK-8 reagent 

were then added to each well. After incubating for 4 h at 37 °C, absorbance at 450 nm was 

measured to quantify cell number in each sample as aforementioned. The attachment 

efficiency was calculated as the percentage of the cell number in the cryopreserved sample 

out of that in fresh samples.

To quantify cell proliferation, the cell growth was evaluated over a three-day period. The 

hADSCs cryopreserved with nTre were first seeded in 6 well plates. After one day of 

culture, the cells were detached and 1.5 × 104 cells were seeded in 48-well plates. Fresh 

hADSCs without cryopreservation were seeded in the same way to serve as control. At 

different times (1, 2, and 3 days), the medium was removed and the cells washed using 1x 

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

CCK-8 as aforementioned and proliferation was calculated as the ratio of the cell number on 

day 2 and 3 to the cell number on day 1.

2.10 Functional Characterization of hADSCs

For functional study, fresh and cryopreserved (with nTre) hADSCs were seeded at 1 × 105 

cells per petri dish (35 mm) and further cultured for 3 days. Afterwards, three different 

functional assays were performed to determine if the hADSCs retained intact stemness post 

cryopreservation. First, the expression of stem cell genes was quantified by quantitative RT-

PCR (qRT-PCR), for which total RNAs in hADSCs were isolated using the RNeasy Mini 

Kit (Qiagen, Gaithersburg, MD, USA). Reverse transcription was then carried out using a 

GeneAmp 9700 PCR system to generate cDNAs with the iScriptTM cDNA synthesis kit 

(Bio-Rad, Hercules, CA, USA) and qRT-PCR studies were performed with the SYBR Green 

mix (Bio-Rad) using a Bio-Rad CFX96 real time PCR instrument. Relative gene expression 

was calculated with the ΔΔCt method 70 using the built-in Bio-Rad software. The genes 

studied and the corresponding primers used are listed in Table S3. Klf4, Nanog, Oct4, and 

Sox2 are stem cell genes and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

used as the reference (or housekeeping) gene.
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Second, expression of two surface markers (CD44+ and CD31−) was analyzed by flow 

cytometry, for which hADSCs were detached using trypsin/EDTA, washed with 1x PBS, 

and stained with CD44-FITC (Invitrogen, Carlsbad, CA, USA) and CD31-FITC (Abcam, 

Cambridge, MA, USA) antibodies separately according to the manufacturer’s instructions. 

The stained samples were analyzed using a BD LSR-II Flow cytometer together with 

FlowJo software.

Third, the multi-lineage potential of hADSCs was tested by adipogenic, osteogenic, and 

chondrogenic differentiation. The differentiation assays were conducted according to the 

manufacturer’s instruction. For adipogenic differentiation, 2 × 105 cells were seeded in 2 ml 

of the hADSC medium that was changed every 2 days until the cell became confluent. A 

total of 3 cycles of induction/maintenance was then conducted to stimulate adipogenic 

differentiation. Each cycle consisted of feeding the hADSCs with supplemented 

adipogenesis induction medium (Lonza) to culture for 3 days, followed by one-day culture 

in the supplemented adipogenic maintenance medium (Lonza). After 3 complete cycles of 

induction/maintenance, the cells were cultured for 7 days in the supplemented adipogenic 

maintenance medium that was changed every 2 days. On the last day of differentiation, 

adipogenic maintenance medium was removed and the cells were rinsed with 1x PBS and 

fixed with 2 ml of 4% paraformaldehyde solution for 30 minutes. The fixed cells were 

rinsed twice with 1x PBS and stained with 1 ml of Oil red O working solution (Cyagen) with 

3:2 dilution using distilled water and filtering with 20–25 μm filter paper for 30 minutes. 

