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Abstract  

Success of tissue engineering applications in regenerative medicine requires the preservation 

of tissue-engineered products at a low temperature. This can be successfully achieved by the 

use of cryoprotective agent (CPA). In this study, we formulated a unique injectable hydrogel 

for the purpose of cell delivery after cryopreservation by using polyampholyte CPA. The 

polyampholyte showed excellent post-thaw cell survival, and after thawing, the polymeric 

CPA did not have to be removed because of its low cytotoxicity. The polyampholyte could be 

transformed into a hydrogel by mixing with nanosilicates. Previously, nanosilicates were used 

to improve mechanical properties, but this is the first report of the use of a nanosilicate 

together with CPA to formulate hydrogels. Inclusion of the nanosilicate led to the formation 

of thixotropic hydrogels, which can be injected using fine needles. These gels with tunable 

mechanical properties can be injected into defect sites to form scaffolds for cell growth and 

tissue repair, and they do not require any separate seeding of cells before injection, thus 

eliminating the need for cell harvesting and cell maintenance. This is a distinct system in 

which cells can be cryopreserved until before usage; when required, the cells in the 

polyampholyte can be revived to their original state and the thixotropic hydrogel can be 
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formed. The combination of thixotropy and cytocompatibility of the gels could enable a wide 

range of biomedical applications such as cell delivery and orthopedic repair. 

Keywords: thixotropy, polyampholyte, cryopreservation, nanocomposite, injectable hydrogel 

 

  



 

1. Introduction  

Structures existing in nature usually inspire for biomaterial construction. Designing of such 

biomaterials for tissue engineering applications requires a detailed understanding of polymers, 

cells, and nanostructures [1]. To recapitulate these features, various nanoceramics, such as 

synthetic silicates [2], nano-hydroxyapatite [3-6] and bioactive glass [7-9] have been used. 

Additionally, various novel microscale technologies have been developed to create polymeric-

based structures with nanofillers to provide architecture and materials similar to those in 

nature [10]. Nanocomposite hydrogels have attractive features, such as highly hydrated 3D 

polymeric networks with nanoparticles and cytocompatibility. The interaction of nanoparticles 

with polymers may be covalent [11-13] or physical [14-16], and the design of such systems 

can give rise to numerous unique and useful combinations that provide distinct attributes such 

as mechanical improvement, cell adhesiveness and degradation tunability.  

Synthetic nanoclays comprised of hectorites, such as laponite, have attracted much interest 

[17]. Laponite has a disc-like shape, with a diameter of about 25–30 nm, and a thickness of 1 

nm [18-20], where the disc has an anisotropic distribution of charges. A negative charge 

particularly exists on the surface, and the charge on the rim is pH-dependent, with a negative 

charge at high pH and positive charge at low pH [21,22]. This unusual charge distribution 

plays a critical role in determining the interactions of laponite with polymers, which are not 

simple and vary according to the type [23], molecular weight [24], and charge of the polymer 

[25]. One interesting property of laponite is cytocompatibility. In a previous study, a bioinert 

polyethylene oxide hydrogel was shown to acquire high cell adhesion through incorporation 

of laponite [15]. These special properties made laponite an ideal candidate to be used as a 

filler in the current study.  



Various studies have shown that physical interaction of natural and synthetic polymers with 

synthetic silicates leads to the formation of physically cross-linked structures [11,14,26]. 

Polyampholytes are a special class of polymers in which cationic and anionic sites are 

randomly distributed along the polymer backbone [27,28]. In these polymers, it may be 

possible that one charged species surmounts the others or one of the charged species is 

dominant in a narrow pH range. Typically, polyampholytes carry net charges that can be 

tuned by changes in the pH and ionic strength of the system under study. Polyampholytes 

have found applications in various biomedical fields, such as antibiofouling [29], 

cryoprotection [30-35], and protein aggregation inhibition [36]. Carboxylated poly-L-lysine 

(COOH-PLL) is a polyampholyte and was reported to possess excellent cryopreservation 

ability when present at an appropriate ratio of amino to carboxyl groups [37]. The application 

of low-temperature preservation has revolutionized biotechnology, as both prokaryotic and 

eukaryotic cells can be cryopreserved at temperatures of -200°C. In a previous study, we 

developed a polyampholyte hydrogel having cryoprotective properties via click chemistry 

[38].  

