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ABSTRACT 

Hydrogels are promising substrates for tissue engineering applications because of their 

unique biocompatibility, flexible methods of synthesis, range of constituents, and desirable 

physical characteristics. Cryopreservation of cell-containing constructs using such hydrogel 

scaffolds is in high demand in tissue-engineering applications for the production of “off-

the-shelf” tissue-engineered products. However, cryopreservation of regenerated tissues 

including cell sheets and cell constructs is not easy compared to preservation of cell 

suspensions, even when cryoprotectants are used. Here, we report a dextran-based 

polyampholyte hydrogel that itself shows cryoprotective properties, which could be useful 

for cell encapsulation and tissue engineering applications involving hydrogel formation. 

Amination was performed by introducing poly-L-lysine onto azide groups conjugated with 

dextran, and a portion of the amino groups was converted into carboxyl groups. These 

dextran-based polyampholytes showed good cryoprotective properties for mammalian cells, 

and addition of dextran substituted with dibenzylcyclooctyne acid induced in situ hydrogel 

formation via Cu-free click chemistry with high biocompatibility. Cells encapsulated with 

such in situ hydrogels can be cryopreserved well without the addition of any 

cryoprotectants. Thus, these hydrogels can serve as scaffolds with cryoprotective properties 

that also provide structural integrity to tissue constructs.  

 

Keywords: Hydrogel, Cryopreservation, Dextran, Tissue engineering, Click chemistry 
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1. INTRODUCTION 

Hydrogels have been the material of choice for many applications in regenerative 

medicine because of their unique biocompatibility, flexible methods of synthesis, range of 

constituents, and desirable physical characteristics.1,2
  They can be used as scaffold 

materials for drug delivery vehicles, as engineered tissue replacements, and in a variety of 

other applications.3  For tissue engineering applications, injectable hydrogels are important 

tools because of their ability to homogeneously encapsulate the cells, their easily 

manipulated physical and chemical properties, and their ability to be administered in a 

minimally invasive manner.4-6 They are also potential substrates for tissue engineering, 

because drugs and cells can be readily integrated into the gelling matrix.  

Cell encapsulation with such hydrogels provides cells with a three-dimensional 

environment that is similar to the in vivo conditions. Previously, we developed a poly(vinyl 

alcohol) cryogel with many crosslinking points that encapsulated vascular endothelial cells 

and smooth muscle cells7 through physical hydrogel formation via crystallization during 

freezing.8 In that report, we found that cells could be stored for the desired period using the 

cryogelation process, where gelation proceeds after thawing occurs. When this cryogel is 

used to encapsulate cells in a freezing process, cryoprotectants (CPAs) must be added to 

avoid freezing damage to the cells. “CPA” is the functionally derived term coined to 

describe “any additive that can be provided to cells before freezing that yields a higher 

post-thaw survival than can be obtained in its absence”.1,9,10 However, in general, CPAs are 

cytotoxic11,12  and need to be removed after thawing. It is likely to be difficult to completely 



4 
 

remove CPAs from inside the hydrogel. Therefore, if a hydrogel can be developed that 

itself has cryoprotective properties, the problem of the removal of CPAs could be solved.  

In addition to these challenges, the success of tissue engineering applications in 

regenerative medicine requires further advances in low-temperature preservation. Storage 

of tissues and tissue engineering products is an important technique for the 

commercialization of tissue engineering.13-15 However, cryopreservation of regenerated 

tissues including cell sheets and cell constructs is not easy compared to cryopreservation of 

cell suspensions, and conventional freezing methods destroy the membranous structures of 

cultured sheets during the freezing and thawing processes.16 Cryopreservation of cell-

containing constructs is in high demand for tissue engineering applications such as 

producing “off-the-shelf” tissue-engineered products. A hydrogel that has cryoprotective 

properties could be a good alternative for storage of tissue-engineered constructs or cell-

based systems. 

In spite of these problems, the application of cryopreservation to living cells and tissues 

has revolutionized the areas of biotechnology, plant and animal breeding programs, and 

modern medicine. Using this technique, cells from prokaryotic and eukaryotic organisms 

can be recovered from temperatures down to almost 200°C below the freezing point of 

water. This has been made possible by the presence of CPAs, as mentioned above. 

Currently, 10% dimethyl sulphoxide (DMSO) solution is the most efficient CPA and is 

commonly used for cell preservation in cell banks worldwide,17,18 in spite of its cytotoxicity 

and its effects on cell differentiation.19  
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As an alternative to the use of cytotoxic CPAs, we have shown in our previous study that 

carboxylated poly-L-lysine (COOH-PLL), which is classified as a polyampholyte, yields 

excellent post-thaw survival efficiency.7,20-23 Cryoprotective properties are generally found 

in polyampholytes, and the balance of positive and negative charges is very important.20,24 

However, the detailed mechanisms by which non-membrane-penetrating polymers can have 

good cryoprotective properties are still not clear. Nevertheless, we have shown that the 

polyampholytes were adsorbed on the cell membrane during freezing23 and hypothesized 

that the mechanisms are related to protection of the membrane from outside. The results of 

this previous report were the seed from which we conceived of the idea that a hydrogel that 

is formed with a polymeric CPA could itself have cryoprotective properties. 