After staining, the cells were rinsed 3 times with 1x PBS for further microscopic analysis 

that was done using the Nikon 80i microscope equipped with a QImaging Retiga CCD color 

camera. For osteogenic differentiation, 3 × 104 cells were seeded in 2 ml medium in 0.1% 

collagen coated 6-well plate to prevent cells from peeling during differentiation. After 

allowing the cells to adhere to the culture surface by 24-hour culture in the hADSC culture 

medium, the medium was replaced with osteogenesis induction medium (Lonza) that was 

changed every 2 days for 3 weeks. Afterward, the osteogenic differentiation medium was 

removed and the cells were rinsed with 1x PBS and fixed in 2 ml 4% paraformaldehyde 

solution for 30 min. The fixed cells were rinsed with 1x PBS twice and stained in 1 ml 

Alizarin red S working solution (Cyagen) for 3 minutes. The stained cells were rinsed 3 

times with 1x PBS for further microscopic analysis. For chondrogenic differentiation, 2.5 × 

105 hADSCs were washed twice with 1 ml incomplete chondrogenic medium (Lonza). 

Afterward, the cells were re-suspended in 0.5 ml of complete chondrogenic induction 

medium (Lonza) at a concentration of 5 × 105 cells ml−1. The cell suspension was then 

transferred into 15 ml polypropylene culture tubes and centrifuged at 150x g for 5 min at 

room temperature to form pellets in the tubes. The caps of the tubes were then loosened to 

allow gas exchange and cell pellets in the tubes were incubated at 37 °C in a humidified 

atmosphere with 5% CO2. The medium was changed every 2–3 days for 21 days when the 

pellets were harvested and fixed with 4% paraformaldehyde. The fixed pellets were then 

embedded with paraffin and stained with Alcian blue assay (Cyagen) for further microscopic 

analysis. The percentage of area stained by Oil red O (ORO), Alizarin red S (ARS), and 

Alcian blue (AB) for adipogenic, osteogenic, and chondrogenic differentiation, respectively, 

was calculated using Matlab R2012a (MathWorks).
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2.11 Statistical Analysis

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

The statistical significance in mean values between two groups was determined using 

Microsoft® Excel based on Student’s two-tailed t-test assuming equal variance. A p value of 

less than 0.05 was taken as statistically significant.

3. RESULTS AND DISCUSSION

3.1 Encapsulation of Trehalose in GNPs and Their Characterization

As illustrated in Scheme 1, to encapsulate trehalose, we soaked the sugar with Pluronic 

F127-chitosan NPs in deionized (DI) water at 4 °C when the NPs were swollen and highly 

permeable66. After removing water by freeze-drying, the sample was warmed to shrink the 

NPs at 37 °C and further crosslinked using genipin (through the amine groups of chitosan in 

the NPs)71–73 to form the genipin-crosslinked NPs (GNPs) with a stabilized shrunken 

structure. The samples were then dialyzed against water to obtain clean solution of 

nanoparticle-encapsulated trehalose (nTre) that can further freeze-dried for future use.

We first characterized empty GNPs synthesized using the same procedure shown in Scheme 

1 with no trehalose. Successful crosslinking of chitosan in Pluronic F127-chitosan NPs by 

genipin was first evidenced by the change in color from light brown of the aqueous solution 

of Pluronic F127-chitosan NPs into a blue solution of GNPs (Scheme 1, note: trehalose is 

colorless). The formation of GNPs was further confirmed by 1H NMR showing a resonance 

peak (i) at δ ~ 6.2 ppm that is characteristic of aromatic protons in genipin (Figure 1a). This 

peak is absent in the 1H NMR spectrum of Pluronic F127-chitosan NPs67. Based on the 1H 

NMR spectrum, the cross-linked and total content of chitosan in the GNPs was determined 

to be 1.4 ± 0.2% and 8.3 ± 0.7% in weight out of the total GNPs, respectively, indicating 

there is non-crosslinked primary amine of chitosan in the GNPs.

The FTIR spectra of genipin (GP), Pluronic F127-chitosan NPs, simple mixture of GP and 

Pluronic F127-chitosan NPs, and GNPs over 400 ~ 4000 cm−1 are shown in Figure 1b. The 

peak at ~1680 cm−1 is due to C-O stretching in genipin. In the spectrum of Pluronic F127-

chitosan NPs, a peak located at ~1240 cm−1 is due to the twisting vibration of –CH2 in 

Pluronic F127. As expected, these two characteristic peaks show up in the FTIR spectrum of 

the simple mixture of genipin and Pluronic F127-chitosan NPs. Moreover, compared that of 

to the mixture, the peak at ~1680 cm−1 disappears (or is weakened) in the spectrum of 

GNPs, probably due to the crosslinking reaction between genipin and chitosan. In addition, 

the peak at ~1240 cm−1 is strengthened for the GNPs, probably due to the stretching of C-N 

bond formed as a result of the crosslinking reaction.