Previously, various studies used laponite as a nanofiller to improve mechanical properties; 

however, to our knowledge, no study has used a cryoprotective polymer together with 

laponite. Inclusion of the cryoprotective polymer enables cells to be cryopreserved for a long 

time such that they can be revived to their original state, whenever required. 

In this study, we formulated a novel injectable hydrogel for the purpose of cell delivery by 

using polyampholyte CPA (Figure1). This is a unique system in which cells can be preserved 

until before usage and where after thawing, the cells in the hydrogel can be injected easily, 

without the need to wash out the CPA. 

2. Materials and Methods 



2.1 Polyampholyte preparation 

COOH-PLL was prepared as reported previously in the literature [37]. To synthesize COOH-

PLL, 25% (w/w) ε-poly-L-lysine (PLL) aqueous solution was purchased from JNC Corp., 

(Tokyo, Japan) and mixed with succinic anhydride (SA) (Wako Pure Chem. Ind. Ltd., Osaka, 

Japan) at 0%–90% molar ratios (SA/PLL amino groups) and reacted at 50°C for 1 h to 

convert amino groups into carboxyl groups. Thus, carboxyl groups were introduced into PLL 

by treatment with SA, which reacts with amino groups as shown in Scheme 1. The ratio of 

carboxylation was well controlled by reaction with SA [35]. The succination ratio in this 

study was controlled to approximately 50, 65, and 90 mol%. The amount of amino groups in 

polyampholytes was determined by 1H-nuclear magnetic resonance (NMR) (Avance III 400, 

Bruker Biospin Inc., Switzerland) and the 2,4,6-trinitrobenzenesulfonate (TNBS) method [39]. 

The ratio of carboxylation is shown in parentheses, e.g., PLL (0.65) indicates that 65% of the 

α-amino groups have been converted into carboxyl groups by SA addition.  

2.2 Zeta potential measurement 

Zeta potentials of PLL (0.5), PLL (0.65), and PLL (0.9) were determined by laser Doppler 

electrophoresis in a Zetasizer 3000 system (Malvern instruments, Worcestershire, UK) at 

various pH values. Solutions were prepared in water and the concentration for the 

measurement was 0.1%. The pH was adjusted using 1M HCl and NaOH solutions. 

2.3 Nanocomposite formulation 

Stock solutions with varying concentrations of COOH-PLL and laponite (XLG) with a 

chemical composition of Na+0.7[(Mg5.5Li0.3)Si8O20(OH)4]-0.7 (BYK-Chemie GmbH, Wesel, 

Germany) were prepared in milli-Q water, which was used to retard gelation and allow 

complete dissolution of laponite particles prior to gelling. Nanocomposites were allowed to 

settle at room temperature until a clear gel was formed. Nanocomposite compositions were 



prepared by mixing the COOH-PLL and laponite stock and then stirring this mixture 

vigorously for 15 minutes to achieve the required polymer concentration and laponite loading. 

Prior to all analyses, all nanocomposites were allowed to settle for 30 minutes after 

preparation. Nanocomposites are coded as NxP(y)z (where x, y, and z represent the solid 

weight percentage of laponite, the succination percentage, and the solid weight percentage of 

the polymer, respectively).  

2.4 ATR-FTIR 

The formation of nanocomposites was characterized by attenuated total reflectance Fourier 

transform infrared (ATR–FTIR). The lyophilized nanocomposite was mounted on ZnSe 

crystal on the single-reflection ATR accessory (JASCO ATR PRO450-S), and spectra were 

obtained using a JASCO FT/IR-4200 system. 

2.5 X-ray diffraction (XRD) measurements 

XRD measurements were performed using a Miniflex600 diffractometer (Rigaku, Japan) with 

Cu Kα radiation of 1.54 Å. Diffraction patterns were collected from 2Ɵ= 2° to 40° with 

increments of 0.01˚. All collected data were normalized to the same baseline for comparison 

of the final results. Samples were dried and stored in a desiccator before each measurement. 

