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Abstract: Dendrimer-based supramolecular hydrogels have gained 

attention in biomedical fields. While biocompatible dendrimers were 

used to prepare hydrogels via physical and/or chemical crosslinking, 

smart functions such as pH and molecular control remain 

undeveloped. Here, we present polyglycerol dendrimer-based 

supramolecular hydrogel formation induced by a specific interaction 

between the polyglycerol dendrimer and an amino group of glycol 

chitosan. Gelation was achieved by mixing the two aqueous 

solutions. Hydrogel formation was controlled by varying the 

polyglycerol dendrimer generation. The hydrogel showed pH-

dependent swelling; strongly acidic conditions induced degradation 

via dissociation of the specific interaction. It also showed unique L-

arginine-responsive degradation capability due to competitive 

exchange of the amino groups of glycol chitosan and L-arginine. 

These polyglycerol dendrimer-based supramolecular characteristics 

allow multimodal application in smart biomaterials.  

Hydrogels are chemically or physically crosslinked networks 

composed of hydrophilic homopolymers or copolymers, which 

can swell and hold large amounts of water. Many applications of 

hydrogels have been reported in drug/protein delivery and tissue 

engineering, due to their promising properties such as high 

water content, softness, elasticity, and biocompatibility.[1] Recent 

research has focused on supramolecular interactions such as 

hydrogen bonding, van der Waals interactions, and charge 

transfer forces in the formation and deformation of 

supramolecular hydrogels.[2] Several supramolecules, such as 

rotaxanes,[3] polyrotaxanes,[4] polypseudorotaxanes,[5] and 

dendrimers,[6] have been studied as building blocks for 

hydrogels.  

In recent decades, various dendrimer-based hydrogels were 

developed for biomedical applications. Dendrimers have 

attracted significant attention related to their wide ranging 

potential applications, due to their advantageous physical and 

chemical properties compared to analogous linear polymers, 

such as low intrinsic viscosities, significantly increased solubility, 

and a large number of terminal groups.[7] A typical dendritic 

structure has three distinct components: a central core, 

branching units covalently bound between a branching point and 

the central core, and functional surface groups that 

predominantly determine the physical and chemical properties of 

the dendrimer.[8] Dendritic macromolecules have a nano-sized, 

homogeneous, and monodisperse structure consisting of tree-

like branches.[9] Because of their highly branched architecture, 

dendrimer-based systems are potentially useful for many 

applications including drug delivery,[10] nanocomposites,[11] 

scaffolds,[12] cell adhesion,[13] and coatings.[14] Recent studies 

revealed various hydrogels formed from these dendritic 

macromolecules by physical (hydrogen bonding, ionic 

association, and host-guest complexation) or chemical 

crosslinking (photopolymerization and condensation/addition 

reactions) for various biomedical applications.[15] For example, 

Wang et al. proposed a strong dendritic self-healing physical 

hydrogel.[16] This was prepared by mixing dendritic binders  

functionalized with guanidinium end groups, clay nanosheets, 

and sodium polyacrylates. The strong physical interaction 

between the dispersed clay nanosheets and dendritic binders 

produced the dendritic hydrogels. In another approach, Zhang et 

al. described degradable hydrogels prepared by 

photocrosslinking a generation 4 hyperbranched polyester 

bearing acrylate groups for the formation of a four-cell matrix 

and sustained drug release.[13] However, the photocrosslinking 

approach is limited with respect to many clinical applications 

because it often requires chemical and toxic agents that can 

generate side products. From this perspective, a reliable and 

efficient methodology for producing stable hydrogels under 

physiological conditions is required. 

Polyglycerol dendrimers (PGDs) and hyperbranched 

polyglycerols (HPGs) have been studied for various biomedical 

applications due to their biocompatibility.[7a] [17] Unlike HPGs, 

PGDs exhibit well-defined nanostructures with narrow molecular 

weight distributions, resulting in higher reactivity and loading 

efficiency compared to other molecules.[18] In our previous study, 

we found that a generation 3 PGD (PGD-G3) specifically 

interacted with amino groups of L-arginine in aqueous 

solution.[18c] Therefore, one can imagine that the amino group of 

chitosan may interact with PGDs, enabling us to form a PGD-

based hydrogel. 
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Here, we report the first observation of hydrogelation via 

supramolecular complexation between a PGD-G3 and a natural 

polymer, glycol chitosan (GC) under physiological conditions. 