Among the natural polymers suitable for such a purpose is dextran, a hydrophilic, 

biocompatible, and nontoxic polysaccharide composed of linear α-1,6-linked D-

glucopyranose residues. From a structural point of view, dextran has reactive hydroxyl 

groups that can be modified to introduce positive and negative charges and also to 

introduce functional groups with which to form an in situ hydrogel.25 Because dextran is 

naturally resistant to protein adsorption and cell adhesion, modification of its polymer 

backbone allows development of a hydrogel with specific characteristics.26 

In this study, we attempted to make a polyampholyte based on dextran because of its ease 

of chemical modification, and we showed that the dextran-based polyampholytes have good 

cryoprotective properties. We also intend to modify the dextran to develop a hydrogel-

forming dextran-based polyampholyte CPA as a building block for cell scaffolds with 

cryoprotective properties for tissue engineering applications. We have shown that 
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hydrogels form from dextran substituted with azide and alkyne groups via Cu-free click 

chemistry25 when there is an appropriate ratio of carboxyl and amino groups. These 

hydrogels yield excellent post-thaw survival rates of more than 90% of murine fibroblasts. 

This is the first report of successful cryopreservation of cells encapsulated in a hydrogel 

with its own cryoprotective properties, and such approaches could open new avenues for 

tissue engineering research and application of polymeric hydrogels. 
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2. EXPERIMENTS 

2.1 General 

Dextran with a molar mass of 70 kDa (dextran, Mw = 70 kDa, Meito Sangyo Co., Ltd., 

Nagoya, Japan) was dried in vacuum oven at 50°C for 24 h before use. p-

Pyrrolidinopyridine (PYP, Wako Pure Chemical Industries Ltd., Osaka, Japan) was 

recrystallized from distilled ethyl acetate and stored over a silica gel at 0°C. All reaction 

solvents were purified by distillation and stored over a 4A molecular sieve. Standard 

solvent F consisted of 50% HCONH2, 45% N,N-dimethylformamide, and 5% CH2Cl2 

(v/v).27 

 

2.2 Azide-amino-dextran preparation 

First, 3-azidopropanol and 3-azidopropyl carbonylimidazole (AP-CI) were synthesized 

following the procedure in the literature.28 3-Chloropropanol (Wako, 5 mL, 5.66 g, 59.7 

mmol), sodium azide (Tokyo Chemical Industry Co., Ltd. (TCI), 7.83 g, 119 mol), and 

tetrabutylammonium hydrogen sulphate (TCI, 0.167 g) were dissolved in 20 mL of water 

and stirred at 80°C for 24 h, then stirred overnight at room temperature. The solution was 

extracted three times with 100 mL ether and dried over sodium sulphate. The ether was 

removed by rotary evaporation, and 3-azidopropanol was obtained as a liquid and purified 

by vacuum distillation (boiling point 62°C at 3–4 mbar). Next, mixing 13.77 g (84.93 

mmol) of 1,1′-carbonyldiimidazole (CDI) and 150 mL of ethyl acetate yielded a turbid 

suspension, to which 5.72 g (56.9 mmol) 3-azidopropanol was added dropwise under 
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vigorous stirring while the reaction mixture turned into a clear solution. After 2 h of 

reaction at room temperature, the solution was extracted three times with 150 mL of water. 

The organic layer was dried over magnesium sulphate. After the magnesium sulphate was 

filtered off, the solvent was evaporated by rotary evaporation and AP-CI was obtained as a 

liquid.  

To synthesize the azide-amino-substituted dextran (azide-amino-Dex), first the azide 

substitution was performed using AP-CI and triethylamine.28 Dex (3 g) and AP-CI (544 mg, 

2.8 mmol) were dissolved in DMSO (33 mL) for 20 h at 50°C. After 20 h, the hydroxyl 

groups of azide-dextran (azide-Dex) were activated by CDI (0.27 g, 0.09 eq./sugar unit) 

(Tokyo Chemical Industry Co., Ltd., Japan) for 2 h at 50°C. For this reaction, the required 

amount of ɛ-poly-L-lysine (PLL) (JNC Corporation, Tokyo, Japan) was added after 

activation, and the reaction was run for 36 h at 50°C. Azide-amino-Dex was purified by 

dialysis (cutoff molecular weight: 14 kDa) against water for 48 h and then freeze-dried for 

24 h. The amount of amino groups in the azide-amino-Dex was determined using the 2,4,6-

trinitrobenzenesulfonate (TNBS) method.29 Briefly, 0.3 mL of 250 mg/mL sample solution, 

1 mL of 1.0 mg/mL TNBS solution, and 2 mL of 40 mg/mL sodium bicarbonate aqueous 

solution containing 10 mg/mL sodium dodecyl sulphate (pH 9.0) were mixed and incubated 

at 37°C for 2 h. After the mixture was cooled at 25°C, the absorbance was measured at 335 

nm using glycine as the standard sample. 