 

2.6 Rheological analysis 

Dynamic mechanical analysis was performed using the Rheosol-G5000 rheometer (UBM Co., 

Ltd., Kyoto, Japan). Moreover, a cone plate (39.99 mm diameter) with a gap height of 60 µm 

and a cone angle of 1.994° was used. All analyses were performed at 37°C, and mineral oil 

was placed around the circumference to prevent evaporation of water from the nanocomposite 

to minimize the effects of any shear associated with sample loading. All experiments were 

performed 10 minutes after loading. Frequency sweep experiments between 0.628 and 62.8 

rad・s-1 were performed at fixed strain amplitude of 0.967% to measure the storage modulus 



(Gʹ) and loss modulus (G˝). This strain amplitude was selected because under this strain, our 

materials show linear viscoelastic behavior. All experiments were performed in triplicate to 

check the reproducibility of the data. 

To evaluate the thixotropy of the nanocomposites, a hysteresis loop experiment was 

performed by subjecting the hydrogel to a shear rate of 11 s-1 for 10 s. 

2.7 Cryopreservation protocol and determination of cell survival  

COOH-PLL cryopreservation solutions were prepared as follows: PLL (0.65) was dissolved 

in Dulbecco’s modified Eagle medium (DMEM) without fetal bovine serum (FBS) at a 

concentration of 7.5%, 10%, or 20% (w/v) and the pH was adjusted to 7.4 by HCl or NaOH. 

Osmotic pressure was adjusted by addition of 10 w% NaCl aqueous solution to a 

physiological value of 300 mOsm/kg, determined using an Osmometer 5520 (Wescor, Inc., 

UT, USA). MC3T3-E1 cells were suspended in 1 mL of COOH-PLL cryopreservation 

solution at a density of 1 × 106 cells/mL in cryovials and stored in a -80˚C freezer for 24 hours. 

To evaluate cell viability, individual vials were immersed in a water bath at 37°C, and the 

thawed cells were diluted 10-fold in DMEM. After centrifugation, the supernatant was 

removed and the cells were resuspended in 5 mL of medium. All the cells were counted using 

a hemocytometer, and the trypan blue staining method was used to determine cell viability 

[40,41]. The reported values are the ratios of living cells to total cells. 

2.8 Cell adhesion and viability 

Biomedical applicability of the nanocomposites was determined by seeding MC3T3-E1 

mouse preosteoblasts on the nanocomposite surface. Cell adhesion was determined by seeding 

1.0 × 104 cells on N3P(65)1.5, N6P(65)1.5, and on a tissue culture plate (TCP) as a control. At 

7 days post seeding, cells were fixed using 3.7% formaldehyde solution and the cell 

cytoskeleton was labeled with Alexa Flour 488 phalloidin fluorescent dye (Life Technologies, 

Carlsbad, CA, USA). Cell growth curves on these hydrogels were obtained using Cell 



Counting Kit-8 reagent for 7days (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). 

Fluorescence images were obtained using a Biozero 800 system (Keyence, Osaka, Japan). 

To evaluate encapsulated cell viability, MC3T3-E1 cells at a density of 3 × 106/mL of PLL 

(0.65) (10% w/v) were cryopreserved by placing the vials in a -80°C freezer for 1 week, and 

after thawing, the cells in COOH-PLL were mixed with laponite (8% w/v) to form the 

nanocomposite N6P(65)1.5. Osmolality of the nanocomposite was controlled to physiological 

conditions (280 mOsm). This nanocomposite was spread as a thin film on a glass-bottom dish 

(Matsunami Glass IND., LTD., Osaka, Japan), and after 24 h and 72 h of culture, cell viability 

was determined using a live-dead assay kit (Life Technologies Corp., NY, USA). To further 

confirm the cell survival activity, after 24 h of encapsulation culture, the nanocomposite 

including cells was broken down and placed on the TCP, and cell adhesion was observed for 

24 h by live-dead assay. 

2.9 Statistical analysis 

All data are expressed as the mean ± standard deviation (SD). All experiments were 

conducted in triplicate. A one-way ANOVA with post-hoc Fisher’s protected least significant 

difference test was used for comparison among groups. Differences were considered 

statistically significant at a P<0.05. 