The shrunken core-shell morphology of the GNPs (after drying in air) is confirmed by TEM 

images (Figure 1c). The diameter of GNPs in DI water (pH ~5–6) was further determined by 

dynamic light scattering (DLS) to be 47.7 ± 2.1 nm (Figure 1d), which is slightly larger than 

that from the TEM image at 22 °C probably due to swelling as a result of hydration of the 

hydrophilic outer layer of the GNPs in water. The GNPs have a positively charged surface at 

37 °C as indicated by its surface zeta potential of 17.0 ± 1.7 mV (Figure 1e), which is 

presumably due to the remaining primary amine in chitosan and important to facilitate 
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cellular uptake of the GNPs. This is because mammalian cells have a negatively charged 

plasma membrane with high electrostatic affinity to positively charged nanoparticles. In 

addition, the fluorescence spectrum (Figure 1f) shows that the GNPs have a fluorescence 

emission peak at 461 nm, due to the reaction between genipin and the primary amine in 

chitosan via nucleophilic attack to open the dihydropyran rings and form nitrogen-

containing heterocyclic rings71, 72, 74, as illustrated in Scheme 1. This blue fluorescence is 

useful for tracking the GNPs after cellular uptake in cells.

After confirming successful synthesis of the GNPs, we performed encapsulation of 

trehalose. In addition, we encapsulated PI, a small (668 Da) hydrophilic fluorescence dye 

that is excluded by live cells, to visualize the encapsulation of small hydrophilic molecules 

using the GNPs for cellular uptake. First of all, we found that genipin crosslinking can 

significantly improve the encapsulation efficacy (EE) and loading content (LC) of PI at a 

1:10 (PI:NPs) feeding ratio by ~10 times (Table S1), indicating the importance of genipin 

crosslinking to stabilize the shrunken structure in achieving high encapsulation efficiency. 

Therefore, we performed encapsulation of trehalose only with genipin crosslinking and the 

data on the EE and LC of trehalose together with size of the resultant nTre at 22 and 37 °C 

at two different pH values (5 and 7) for various feeding ratios are given in Table S2. The 

relevant data of empty GNPs are also shown in the table. Both the EE and LC are dependent 

on the feeding ratio. For all the feeding ratios, the size of the resultant nTre is not thermally 

responsive at pH 7 although it is thermally responsive at pH 5. Moreover, the nTre is pH 

responsive at either 22 or 37 °C. This thermal irresponsiveness in size of the nTre obtained 

at 1:10 feeding ratio at pH 7 and its pH responsiveness in size at 37 °C are further illustrated 

in Scheme 1 and shown in Figure 2a. We further performed release study at 37 °C at pH 5 

and 7 for both nPI (i.e., GNP-encapsulated PI) and nTre obtained at 1:10 feeding ratio and 

the results are shown in Figure 2b. The release of PI and trehalose out of the GNPs was 

significantly faster at pH 5 than 7, suggesting that the acidic pH in late endosomes and 

lysosomes of mammalian cells should facilitate the release of trehalose/PI from the GNPs 

after cellular uptake.

3.2 Cell Uptake of GNPs Encapsulated With Propidium Iodide (PI)

We studied cell uptake of the GNP-encapsulated small molecules using nPI due to the 

fluorescence property of PI for easy visualization using fluorescence microscopy and 

quantification using flow cytometry. Figure 3a shows typical fluorescence micrographs of 

hADSCs after incubating them with non-encapsulated or free PI (fPI), a simple mixture of 

fPI and GNPs, and nPI (all with 0.08 mM PI) for 24 h. As expected, no clear red 

fluorescence of PI could be observable in the cells incubated with fPI probably because the 

small hydrophilic molecules could not permeate the cell plasma membrane to enter the cells. 