 

2.3 Polyampholyte preparation 
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To synthesize the carboxylated azide-amino-dextran (azide-dextran polyampholyte, azide-

Dex-PA),  azide-amino-Dex and succinic anhydride (SA) (Wako) in 0%–90% mol ratios 

(SA/NH2-dextran amino groups) were mixed and reacted at 50°C for 3 h to convert the 

amino groups into carboxyl groups. The amount of amino groups that were converted into 

carboxyl groups was determined using the TNBS assay.20 

 

2.4 Preparation of alkyne-substituted dextran 

Alkynes with different degrees of substitution (DSs) were prepared. To synthesize alkyne-

substituted dextran, dibenzylcyclooctyne (DBCO) acid (Click Chemistry Tools, Scottsdale, 

AZ, USA) was used. In this reaction, CDI was first dissolved in solvent F, and then DBCO 

acid dissolved in solvent F was added and allowed to react at 25°C for 2 h. Subsequently, 

dextran and PYP dissolved in solvent F were added to the reaction mixture dropwise, and 

the reaction was run for 18 h. After the reaction was over, the product, DBCO-substituted 

dextran (DBCO-Dex), was purified by multiple precipitation using methanol.27 

 

2.5 Hydrogel preparation 

Hydrogels were formed when azide-Dex-PA and DBCO-Dex were dissolved in Dulbecco’s 

modified Eagle’s medium (DMEM; Sigma–Aldrich, St. Louis, MO) without foetal bovine 

serum (FBS). For the preparation of different hydrogels, the desired amounts of azide-Dex-

PA and DBCO-Dex were dissolved in the culture medium. The hydrogel began to form 

after the azide-Dex-PA and DBCO-Dex were mixed, depending upon the concentration of 
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the two reactants. Hydrogel formation was evaluated using the test-tube-tilting method, 

where a test tube containing the gel was inverted. 

 

2.6 Fluorescein isothiocyanate (FITC) labelling of Dex-PLL-PA 

For fluorescent labelling, 10% Dex/DMSO solution was treated with FITC at a 1/100 molar 

ratio to Dex for 16 h at 50°C. The FITC-Dex was purified by dialysis (molecular weight 

cutoff, 10 kDa; Spectra/Por, Spectrum Laboratories, CA, USA) against water for 72 h. The 

amination and succination reactions were performed to obtain FITC-labelled Dex-PA. The 

interaction between the FITC-labelled Dex-PA and the L929 cells following 

cryopreservation was observed using confocal laser-scanning microscopy (FV1000-D; 

Olympus, Tokyo, Japan). 

 

2.7 Nuclear magnetic resonance (NMR) spectroscopy 

The 1H-NMR (400 MHz) spectra of the synthesized chemicals were recorded at 25°C on a 

Bruker AVANCE III 400 spectrometer (Bruker BopSpin Inc., Switzerland) in CDCl2 for 

AP-CI and D2O for dextran derivatives. 

 

2.8  Scanning electron microscope observation 

Prior to scanning electron microscope observation, the freeze-dried hydrogels were sputter-

coated with gold for 240 s (E1030 Ion sputter). Then, images of the surface and interior of 

the hydrogel were recorded by a scanning electron microscope (Hitachi model 4200) at 

15.0 kV. 
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2.9 Cell culture 

L929 cells (American Type Culture Collection, Manassas, VA, USA) were cultured in 

DMEM supplemented with 10% FBS. The cell culture was carried out at 37°C under 5% 

CO2 in a humidified atmosphere. When the cells reached 80% confluence, they were 

removed by 0.25% (w/v) of trypsin containing 0.02% (w/v) of ethylenediaminetetraacetic 

acid in phosphate-buffered saline without calcium and magnesium (PBS(-)) and seeded on 

a new tissue culture plate for the subculture. 

 

2.10 Cryopreservation with azide-Dex-PA 

Azide-Dex-PA cryopreservation solutions were prepared as follows. Azide-Dex-PA 

samples with various succination ratios were dissolved in DMEM at concentrations of 

7.5%–15% (w/w), and the pH was adjusted to 7.4 using HCl or NaOH. The osmotic 

pressure was adjusted by addition of 10% (w/w) NaCl aqueous solution using an 

Osmometer 5520 (Wescor, Inc., UT, USA). The L929 cells were counted and resuspended 

in 1 mL of azide-Dex-PA solution at a density of 1 × 106 cells/mL in 1.9 mL cryovials and 

stored in a -80°C freezer for 24 h. These vials were then transferred into liquid nitrogen for 

1 week until it was time for thawing. Individual vials were thawed at 37°C in a water bath 

with gentle shaking, and the thawed cells were diluted 10-fold in 4°C DMEM. After 

centrifugation, the supernatant was removed and the cells were resuspended in 5 mL of 

medium. All the cells were counted using a haemocytometer and a trypan blue staining 

method. The reported values are the ratios of living cells to total cells.  