 

3. Results and discussion 

3.1 Preparation of polyampholytes and their cryoprotective properties 

ε-PLL is a L-lysine homopolymer biosynthesized by Streptomyces species [42] and is used as 

a food additive because of its antimicrobial activities, which are ascribed to the cationic 

charge of its side-chain α-amino groups [43]. According to our previous research; cytotoxicity 

decreases with the introduction of carboxyl groups into PLL. The polymer charge can be 

tuned by varying the level of succination, thus enabling the control of electrostatic interactions 



between the drugs and polymer. In the present study, the succination ratio was calculated 

by 1H NMR (Figure S1, S2, S3). The zeta potential measurement (Figure 2) suggests that the 

charge on the polymer can be tuned by varying succination levels and pH. For example, PLL 

(0.65) was positively charged under acidic pH and it became negatively charged as the pH 

was increased because of the presence of both carboxyl and amino groups in the polymer. 

PLL (0.65) is a potent, non-penetrating CPA with low cytotoxicity. COOH-PLL has been 

shown to exhibit very high cryopreservation efficiency without the addition of any other CPA, 

and it has been used for the cryopreservation of various cell lines. Figure 3 shows that PLL 

(0.65) at various concentrations had excellent post-thaw survival efficiency, higher than 90%. 

The result was in agreement with our previous report [37].  

 

3.2 Nanocomposite formulation 

Formulation of nanocomposites involves the incorporation of laponite XLG. In the present 

study, PLL (0.5, 0.65, and 0.9) was used because it is a polyampholyte and its polymer chains 

were expected to be intercalated between the laponite discs via electrostatic interactions. 

Various nanocomposites were prepared by varying the polymer and laponite concentration 

(Table 1).  

3.3 Characterization of the nanocomposite 

3.3.1 ATR-FTIR 

In the lyophilized nanocomposite, peaks from both the polymer and laponite particles were 

observed. In Figure 4, the peaks around 3262 cm-1 (peptide proton mode of NH-CO of β sheet 

structure), 2944 cm-1 (CH2 stretching), 1642 cm-1 (carbonyl of amide I), and 1529 cm-1 (NH 

bending of amide II) [44] indicate the presence of the polymer and those around 1640, 980, 

and 650 cm-1 show the presence of laponite particles [12]. This result verifies the presence of 

both PLL (0.65) and laponite moieties within the gels. 



 

3.3.2 XRD measurement 

To evaluate the presence of the polymer and laponite in the nanocomposite, XRD analysis 

was performed. X-ray diffraction patterns of dried gels are presented in Figure 5. The X-ray 

reflections predominantly correspond to the COOH-PLL intercalated clay, suggesting the 

presence of polymer-clay stacks in the system [15]. Intercalation of COOH-PLL chains 

between the clay platelets was deduced by comparing the d-spacing values from the XRD 

reflections of the layered pure laponite with d-spacing values from the XRD reflections of the 

layered nanocomposites. The intercalation peak for all the nanocomposites varied according 

to the pH and charge on the polymer. The difference in d-spacing (Table 2) between the 

polymer nanocomposite and pure laponite may be attributed to the presence of COOH-PLL 

chains between the clay platelets.  

From the ATR-FTIR and XRD analysis, it can be concluded that a nanocomposite composed 

of COOH-PLL and laponite can be formulated. In such nanocomposites, the polymer is 

intercalated between the laponite discs. Based on these two results, the possible structure of 

the nanocomposite N6P(65)1.5 at pH 7 that was formulated using PLL (0.65) is shown in 

Figure 6. 

 

3.4 Dynamic mechanical analysis 

Figure 7a illustrates the dynamic mechanical analysis of laponite dispersions without polymer 

when the pH was varied from basic to neutral to acidic. In this system, the concentration of 

the laponite was fixed to 6% (w/v %). The results indicate the transition of the system from a 

strong gel to a very weak gel with pH variation. In salt-free water, laponite particles at a 

higher concentration are stabilized by repulsive interactions. When the interactions are 

screened by salt, the particles aggregate because of the formation of electrostatic bonds [22]. 



Laponite dispersions in pure water are always found at pH 10 [45]. When the pH of the 

laponite dispersion is varied, the concentration of ions in the system changes [46,47]. Thus 

interplay of ions and rim charge with different pH values of the laponite dispersion leads to 

different Gʹ and    G˝ values. 