There is weak red fluorescence in the cells incubated with the mixture of fPI and GNPs 

probably because some fPI diffused into the GNPs and was taken up by the cells together 

with the GNPs as evidenced by the blue fluorescence of GNPs in the cells. By contrast, 

strong red fluorescence could be observed in the cells incubated with nPI for 24 h. This red 

fluorescence was visible in the cells even after only 1 h incubation although it is not as 

strong as that after 24 h incubation. Interestingly, the red fluorescence of PI does not 

completely overlap with the blue fluorescence of GNPs in the hADSCs, particularly at 24 h. 
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This observation suggests that the encapsulated PI was probably released out of the GNPs or 

the GNPs were partially degraded in the cells. Therefore, we performed further flow 

cytometry studies to quantify the fluorescence intensity of GNPs and PI in the hADSCs at 

different times and the data are given in Figure 3b–c. Indeed, the fluorescence intensity of 

GNPs (Figure 3b) is high at 1 h and decreases significantly with further incubation to 6 and 

24 h, probably due to degradation of the GNPs. On the contrary, the intensity of PI in the 

cells increases monotonically with time during the 24 h incubation. We didn’t test cellular 

uptake beyond 24 h since it desired to cryopreserve the cells within one day after their 

procurement. Nevertheless, our data show that the empty GNPs at a concentration as high as 

10 mg/ml do not affect the proliferation of the hADSCs even after 3-day incubation (Figure 

3d), which indicates the superior biocompatibility of the GNPs. All these data suggest the 

great potential of the GNPs as a vehicle for delivering trehalose into the hADSCs to protect 

them during cryopreservation.

3.3 Cryopreservation of Primary hADSCs Using Trehalose as the Sole Cryoprotectant

For cryopreservation studies, the hADSCs were pre-incubated with empty GNPs, fTre, and 

nTre for 24 h based on the uptake data shown in Figure 3 and then cryopreserved in liquid 

nitrogen for 1 day. Fresh cells without cryopreservation and hADSCs cryopreserved in the 

same way with no pre-treatment (NPT) were also studied in parallel as controls. Moreover, 

the hADSCs cryopreserved using DMSO were studied as the benchmark control. First, we 

evaluated the immediate viability post cryopreservation based on membrane integrity (i.e., 

live/dead dye stain) and typical fluorescence micrographs showing high immediate cell 

viability of the nTre-pretreated cells post cryopreservation are shown in Figure 4a. The 

corresponding quantitative data are shown in Figure 4b. The post-cryopreservation viability 

for the hADSCs either pretreated with fTre/GNCs or with no pretreatment is all low and not 

significantly different, which indicates pre-incubation with fTre for 24 h does not help the 

hADSCs to survive cryopreservation probably because fTre cannot enter the cells during 

pre-incubation. By contrast, pre-incubation with nTre (made at 1:10 feeding ratio and 1.1 ± 

0.1 mM in the medium for pre-incubation) significantly increases the post-cryopreservation 

cell viability to 88.1 ± 7.5% (data not shown in Figure 4b) and the viability is further 

improved to 91.2 ± 3.4% using a higher concentration of nTre (6.2 ± 0.2 mM, made with 

20:1 feeding ratio) for pre-incubation. These data of post-cryopreservation cell viability is 

similar to that post-cryopreservation with DMSO (88.2 ± 2.2%), which indicates nTre was 

successfully delivered into the hADSCs to protect the plasma membrane of the cells during 

cryopreservation.

We further examined the viability of the hADSCs 1 day after cryopreservation by 

quantifying the attachment efficiency calculated as the percentage of attached live cells post 

cryopreservation out of to the number of fresh cells after 1 d culture.

As shown in Figure 4c, only a minimal percentage of GNPs or fTre pre-treated cells were 

able to attach post cryopreservation, which is not significantly different from that of 

cryopreserved cells with no pre-treatment (NPT). The post-cryopreservation attachment 

efficiency was much higher for the cells pre-incubated with nTre (59.2 ± 4.1 and 46.3 ± 

3.0% for 6.2 and 1.1 mM nTre in the medium for pre-incubation, respectively). Although 
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this attachment efficiency is lower than that of the cells cryopreserved with DMSO (75.2 ± 

5.8 %), using nTre as the sole cryoprotectant could eliminate the tedious multi-step washing 

to remove the highly toxic cryoprotectant in DMSO-cryopreserved cells for clinical use. 