We hypothesized that a PGD-based hydrogel can be formed via 

host-guest crosslinking using the PGD as the host molecule and 

the amino group of GC (Figure 1a). When GC solutions (Figure 

1b) were mixed with PGD-G3 (Figure 1c) solution at room 

temperature, a transparent hydrogel was observed (Figure 1d 

and e). The gelation procedure was simple, and no chemical 

additives were required. To clarify the hydrogelation mechanism, 
1H-NMR spectra were recorded to determine the interaction 

between PGD-G3 and GC. A 1H-NMR spectrum of the PGD-

G3/GC hydrogel (Figure S4c) shows that the peak attributed to 

the proton next to an amino group of GC, Ha (δ = 2.54 ppm, 

Figure S4b), was split and shifted to Ha`` and Ha` (δ = 2.59 and 

2.74 ppm). The observed peak splitting to Ha`` and Ha` indicates 

an interaction between PGD-G3 and GC similar to that 

described in a previous report: PGD-G3 formed a complex with 

basic amino acids in aqueous media.[18c]  To confirm the amino 

Figure 2. Photographs of the gelling behavior of PGD-G3 mixed with different 

polysaccharides 

group recognition, we mixed PGD-G3 with different types of 

polysaccharides without amino groups (dextran (Dex), 

carboxymethyl cellulose (CMC), and hyaluronic acid (HA): 

Figure S5). After mixing PGD-G3 and each polysaccharide, 

PGD-G3 did not form a hydrogel (Figure 2). This indicates that 

PGD can selectively interact with the amino group of GC.  

Although PGD-G3 recognized the amino group of GC to form 

a hydrogel, the generation of PGD and the degree of branching 

may affect the gelation behaviour. We mixed GC and PGD of 

generations 1 to 3 under the same conditions. Additionally, a 

HPG, the molecular weight of which was similar to PGD-G3, was 

also subjected to gelation. These dendritic polymers and GC 

were mixed at various feed molar ratios. Detailed information on 

the concentrations is given in the Supporting Information. The 

gelation time of this mixture was monitored by a tube inversion 

method at 37°C, and the results are listed in Table 1. 

 
Table 1. Gelation times of dendritic polyglycerol hydrogels with various 

feed molar ratios. 

Hydrogel PGD: NH2
a Gelation timeb 

PGD-G3/GC 1 0.125:1 - 

PGD-G3/GC 2 0.25:1 more than 180 min  

PGD-G3/GC 3 0.5:1 9.2 ± 0.1 min 

PGD-G3/GC 4 1:1 2.8 ± 0.2 min 

PGD-G2/GC 3 0.5:1  more than 90 min 

PGD-G1/GC 3 0.5:1 - 

HPG /GC 4 1:1 - 

[a] Feed molar ratio of PGD to the glucosamine residue of GC. [b] The vial 

inversion method was used to determine the gelation time of the hydrogel.  

To determine the best mixing ratio, we measured the gelation 

time of PGD-G3/GC hydrogels with different molar ratios of 

PGD-G3 to amino groups of GC. As shown in Table 1, the 

gelation time of the PGD-G3/GC hydrogels was dependent on 

the molar ratio of PGD-G3 and GC; this was more than 180 min 

when the ratio was 0.25:1. When the ratio was increased from 

0.5:1 to 1:1, the gelation time decreased from 9.2 ± 0.1 to 2.8 ± 

0.2 min, respectively. These results indicate that the equilibrium 

Figure 1. Gelation of the PGD-G3/GC hydrogel system. (a) Formation of the PGD/GC network hydrogel architecture induced by the self-crosslinking of a PGD 
host and GC guest in distilled water. Representative photos of aqueous solutions of (b) GC, (c) PGD-G3, (d) 1:1 PGD-G3 and GC mixture. (e) PGD/GC thin gel 
prepared on a petri dish. 
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of the interaction between PGD and NH2 shifted toward binding. 

However, for the sample with a low molar ratio (0.125:1), no 

gelation was observed in the mixture. Thus, we determined that 

the best mixing ratio was 0.5–1:1. At a ratio of 0.5:1, we 

measured the gelation times of PGD/GC hydrogels with different 

generations of PGD-Gn (n, generation number = 1–3). The 

gelation time of PGD-Gn/GC hydrogels depended on the 

generation: PGD-G1 did not form hydrogel, indicating that 

interaction between PGD-G1 and the amino group is too weak to 

induce physical crosslinking. However, when n was increased 

from 2.0 to 3.0, the gelation time decreased drastically from 90 

min to 9.2 ± 0.1 min, respectively. These results suggest that the 

ability to attract the amino group of GC into the interior of PGDs 

with low generations was poor, as discussed previously.[18b] 

To evaluate the effect of the degree of branching (DB) on the 

gelation, we tested the gelation of PGD-G3 (Mn = 2,275, DB = 1) 

and HPG (Mn = 2,184, DB = 0.47) by mixing with GC. Unlike 

PGD-G3, the mixture of GC and HPG did not form a hydrogel, 

suggesting that an optimum DB is necessary for effective 

interaction; the linear sections of HPG did not participate in the 

interaction (Figure S6). 

Figure 3. pH-dependent swelling behavior of PGD/GC hydrogels. (a) PGD-

G2/GC 1, (b) PGD-G3/GC 1. (c) Schematic illustration of swelling and 

dissolution of the hydrogel under acidic conditions. 