Figure 7b depicts the change in mechanical strength of nanocomposite N6P(65)1.5 under 

various pH conditions. Gʹ was found to be higher than G˝ in the experimental frequency 

region for all of the hydrogels. The maximum value of Gʹwas observed at pH 7 and the 

minimum value was observed for the nanocomposite prepared at acidic pH. The difference in 

the mechanical strength of the nanocomposite under varying pH values can be attributed to 

the presence of COOH-PLL, as zeta potential measurements suggest that PLL (0.65) is 

negatively charged at pH 7 (Figure 2). Additionally, it is well-known fact that polymers that 

are long enough to form inter-particle bridges generate a reversible polymer-clay network that 

dominates the rheological response of the system [23,48,49]. The PLL (0.65) chain is 

expected to form bridges between nanosilicate discs, as supported by the XRD data (Figure 4 

and Table 2). This cross-linking in the laponite-PLL (0.65) system at pH 7 led to the 

formation of stronger polymer-clay networks. When the pH of this nanocomposite was 

increased, laponite and PLL (0.65) both were dominated by a high negative charge as 

previously indicated in the literature and by the present zeta potential measurements, 

respectively [17,21]. Under basic conditions it was previously reported that laponite particles 

are largely dominated by repulsive interactions and that a glassy phase is present. Upon the 

addition of the non-adsorbing polymer, the laponite glass melts and the formation of the 

arrested state is delayed [50]. In the present study, at pH 12, PLL (0.65), which is highly 

negatively charged, acted as a non-adsorbing polymer that led to the lower Gʹ of the 

nanocomposite as compared to the value at pH 7. Figure 6b shows that the system progressed 

from a strong gel to a very weak gel state when the pH was reduced. A likely explanation is 



that when the polymer and laponite are both positively charged, the face-rim bonds are no 

longer stable and the system undergoes irreversible change from a strong gel to mechanically 

weaker gel.  

In the current study, we used two other types of polyampholytes PLL (0.5) and PLL (0.9). 

Nanocomposites were prepared (N6P(50)1.5 and N6P(90)1.5) using these two polyampholytes, 

respectively. These nanocomposites showed the same results when subjected to changes in pH 

as depicted in Figure S4 and S5. 

Figure 7c illustrates the influence of the manipulation of PLL (0.65) concentration on the Gʹ 

and G˝ of the nanocomposite for 6% laponite dispersions at pH 7. The mechanical strength 

increased with polymer concentration, but when the concentration of the polymer was almost 

the same as that of the laponite, the system changed from a strong gel to mechanically weaker 

gel, suggesting that as the amount of the polymer increased, the bridging or intercalation 

between the laponite discs and the polymer also increased, leading to a higher Gʹ. However, 

when the polymer concentration was too high, then the rheological behavior of the 

nanocomposite was representative of a very weak gel, possibly because of increased steric 

hindrance of the adsorbed polymer that leads to unstable face-rim bonds and transformation to 

a lower mechanical strength [22].  

Figure 7d shows the effect of manipulating the laponite concentration on Gʹ and G˝ when the 

PLL (0.65) concentration was fixed to 1.5%. The results indicate that the mechanical strength 

of the nanocomposite can be tuned by varying the laponite concentration. Mechanically 

stronger gels were obtained at higher laponite concentrations because of the presence of more 

crosslinking points and relatively weaker gels were obtained at lower laponite concentrations 

because the crosslinking density was reduced with a decrease in laponite concentration.  

Figure 8 shows the tunable mechanical properties of the nanocomposite N6P1.5 at pH 7, 

formulated using PLL with various degrees of succination. This figure shows that the 



mechanical strength of the nanocomposite can be easily tuned from 4 to 10 kPa by varying the 

succination ratio in the polymer.  

Thixotropic hydrogels are viscoelastic materials that behave as liquids when subjected to 

shear stress and then return to the liquid state when the stress is removed. This property is 

time-dependent, ranging from many minutes in the case of breakdown to many hours in the 

case of reconstruction [51]. Therapeutics can be incorporated in these materials ex vivo, and 

then they can be injected in vivo by shear-induced flow [13]. In our current study, we 

formulated nanocomposites that were loaded with cells. Structural changes and recovery in 

these hydrogels were estimated using a hysteresis loop [52]. In these experiments, the shear 

rate was first increased to the maximum, value followed by a decrease to the initial start value. 