Besides being time-consuming, the multi-step washing is associated with significant loss of 

cells (~10% loss in each step). Moreover, the attached cells post cryopreservation with nTre 

proliferated similarly to fresh hADSCs (Figure 4d). The morphology of hADSCs post 

cryopreservation with nTre is also similar to that of fresh hADSCs with no cryopreservation 

(Figure 4e). These data indicate the cryopreserved hADSCs survived well 3 days after 

cryopreservation using trehalose delivered into the cells with our nanoparticles as the sole 

cryoprotectant.

To ascertain functional survival of the hADSCs post cryopreservation with nTre as the sole 

cryoprotectant, further studies were conducted to assess the stemness and capability of 

differentiation into multiple lineages of the cryopreserved hADSCs as compared to fresh 

hADSCs. As shown in Figure 5a, no significant difference was observed between the 

cryopreserved and fresh cells in terms of expression of four common stem cell genes 

including Nanog, Sox2, Klf4, and Oct4. Further flow cytometry analyses indicate no 

significance in the expression of two typical surface markers (CD44+ and CD31−) on the 

cryopreserved versus fresh hADSCs (Figure 5b). The data on adipogenic, osteogenic, and 

chondrogenic differentiation of the cryopreserved versus fresh hADSCs are shown Figure 

5c. For adipogenic differentiation, no significance was observed between the two groups of 

cells in terms of Oil red O (ORO) staining of adipocyte-like cells with lipid-filled droplets. 

For osteogenic differentiation, both groups of cells maintained similar osteogenic potential 

based on Alizarin red S (ARS) staining of calcific deposition, a major function of 

osteoblasts. For chondrogenic differentiation, Alcian blue (AB) staining of sulfated 

proteoglycan deposits that are indicative of the presence of functional chondrocytes is not 

significantly different between the fresh and cryopreserved hADSCs using trehalose as the 

sole cryoprotectant.

4. CONCLUSIONS

In this study, we utilized genipin crosslinking to efficiently encapsulate trehalose in the pH 

responsive genipin-crosslinked Pluronic-F127 nanoparticles (GNPs), which enables 

successful cryopreservation of hADSCs with high viability and intact function using 

trehalose as the sole cryoprotectant. This nanoparticle-mediated delivery of trehalose into 

mammalian cells has great potential for cryopreserving hADSCs and possibly other types of 

stem cells to facilitate their ready availability for clinical use by putting them in a sweet (due 

to trehalose, a sugar) dream in liquid nitrogen without the use of any toxic cryoprotectant, 

which will have a significant impact on the burgeoning cell-based medicine.
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Figure 1. 
Characterization of empty genipin-crosslinked Pluronic F127-chitosan nanoparticles (GNPs) 

showing successful crosslinking between genipin and chitosan in the GNPs and their round 

shape, nanoscale size, positively charged surface, and blue fluorescent property. a) 1H NMR 

spectra of GNPs showing a characteristic peak of genipin in the nanomaterial. b) FTIR 

spectra of genipin (GP), Pluronic F127-chitosan nanoparticles (NPs), a simple mixture of 

Pluronic F127-chitosan NPs and GP (NPs+GP), and GNPs showing changes in 

characteristic peaks as a result of the crosslinking reaction between genipin and chitosan. c) 

A typical TEM image of GNPs showing their round core-shell morphology and nanoscale 

size at 22 °C (room temperature). d) Typical dynamic light scattering (DLS) data on the size 

of GNPs dissolved in deionized water at 22 °C. e) DLS data showing zeta potential of the 

GNPs. f) Fluorescence emission spectrum of the GNPs under excitation of 369 nm laser 

showing an emission peak at 461 nm.