12 
 

 

2.11 Cryopreservation in the hydrogel 

Azide-Dex-PA was dissolved in 10%–12% (w/w) DMEM, and the pH was adjusted to 7.4 

using HCl or NaOH. The osmotic pressure was adjusted by addition of 10% (w/w) NaCl 

aqueous solution to about 580 mOsm using an Osmometer. L929 cells were counted and 

resuspended in 1 mL of azide-Dex-PA solution at a density of 1 × 103 cells/0.1 mL in a 96-

well plate, and to this was added DBCO-Dex dissolved in DMEM at the required 

concentration. After this, hydrogel formation occurred within 4–5 min. This plate was 

stored in a -80°C freezer overnight without any other cryoprotectants. The 96-well plate 

was thawed after 1 day, and then the viability of the cells was determined using a live-dead 

assay kit (Life Technologies Corp., NY, USA). The reported values are the ratios of living 

cells to total cells. As a control, cells were encapsulated in a collagen hydrogel (Cellmatrix 

Type I-A, Nitta Gelatin, Inc., Osaka, Japan), in a hydrogel formed by azide-Dex (non-ionic 

hydrogel), and in an azide-amino-Dex without any succination and cryopreserved in the 

same way as for the polyampholyte hydrogel. 

 

2.12 Rheological measurements of the mechanical properties of hydrogels 

Rheological measurements were conducted using a strain-controlled rheometer (TA 

Instruments Model TA AR2000ex). A cone-plate geometry with a cone diameter of 25 mm 

and angle of 4° was employed. Hydrogels for the rheological studies were prepared in the 

same fashion as those for the cryoprotective studies. In each measurement, 250 μL of a 

mixed solution of azide-Dex-PA and DBCO-Dex was loaded onto the plate by a 
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micropipette. The dynamic viscoelastic properties of the polymer solutions during 

hydrogelation were measured by oscillatory shear experiments performed at a fixed 

frequency of 1 Hz at room temperature. 

 

2.13 Statistical analysis 

All data are expressed as the mean ± standard deviation (SD). Measurements for post-

thaw viability were collected with n = 5. All experiments were conducted in triplicate. Data 

among the different groups were compared using a one-way analysis of variance (ANOVA) 

with a post-hoc Tukey–Kramer test.  
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3. RESULTS AND DISCUSSION 

3.1 Synthesis of azide-substituted polyampholyte (PA) and its cryoprotective 

properties 

The NMR spectrum of 3-azidopropyl carbonylimidazole (AP-CI) is given in Fig. S1 in 

the Supplementary Information. Azide groups were introduced into the dextran by 

treatment with AP-CI (Scheme 1a), and dextran samples with different DSs of azide groups 

were synthesized. The DS was calculated from the 1H-NMR spectra (Fig. S2) using the 

following formula: 

DS(%) = [( Imethylene / 2) / (Ianomeric proton) ×1.04 ] × 100 

Here, Imethylene and Ianomeric proton are the integrals of the methylene peaks of the introduced 

azide propanol located at 2.0 ppm and of the anomeric proton of dextran located at 4.9 ppm, 

respectively,  and 1.04 is the correction factor for the average 4% of α-1,3 linkages in 

dextran.30,31 

Amino groups were introduced into dextran by treatment with PLL (Scheme 1b), and it 

was possible to control the NH2 introduction rates per sugar unit of azide-amino-Dex from 

18% to 40%, as calculated from the TNBS assay. The amino groups were converted into 

carboxyl groups by treatment with succinic anhydride (SA) (Scheme 1c). The ratio of 

carboxylation shown in parentheses, e.g., azide-Dex-PA(0.65), indicates that 65% of the 

amino groups introduced into dextran have been converted into carboxyl groups by SA 

addition. The ratio of carboxylation was well controlled by the reaction with SA, and the 

values were proportional to the amount of SA added.  
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The cell-cryoprotection properties of azide-Dex-PA depend on the polymer 

concentration, the amount of amino groups introduced into the dextran, the ratio of 

carboxylation, and the osmolarity of the solution. Fig. 1a shows the cell viabilities obtained 

immediately after thawing for solutions of azide-Dex-PA with 10% polymer concentrations 

and various COOH introduction ratios, with an osmotic pressure of 580 mOsm. The cell 

viability increased with the percentage of introduced carboxyl groups up to 69%. When 

L929 cells were preserved with 10% azide-Dex-PA with carboxylation ratios of 0.50, 0.54, 

0.57, 0.62, 0.66, and 0.69, the viability after thawing was similar to that when 10% DMSO 

without FBS was used. This result shows that the PLL polyampholytes introduced into the 

dextran backbone with azide groups still have good cryoprotective properties like those of 

DMSO. When azide-Dex-PA(0.69) was used for cryopreservation with an osmotic pressure 

of 580 mOsm, concentrations of 10% resulted in highest viability (Fig. 1b). Fig. 1c shows 

the cell viabilities immediately after thawing for solutions of azide-Dex-PA(0.69) with 10% 

polymer concentrations and various NH2 introduction ratios, with an osmotic pressure of 