The area within the two curves is defined as the hysteresis loop and indicates the potential 

speed of the sol-gel transition. A larger area reflects a longer recovery time. The graph of the 

nanocomposite composed of N6P(65)1.5 at pH 7 shows structural recovery and suggests that 

the nanocomposite of this study can be return to its original shape after one hour (Figure 9) 

and thus can be used for various biomedical purposes. Figure 10 (a) shows the behavior of the 

polymer-clay nanocomposite that we believe occurred during the hysteresis loop experiment. 

When the nanocomposite was loaded onto the rheometer plate before application of shear, the 

entire system was at rest. It is expected that the system consisted of a network between 

randomly oriented laponite discs and polyampholyte chains that acted as cross-links between 

laponite discs. When shear was applied, polymer chains were desorbed from the rim and 

adopted various conformations such as trains and loops, thus imparting flow to the system and 

converting it from gel to sol. When the shear was removed, the system tried to regain its 

original structure.[15] These materials can be injected through 20-25 gauge needles as shown in 

Figure 10 (b). 

3.5 Cell adhesion and viability  



In addition to tunable physical and chemical properties, cell adhesion is important for 

biomedical applications. Synthetic hydrogels are hydrophilic and are usually inert towards 

protein or cell adhesion. Adhesion was previously achieved by tethering of short 

oligopeptides, such as RGD or whole proteins, to the polymer [53]. However, introduction of 

laponite to the polymer is a simple and efficient approach for achieving cell adhesion [54,55]. 

Here, MC3T3-E1 cells were seeded onto the nanocomposites and the cell adhesion was 

evaluated 7 days after seeding. Nanocomposites with lower laponite concentrations (2% or 

1%) were too weak to handle. Therefore, we fabricated nanocomposites with a minimum 

laponite concentration of 3%. Figure 11 (a) and 11 (b) show that cell adhesion can be 

controlled by varying the laponite concentration to 3 and 6 %, respectively. The current 

injectable hydrogels not only support cell adhesion in a manner similar to that of TCP (Figure 

11 (c)) but also promote facile proliferation of cells, as shown in Figure 11 (d), which could 

enable them to be used as an injectable cell carrier. Nanocomposites with a higher laponite 

concentration show better cell proliferation than those with a lower laponite concentration. In 

the current study, laponite was used as a cross-linker for the polyampholyte laden with cells. 

Introduction of laponite converts the system from a liquid to gel. Therefore, the cell adhesion 

property of this nanocomposite can be attributed to laponite. These silicates are complex poly-

ions that contain magnesium, which promotes cell adhesion, differentiation, spreading, and 

migration [56]. 

 

Cryopreserved MC3T3-E1 cells in 10% PLL (0.65) were easily encapsulated by simply 

mixing the PLL (0.65) after thawing with laponite. Cell viability was evaluated after certain 

time intervals. Figure 12 (a) shows no cell death in the nanocomposites. The nanocomposites 

were cytocompatible and the cells remained viable when cultured in the nanocomposite for 72 

h Figure 12 (b). Cells were viable in the nanocomposite even after 15-20 days (data not 



shown). Because cell density was relatively low in the experiments shown in Figure 12 (a) 

and (b) because of dilution after cryopreservation, we further confirmed the cell adhesion on 

TCP after encapsulation culture. Figure 12 (c) shows that the cells seeded after encapsulation 

culture in the nanocomposite for 24 h were alive and spread at 24 h, and the red spots indicate 

hydrogel fragments stained with ethidium homodimer. The improved cell adhesion and cell 

viability in the nanocomposites demonstrates that this system can potentially be applied for 

cell delivery directly after cryopreservation. 

Cell harvesting and cell maintenance are serious barriers to tissue engineering for cell delivery 

applications and need to be addressed. To produce off-the-shelf tissue-engineered constructs, 

cryopreservation is necessary. Washing out CPA immediately after thawing causes 

unnecessary cell loss, and subsequent encapsulation of cells in hydrogels is still in its infancy 

and requires optimization. In this study, we formulated a thixotropic and injectable 

nanocomposite using a polyampholyte CPA and laponite. No previous study has emphasized 

the cryopreservation of cells until immediately before usage, where after thawing, they can be 

injected into the defect site without the need to wash out the CPA. Given the thixotropic 

nature of the nanocomposite, it can easily be injected even after gel formation, which helps 

prevent the loss of the biomaterial to undesired areas. In this study, mouse preosteoblast cells 

were cryopreserved with COOH-PLL, and after thawing, the CPA-laden cells were mixed 

with laponite in appropriate amounts to form smart hydrogels in which the cells remained 

viable; the hydrogels also showed thixotropicity, biocytocompatibility, and tunable 

mechanical properties. Overall, our current findings suggest that this system can be employed 

for cell delivery applications. 