Rao et al. Page 17

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
The pH responsiveness in size and pH-dependent release of nanoparticle-encapsulated PI 

(nPI) and trehalose (nTre) at 37 °C. a) Size of nTre at pH 7 and 5. b) Cumulative release of 

PI and trehalose out of the encapsulating GNPs at pH 5 and 7. The nPI and nTre were 

obtained at 1:10 feeding ratio. *: p < 0.05; **: p < 0.01

Rao et al. Page 18

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Cell uptake of nanoparticle-encapsulated PI (nPI) and negligible cytotoxicity of empty 

GNPs. a) Typical micrographs of primary human adipose-derived stem cells (hADSCs) at 

24 h after incubating with free PI, a simple mixture of free PI and GNPs, and nPI together 

with that after 1 h incubation with nPI. The PI concentration was 0.08 mM for all the 

conditions. b) Typical flow cytometry peaks and quantitative fluorescence intensity of GNPs 

in hADSCs incubated with nPI for various times showing quick cell uptake of the GNPs in 1 

h and decrease in fluorescence intensity of the GNPs thereafter possibly due to degradation 

of the GNPs inside the cells. c) Typical flow cytometry peaks and quantitative intensity of 

PI in the hADSCs incubated with nPI for various times at 37 °C showing significantly 

higher intracellular PI intensity at 24 h than 1 or 6 h. d) Proliferation of the hADSCs after 

incubating with empty GNPs at various concentrations for 1, 2 and 3 days. *: p < 0.05; **: p 

< 0.01.
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Figure 4. 
Intracellular delivery of trehalose with GNPs enables successful cryopreservation of 

hADSCs using trehalose as the sole cryoprotectant. a) Typical phase and fluorescence 

micrographs showing high immediate viability of hADSCs after cryopreservation with 

nanoparticle-encapsulated trehalose (nTre). b) Quantitative data showing similar high 

immediate cell viability after cryopreservation with nTre to that of hADSCs cryopreserved 

with dimethyl sulfoxide (DMSO). c) Attachment efficiency calculated as the percentage of 

the number of attached live cells after one-day culture post cryopreservation out of the 

number of fresh cells seeded and cultured in the same way. d) Quantitative data showing 

similar proliferation of cryopreserved (with nTre) to fresh hADSCs. e) Typical phase 

micrographs showing similar morphology of fresh to cryopreserved (with nTre) hADSCs. 

Fresh: without any pre-incubation or cryopreservation; NPT: no pre-incubation with 

trehalose or GNCs for cryopreservation; GNPs: pre-incubated with GNCs for 

cryopreservation; fTre: pre-incubated with free trehalose for cryopreservation; and nTre: 

pre-incubated with nTre for cryopreservation. *: p < 0.05; **: p < 0.01.
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Figure 5. 
The hADSCs cryopreserved with nTre retain intact stemness and capability of multi-lineage 

differentiation. a) Comparable expression of four stem cell genes in fresh and cryopreserved 

(with nTre) hADSCs. b) Comparable expression of CD44(+) and CD31(−) on fresh and 

cryopreserved (with nTre) hADSCs. c) Comparable capability of adipogenic, osteogenic, 

and chondrogenic differentiation of fresh and cryopreserved (with nTre) hADSCs indicated 

by Oil red O (ORO) stain of lipid-filled droplets, Alizarin red S (ARS) stain of calcific 

depositions, and Alcian blue (AB) stain of sulfated proteoglycan, respectively.
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Scheme 1. 
A schematic illustration of the procedure for encapsulating hydrophilic (i.e., water-soluble) 

trehalose in genipin-crosslinked Pluronic F127-chitosan nanoparticles (GNPs) to obtain the 

nanoparticle-encapsulated trehalose (nTre). After genipin crosslinking, the solution turns 

from light brown for the aqueous solution of Pluronic F127-chitosan nanoparticles (NPs) 

into blue for the aqueous solution of GNPs. The GNPs are pH responsive in size at 37 °C 

although they are not as thermally responsive in size at pH 7 as the Pluronic F127-chitosan 

NPs. The size (diameter) shown at various temperatures and pH values is for nTre made 

with a feeding ratio of 1:10 (trehalose:Pluronic F127-chitosan NPs) in weight. PPG: 

poly(propylene glycol); PEG: poly(ethylene glycol); and PBS: phosphate buffered saline (1x 

by default)
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