580 mOsm. In this figure, the calculated amount of NH2 groups introduced via introduction 

of PLL is shown as the number of NH2 groups for each dextran sugar unit. The cell 

viability obtained with 10% azide-Dex-PA(0.69) in which the NH2 group introduction rate 

was 39.5% was significantly higher than that for the NH2 introduction rate of 18.8%. The 

cell viability after cryopreservation tends to increase with increasing numbers of NH2 

groups introduced by the PLL. This indicates that a certain amount of charged groups is 

required to provide the cryoprotective function. We controlled the osmotic pressure of the 

10% azide-Dex-PA(0.69) solutions to about 580 mOsm based on the results of a viability 
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assay against the osmotic pressure of azide-Dex-PA(0.69). In this assay, azide-Dex-

PA(0.69) solutions with osmotic pressures of 300–700 mOsm, which are higher than that of 

the living body, exhibited better cryopreservation properties (Fig. 1d) than those with lower 

pressures. It seems that the cells were dehydrated under relatively high osmotic pressures 

during cooling and thus avoided damage from intracellular freezing.32,33 More than 90% 

viability was obtained after cryopreservation with 10% azide-Dex-PA(0.69) with 578 

mOsm.  

These results agree well with our previous reports,20,21 which showed that polyampholytes 

could have cryoprotective properties for living cells. We have previously discussed the 

mechanisms leading to the cryoprotective properties of polyampholytes.23 To cryopreserve 

cells for long-term storage, intracellular ice formation has to be avoided. During freezing, 

the increasing osmotic pressure due to the concentrated, partially frozen extracellular 

solution dehydrates the cell. The speed and degree of dehydration both influence the 

cryoprotection. If polyampholytes, with their charged moieties, interact with salt molecules, 

which are ordinarily concentrated during freezing, the degree of dehydration could be 

controlled. An appropriate level of dehydration would therefore prevent intracellular ice 

formation. Although further investigation should be done, we proposed that 

polyampholytes act as cryoprotective agents by protecting cells from stresses such as 

drastic changes in the soluble space size and osmotic pressure.23,34 In this study, we 

confirmed that a high-molecular-weight (over 70 kDa) polyampholyte-based 

polysaccharide, namely, dextran with azide groups, also protected cells from freezing 
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damage and that cryoprotection can be a property not only of polylysine derivatives but 

also of polyampholytes in general. 

The affinity of dextran-based polyampholytes for the cell surface during freezing was 

evaluated with a confocal laser microscope. After cryopreservation with 10% Dex-

PA(0.69) labelled with FITC, adsorption of Dex-PA(0.69) onto the cells was observed. 

Dex-PA(0.69) molecules appeared to be adsorbed onto the cell membrane immediately 

after thawing (Fig. 2). As shown in Fig. 2, penetration of Dex-PA was prevented by the 

high molecular weight and high charge density. FITC labelling does not affect the 

cryoprotective properties of Dex-PA or the cell membrane interactions because of the low 

molar ratio of FITC. This polymer adsorbed to the cell surface during freezing, which may 

have then protected the cell membrane in the same way as COOH-PLL.23 Although the 

mechanisms by which the cell membrane is protected during freezing need to be 

investigated in future research, we aimed to develop a hydrogel with its own cryoprotective 

properties by taking advantage of this extracellular cell protection. 

 

3.2 Synthesis of alkyne-substituted dextran and hydrogel formation via Cu-free click 

chemistry 

Hydrogels derived from Cu-free processes have many potential applications in tissue 

engineering. For example, they can be used in controlled drug delivery systems and in 3D 

cell culturing.35 Hydrogels developed using Cu-free click chemistry also shed light on the 

possibility of cytotoxicity due to Cu.  
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For this purpose, DBCO acid was introduced into the dextran as an alkyne substituent, as 

shown in Scheme 2a, to synthesize dextran samples with different DSs of alkynes (Table 1). 

The DS of DBCO per sugar unit was calculated from the 1H-NMR results (Fig. S3)  using 

the formula below:  

DS(%) = [(Iaromatic protons / 8) / (Ianomeric proton) ×1.04 ] × 100 

Here, Iaromatic protons and Ianomeric proton are the integrals of the methylene peaks of the 

introduced DBCO acid located at around 7.5 ppm and of the anomeric proton of dextran at 

4.9 ppm, respectively, and 1.04 is the correction factor for the average 4% of α-1,3 linkages 

in dextran.30,31 Dextran with a higher DS of alkynes is water-insoluble, probably because of 

the increase in hydrophobicity.  