 

4. Conclusions 



 In this study, we constructed a novel system that has a range of potential biomedical and 

biotechnological applications. To our knowledge, this is the first study on the interaction 

between polyampholytes and laponite. This is a fundamental study that unveils the interaction 

of the polyampholyte with laponite under various conditions, which can be useful for the 

formulation of new scaffolds in the future. The interplay of the charges on the two 

components of the nanocomposite enables good control over the mechanical properties. The 

system’s switching ability from strong gel to very weak gel with a change in pH opens new 

avenues for cell delivery applications. This study overcomes the first developmental challenge 

for smart hydrogels by mixing cells immediately after thawing with laponite, which results in 

a nanocomposite that can easily be injected by applying pressure. This system does not 

require any pretreatment of cells before injection, making cell maintenance after thawing 

unnecessary. However, the nanocomposite did not have a high storage modulus and is thus 

applicable for soft materials only. In the pursuit of an injectable, thixotropic cell scaffold with 

modifiable mechanical properties, we have engineered a simple and effective nanocomposite 

that can be tailored to specific functionalities for various tissue-engineering applications. 
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Supplementary data for this article can be found online. 
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Table 1. Various nanocomposites prepared by varying the polymer and laponite 
concentrations. 

NX (w/v)% Pz (w/v)%, P: PLL (0.65) 

3 1.5 

5 1.5 

6 1.5 

6 2 

6 3 

6 5 

6 6 

6 1.5* 

6 1.5** 

* PLL (0.5), ** PLL (0.9) 

 
Table 2. d-spacing of nanocomposites of different polyampholytes with 6% laponite at 
various pH values. 

 pH d (nm) 



(Laponite) N6Po 7 1.3 

N6P (65)1.5 7 1.7 

 12 1.6 

N6P (50)1.5 7 1.5 

 12 1.7 

N6P (90)1.5 7 1.9 

 12 1.7 

 

Figure Captions 

Scheme 1. Schematic representation of PLL succination.  

Figure 1. Schematic representation of thixotropic nanocomposite formation. 

Figure 2. Zeta potential measurement of different polyampholytes at different pH values.   

Figure 3. Cryoprotective property of PLL (0.65). The viability of MC3T3-E1 cells 

cryopreserved at various concentrations of PLL (0.65) was measured immediately after 

thawing. The osmotic pressure was adjusted with 10% (w/w) NaCl aqueous solution.  NS: 

not significant. 

Figure 4. ATR-FTIR spectra of laponite, pH 7 (top); lyophilized nanocomposite N6P(65)1.5, 

pH 7 (middle); and PLL (0.65), pH 7 (bottom). 

Figure 5. XRD patterns of nanocomposites of different polyampholytes with 6% laponite at 

various pH values. 

Figure 6. Illustration of nanocomposite formed by laponite and PLL (0.65). 

Figure 7. Storage and loss moduli of nanocomposites under various conditions at 37˚C: (a) 

laponite with pH manipulation and without the polymer. (b) N6P(65)1.5 with pH 

manipulation; P: PLL (0.65). (c) PLL (0.65) with concentration manipulation, pH 7. (d) 



laponite concentration manipulation with polymer; P: PLL (0.65), pH 7. Symbols represent 

the average for n= 3.   

Figure 8. Comparison of storage and loss moduli of nanocomposites at pH 7, 37˚C, 

comprising PLL with different extents of succination. 

Figure 9. Thixotropic properties of the nanocomposite N6P(65)1.5 were evaluated using the 

hysteresis loop test at 37˚C. The figure shows the structural recovery of the nanocomposite.  

Figure 10. (a) Schematic representation of the fate of the N6P(65)1.5 nanocomposite in the 

hysteresis loop test. (b) Illustration of the nanocomposite N6P(65)1.5 that can be injected 

through a 22G needle. 