Hydrogels were formed by reacting DBCO-Dex and azide-Dex PA (Scheme 3a) via 

strain-promoted azide–alkyne cycloaddition (SPAAC) click chemistry.36,37 SPAAC has 

already been utilized for live-cell imaging38 and in vivo metabolic labelling, as well as 

hydrogel formation, because of its significant advantages in terms of cytocompatibility and 

biocompatibility compared with Cu-catalysed click chemistry. This click-chemistry-derived 

hydrogel also does not require any toxic crosslinking agents. Hydrogel formation via 

SPAAC between DBCO-terminated polyethylene glycol (PEG) and azide-substituted PEG 

has been reported previously for tissue engineering applications.39 In this previous report, 

the viability of cells encapsulated in situ with the Cu-free SPAAC-derived hydrogel was 

significantly higher than that of the cells encapsulated by the photo-crosslinked PEG 

hydrogel because of the high cytocompatibility of SPAAC.37 Our purpose is to encapsulate 



19 
 

cells in situ with a polyampholyte hydrogel in order to form a cell-cryoprotective scaffold; 

hence, bioorthogonal and cytocompatible reactions such as SPAAC will be useful. 

3.3 Rheological characterization of hydrogels 

 The strength of the hydrogels was investigated by performing rheological tests in order to 

establish the degree to which the variations in concentrations of DBCO-Dex and azide-

Dex-PA influence crosslinking. In Fig. 3, the dynamic mechanical properties of different 

hydrogels are shown. Different hydrogels were formed at different concentrations of 

DBCO-Dex and azide-Dex-PA, so the strength of the hydrogel can be tuned by varying 

the concentrations of the two reacting species. The storage modulus gradually increased 

with time because crosslinking points were generated by the click chemistry reaction 

between the azides and alkynes. The gelation time and storage modulus 600 s after mixing 

of the two components are summarized in Table 2. The mechanical strength of the 

hydrogels can easily be varied from 6 Pa to 2.7 kPa. These values are consistent with the 

mechanical properties of tissue-engineered hydrogels and the extracellular matrix.40 When 

we mixed azide-Dex-PA and DBCO-Dex in weight ratios of 1:1 and 1:2.5, both the 

gelation time and storage modulus were observed to increase with the total polymer 

concentration.  

 Hydrogels formed with higher amounts of alkynes and lower amounts of azides are 

stronger than hydrogels formed with larger amounts of azides and lower amounts of 

alkynes. However, when the amounts of DBCO-Dex and azide-Dex-PA were similar, 

intermediate strengths were obtained. This is reasonable, because the DS of azide groups 
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is higher than that of alkynes in dextran. Hence, when the amount of azide groups 

increases relative to the amount of alkynes, a substantial amount of azide groups will be 

unreacted during crosslinking.  

Furthermore, the gelation time for hydrogel formation can be tuned by varying the 

concentrations of azide groups and alkynes in the dextran. After some preliminary tuning, 

concentrations at which the hydrogel formation time is around 5–10 min were selected for 

cryopreservation purposes.  

Scanning electron microscopy (SEM) was also performed to evaluate the physical and 

chemical nature of the crosslinked hydrogels. SEM images of the hydrogels showed 

densely crosslinked networks with varying porosities and microstructures (Fig. 4). The pore 

size of the hydrogels was found to be approximately 50–150 µm, which is larger than the 

size of a cell. This observation suggests that during cryopreservation, the cells are inside the 

cavities of the hydrogel. 

This result suggests that an azide-conjugated polyampholyte cryoprotectant could be used 

with DBCO-Dex for biomedical therapeutic technologies such as an injectable hydrogel 

cell-delivery system41 or orthopaedic applications.42 For example, stem cells cryopreserved 

with azide-Dex-PA can be mixed with DBCO-Dex immediately after thawing for injection 

into defect sites to form a scaffold for cell growth and tissue repair. This system does not 

require any pretreatment of the stem cells before injection, making cell maintenance, 

harvesting, and mixing with the hydrogel-forming media unnecessary. In our system, the 
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stem cells could be preserved until just before usage, and the cells can be injected just after 

thawing without washing out the cryoprotectant. 

3.3 Cryoprotective properties of the hydrogel 

The cryoprotective properties of different hydrogels were checked using azide-Dex-PA (DS 

of azide is 11.7%, and DS of NH2 groups is 40%) and DBCO-Dex, which acts as a 

crosslinker (DS of alkyne is 6.5%). L929 cells cryopreserved with these hydrogels (total 

polymer concentration was 10%) (Scheme 3b,c) showed a viability of more than 90% 

immediately after thawing (Fig. 5, Table 3). When the cells were cryopreserved without 

any cryoprotectants in a collagen hydrogel, which is widely used for tissue engineering 

applications, all cells were killed. Almost 0% viability was obtained when cells were 

cryopreserved with in the hydrogel formed by azide-amino-Dex and azide-Dex without any 

succination. These results showed that the polyampholyte hydrogel was necessary to 

protect cells from freezing damage. 

Current cryopreservation techniques have mainly been devised and optimized for cell 

suspensions, and their application to adherent monolayers or thick biological samples is 

known to be less effective.43, 44 To cryopreserve larger volume cell-containing matrixes 

such as cell aggregates, tissue-engineered constructs, and cell sheets, a vitrification method 

is usually applied.13,45 Vitrification is one of the most established methods for the 

cryopreservation of large cells like oocytes and embryos.46 Vitrification circumvents the 

problems associated with ice-crystal formation by inducing glass-like solidification during 

rapid cooling in a high-concentration cryoprotectant solution. However, the high 
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cytotoxicity from highly concentrated cryoprotectants is still big problem for maintaining 

tissue-like structures with high cell viability. As a substitute for a vitrification method, this 

study proposed a novel approach to cryopreservation of tissue-engineered constructs with a 

cryoprotective hydrogel. We succeeded in introducing 0.041 mg/mL of the cell-attachment 

peptide RGDS into dextran in the present study, and we found that cells could attach to and 

proliferate on the hydrogel (Supplementary Information, Fig.S4) during a culture over 7 

days. This finding clearly demonstrates that we can introduce cell compatibility into a 

hydrogel formed in situ and that this system can be used to produce cell scaffolds with 

cryoprotective properties. Moreover, the hydrogel might be suitable as a tissue-engineering 

scaffold,47 because the triazole ring at the crosslinking point is connected to dextran 

through carbonate esters (Scheme 3), and this structure is known to be hydrolysable under 

physiological conditions.25 In future research, we should investigate the cryoprotection 

properties of tissue-engineered constructs developed using this in situ hydrogel system and 

further details of the scaffolds such as their degradation and cell proliferation.  

4. CONCLUSION 

In this study, we developed polyampholyte cryoprotectants with azide groups that form 

in situ hydrogels that can encapsulate cells along with DBCO-Dex via Cu-free click 

chemistry. The system showed excellent cryoprotective properties without any additional 

cryoprotectants. This is the first challenge in the development of cryoprotective hydrogels 

by means of a combination of materials science and cryobiology. In the past few years, the 

potential to mould the shapes and sizes of biologically relevant hydrogels has led to new 
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directions in generating tissues. It has also provided opportunities to meet various 

challenges in tissue engineering such as vascularization, the formation of tissue 

architectures, and cell seeding. These methodologies are useful for engineering tissue 

architectures inside the cell-containing hydrogel. Overall, it appears that our dextran-based 

cryoprotective hydrogel has the potential to overcome many of the challenges that have 

pestered the field of tissue engineering. 
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Figure Captions 

Scheme 1 Schematic representation of the synthesis of dextran polyampholyte (Dex-PA). 

(a) Substitution of azide in dextran. Dextran and 3-azidopropyl carbonylimidazole reacted 

to form dextran azopropyl carbonate (azide-Dex, A). (b) Amination of azide-dextran. A 

was activated with 1,1′-carbonyldiimidazole (CDI), and poly-L-lysine was grafted onto 

azide-Dex (azide-amino-Dex, B). (c) Succinylation of azide-amino-dextran. Succinic 

anhydride (SA) reacted with the azide-amino-Dex, yielding the carboxylated azide-amino-

Dex (azide-Dex-PA, C).  

 

Fig. 1 Cryoprotective properties of dextran polyampholytes (Dex-PAs). The viability of 

L929 cells cryopreserved with various azide-Dex-PAs as cryoprotectant agents (CPAs) was 

measured immediately after thawing. (a) L929 cells were cryopreserved with 10% DMSO 

and 12% (w/w) azide-Dex-PAs with different ratios of introduced COOH. (b) L929 cells 

were cryopreserved with various concentrations of azide-Dex-PA(0.65). (c) L929 cells 

were cryopreserved with 10% azide-Dex-PA(0.65) with various ratios of NH2 introduced 

by ɛ-poly-L-lysine (PLL). (d) L929 cells were cryopreserved with 10% Dex-PA(0.65) under 

various osmotic pressures. The osmotic pressures were adjusted with 10% (w/w) NaCl 

aqueous solution. Data are expressed as the mean ± SD. ***P < 0.001. ### P<0.001 vs. 

10% DMSO. NS: not significant.  
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Fig. 2 Confocal microscopic images of L929 cells cryopreserved with FITC-labelled Dex-

PA(0.65) taken immediately after thawing. (a) Dark and (b) bright fields at the same point. 

The bar is 10 m. 

 

Scheme 2 Synthesis of DBCO-Dex. DBCO was activated with CDI in solvent F, and 

addition of dextran yielded DBCO-substituted dextran (DBCO-Dex).  

 

Scheme 3 Synthesis of hydrogel and cell encapsulation. (a) Schematic representation of 

hydrogel formation using azide-Dex-PA and DBCO-Dex. (b) Depiction of cell 

encapsulation and cryopreservation by in situ hydrogelation via SPAAC click chemistry. 

(c) Representative picture of cell-hydrogel construct (10% polymer concentration, azide-

Dex-PA(0.69) (DS of azide 11.7%):DBCO-Dex (DS of DBCO 6.5%) ratio = 4:1 (wt:wt), 

570 mOsm, pH 7.4, cell density = 1 × 104 mL-1). 

 

Fig.3 Storage moduli for different hydrogels with varying total polymer concentrations. 