Figure 11 MC3T3-E1 cell proliferation on nanocomposite hydrogels. Fluorescent 

microphotographs of phalloidin binding to F-actin of cells cultured on a) N3P(65)1.5, b) 

N6P(65)1.5, c) tissue culture plate as a control for 7 days, and d) growth curves on these 

hydrogels. Scale bars represent 100 μm. 

Figure 12. Cell viability of MC3T3-E1 cells after a) 24 and b) 72 hours in the nanocomposite 

N6P(65)1.5. Almost all cells were alive. c) Cells at 24 hours after seeding for encapsulation in 

the nanocomposite hydrogel.  Scale bars represent 100 μm. Almost all cells were alive. Scale 

bars represent 100 μm. 

 

 

 

  



Graphical abstract 

 

 

 

A novel thixotropic, cytocompatible and injectable nanocomposite hydrogel with tunable 

mechanical properties directly after cryopreservation was formulated using an efficient 

polymer cryoprotectant and laponite. This is an efficient system in which cells remain viable 

and can proliferate even after one week. The combined use of thixotropy and 

cytocompatibility enables this system to be used for cell delivery applications. 
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Figure 1. Schematic representation of thixotropic nanocomposite formation. 
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Figure 2. Zeta potential measurement of 

different polyampholytes at different pH values.   
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Figure 3. Cryoprotective property of PLL (0.65). The 

viability of MC3T3-E1 cells cryopreserved at various 

concentrations of PLL (0.65) was measured 

immediately after thawing. The osmotic pressure was 

adjusted with 10% (w/w) NaCl aqueous solution.  

NS: not significant. 
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Figure 4. ATR-FTIR spectra of laponite, pH 7 (top); 

lyophilized nanocomposite N6P(65)1.5, pH 7 (middle); and 

PLL (0.65), pH 7 (bottom). 
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Figure 6. Illustration of nanocomposite formed by laponite and PLL (0.65). 
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Figure 7. Storage and loss moduli of nanocomposites under various 
conditions at 37˚C: (a) laponite with pH manipulation and without the 
polymer. (b) N6P(65)1.5 with pH manipulation; P: PLL (0.65). (c) PLL (0.65) 
with concentration manipulation, pH 7. (d) laponite concentration 
manipulation with polymer; P: PLL (0.65), pH 7. Symbols represent the 
average for n= 3.  
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Figure 9. Thixotropic properties of the nanocomposite N6P(65)1.5 were 
evaluated using the hysteresis loop test at 37˚C. The figure shows the 
structural recovery of the nanocomposite. 
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Figure 10. (a) Schematic representation of the fate of the N6P(65)1.5 nanocomposite in 

the hysteresis loop test. (b) Illustration of the nanocomposite N6P(65)1.5 that can be 

injected through a 22G needle. 
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Figure 11 MC3T3-E1 cell proliferation on nanocomposite 
hydrogels. Fluorescent microphotographs of phalloidin 
binding to F-actin of cells cultured on a) N3P(65)1.5, b) 
N6P(65)1.5, c) tissue culture plate as a control for 7 days, and 
d) growth curves on these hydrogels. Scale bars represent 
100 μm. 



a) b) c) 

Figure 12. Cell viability of MC3T3-E1 cells after a) 24 and b) 72 hours in the 
nanocomposite N6P(65)1.5. Almost all cells were alive. c) Cells at 24 hours after seeding 
for encapsulation in the nanocomposite hydrogel.  Scale bars represent 100 μm. Almost 
all cells were alive. Scale bars represent 100 μm. 
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Fig. S1 
1
H NMR spectra of PLL (0.5) 

Degree of substitution is 50% 



 

 
 
 
 
 
 
 
 
 
  

Fig. S2 
1
H NMR spectra of PLL (0.65) 

Degree of substitution is 63% 



 

 
 
 
 
 
 
 
 
 
 
  

Fig. S3 
1
H NMR spectra of PLL (0.9) 

Degree of substitution is 85% 



 

 
 
 
 
 
 
 
 
  

Fig. S4 Storage and loss moduli of nanocomposite N6P(90)1.5 

at various pH, 37 ˚C composed of PLL (0.9). 



 

Fig. S5 Storage and loss moduli of nanocomposite 

N6P(50)1.5 at various pH, 37 ˚C composed of PLL (0.5). 
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