Hydrogels composed of azide-Dex (DS of azide 11.7%) and DBCO-Dex (DS of DBCO 

6.5%). 
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Fig. 4 SEM image of lyophilized hydrogel composed of azide-Dex-PA (DS of azide 11.7%) 

(12 mg/mL) and DBCO-Dex (DS of DBCO 6.5%) (3 mg/mL) formed via Cu-free click 

chemistry in a DMEM medium without FBS. (a) Surface and (b) inside of the lyophilized 

hydrogel. The bar is 150 m. 

 

Fig. 5 Cell viability after cryopreservation with two different types of hydrogels with 

different ratios of azide-Dex-PA(0.65) (DS of azide 11.7%) and Dex-alkyne (DS of DBCO 

6.5%) and with a collagen hydrogel. Fluorescent microphotographs of cell encapsulated in 

(a) 4:1 azide-Dex-PA(0.69):DBCO-Dex, (b) 6:1 azide-Dex-PA(0.69):DBCO-Dex, (c) 4:1 

azide-amino-Dex:DBCO-Dex, (d) 4:1 azide-Dex:DBCO-Dex, and (e) collagen hydrogel 

taken using a live-dead assay kit. The bar is 50 m. 

 

Graphical abstract text: 

We synthesized a dextran-based polyampholyte hydrogel with cryoprotective properties 
that could be useful for cell encapsulation and tissue engineering applications. 

 

 

Table 1. Hydrogels prepared with different DSs of alkynes (DBCO) using a 12% 

concentration of azide-Dex-PA (DS of azides is 11.7% and DS of NH2 groups of PLL is 

40%) 
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Degree of substitution of 

alkyne in dextran per sugar 

unit (%) 

Water solubility Hydrogel formation 

(azide-Dex-PA:DBCO-Dex, 

[w/w]) 

1.5 Soluble No (1:1) 

3.0 Soluble Yes (2:1, 3:1) 

4.8 Soluble Yes (4:1) 

Yes (6:1) 

5.4 Soluble Yes (4:1, 6:1) 

14.3 Insoluble No  

 

Table 2. Gelation time and storage modulus 600 sec after mixing of different hydrogels 

prepared using different concentrations of DBCO-Dex (DS of alkynes is 6.5%) and azide-

Dex-PA (DS of azides is 11.7%) 

Azide-Dex-

PA:DBCO-Dex 

(wt:wt) 

Total polymer 

concentration / % 

Gelation time / s Storage modulus at 600 

sec after mixing / Pa 

1:1 2.0 560 53.6 

1:1 2.5 480 134.1 

1:1 3.0 120 243.8 

1:1 3.5 60 595.9 

1:2.5 5.0 120 308.0 
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1:2.5 6.8 60 915.8 

1:2.5 8.6 50 2612.0 

6:1 11.7 540 6.46 

4:1 7.3 480 19.6 

 

 

  

Table 3: Viabilities of L929 cells cryopreserved in a hydrogel composed of azide-Dex-PA 

(DS 11.7%) and DBCO-Dex (DS 6.5%), in a hydrogel composed of azide-amino-Dex 

(without succination) and DBCO-Dex (DS 6.5%), in a hydrogel composed of azide-Dex 

(non-ionic) and DBCO-Dex (DS 6.5%), and in a collagen hydrogel, immediately after 

thawing. 

a) total polymer concentration 10%, osmotic pressure 570 mOsm, pH 7.4. 

Hydrogel component  Viability (%) 

4:1(wt:wt)   azide-Dex-PA(0.69):DBCO-

Dex a) 

93±4.2 

6:1  azide-Dex-PA(0.69):DBCO-Dex a) 94±3.6 

4:1   azide-amino-Dex:DBCO-Dex a) 0±0 

4:1  azide-Dex:DBCO-Dex a) 0±0 

1% collagen hydrogel 0±0 
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Supplementary materials and methods 

Arginine-glycine-aspartic acid peptide (RGD) introduction 

To synthesize RGD-substituted dextran (RGD-Dex), RGD substitution was performed 

using a GRGDS peptide sequence (Peptide Institute Inc., Osaka, Japan). The hydroxyl 

groups of dextran were activated by CDI (0.002 eq./sugar unit) for 2 h at 50°C. For this 

reaction, the required amount of GRGDS peptide dissolved in DMSO was added after 

activation, and the reaction was run for 10 h at 50°C. Then, the substitution of azide and 

PLL into the RGD-Dex was performed using procedures described in section 2.2. The 

RGD introduction rate was calculated using a BCA Protein Assay kit (Takara Bio Inc., 

Otsu, Japan) according to the instruction manual. 
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Fig.S1 1H NMR Spectra of Azide-CDI (AP-CI) 
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Fig.S2 1H NMR of Dextran Azide (10.65%)  
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Fig.S3 1H NMR of Dextran DBCO (14.3%) 
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Fig.S4 Microphotographs of L929 seeded on the 

RGD-substituted dextran hydrogel cultured for (a) 1 day 

and (b) 7 days. The bar is 100 m. 
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