Since chitosan is a cationic polymer with pH-responsive 

swelling properties,[19] the obtained hydrogels may be pH-

responsive. The pH-responsive properties for dried PGD-G2/GC 

3 and PGD-G3/GC 3 are shown in Figure 3a and b, respectively. 

To determine their swelling behaviors, the dried hydrogels were 

immersed in solutions with different pH values (2.0, 4.0, 7.0, and 

10.0). At pH 4.0, PGD-G2/GC 3 continued swelling up to 24 h (g 

g−1 ≅ 18.2). As the pH increased, the swelling ratio decreased 

slightly at pH 7.0 (g g−1 ≅ 12.7) and pH 10.0 (g g−1 ≅ 11.3) after 

8 h. The swelling ratio of PGD-G3/GC 3 was slightly lower than 

that of PGD-G2/GC 3 (g g−1 ≅ 10.3, 8.9, 8.1 at 24 h at pH 4.0, 

7.0, and 10.0, respectively). These results suggest that the 

crosslinking density of PGD-G3/GC was higher than that of 

PGD-G2/GC. Interestingly, in a much more acidic environment 

(pH 2.0), both PGD-G2/GC 3 and PGD-G3/GC 3 showed rapid 

swelling within 1 h, followed by mass loss during incubation 

(Figure 3a and b). The significant swelling behavior of the 

PGD/GC hydrogels at pH 2.0 might be due to protonation of the 

amino groups (-NH3
+) on GC, leading to shifting of the 

equilibrium of the interaction between PGD and the amino 

groups to dissociation (Figure 3c). After 24 h, PGD-G2/GC 3 

was completely dissolved and disappeared, while a little PGD-

G3/GC 3 remained (g g−1 ≅ 2.1). These results indicate that a 

high generation improved the mechanical properties of the 

hydrogels. Thus, the PGD/GC hydrogels might exhibit pH-

dependent changes in biodegradability. 

Another specific property of the PGD-based hydrogels is L-

arginine selectivity as PGD-G3 interacts strongly with L-

arginine.[18c] The L-arginine responsive properties of the dried 

PGD-G3/GC 3 are shown in Figure 4a. To determine the L-

arginine dependent swelling ratio, the dried PGD-G3/GC 3 was 

immersed in solutions with different L-arginine concentrations 

(10.0, 5.0, 1.0, 0 wt%) at 37°C. When the dried gels were 

exposed to 10 wt% L-arginine solution, the swelling ratio 

reached 38.2 (g g−1) at 2 days, followed by a decrease over 30 

days, although this degradation behavior was not observed 

below 5.0 wt%. These results indicate that L-arginine interacted 

competitively with PGD-G3 bound to the amino group of GC, 

resulting in dissociation (Figure 4c). Interestingly, the swelling 

ratio increased with the L-arginine concentration (Figure 4a: The 

morphological changes are shown in Figure S7). These results 

also supported the competitive interaction between the amino 

groups and PGD-G3, which led to a ‘loosened’ gel structure and 

increased water uptake. However, fully swelled PGD-G3/GC 3 

showed no disintegration in 10 wt% L-arginine solution (Figure 

S8). This is probably because the central core, the hydrophobic 

part of the PGD-G3, blocks the penetration of L-arginine.  

Figure 4. Swelling/degradation behaviour of (a) PGD-G3/GC 3 in aqueous L-

arginine solutions with various concentrations, (b) PGD-G3/GC 3 and PGD-

G2/GC 3 in 10 wt% L-arginine solution, and (c) Schematic illustration of 

swelling and dissolution of hydrogel in L-arginine solution. 

The PGD-generation dependency of the L-arginine selectivity 

toward swelling/degradation properties was examined with PGD-

G2 and PGD-G3/GC 3 hydrogels in 10 wt% L-arginine solution 

(Figure 4b). The PGD-G2/GC hydrogel showed rapid swelling 

behavior within 6 h, followed by a decrease in the hydrogel 

weight over 2 days. This is because the crosslinking density and 
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mechanical performance of PGD-G2/GC 3 are lower than those 

of PGD-G3/GC 3. 

In conclusion, we achieved hydrogel formation by mixing PGD 

and GC, which was due to PGD-specific amino group 

recognition. The hydrogels exhibited both pH-responsive and L-

arginine-competitive degradation properties. As far as we know, 

this is the first report on supramolecular hydrogels based on this 

formation. Since this supramolecular hydrogel formation is 

expected to promote differentiation of encapsulated cells,[20] the 

PGD/GC hydrogels are also potentially suitable for tissue 

engineering applications. 
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Experimental Procedures 

Materials 

Tetrabutylammonium bromide, allylchloride and osmoium tetroxide were purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, 

Japan). Dextran and L-arginine were purchased form Nacalai Tesque (Kyoto, Japan). Trimethylolpropane, toluene, t-butanol, glycol 

chitosan, carboxyl methyl cellulose, hydrochloric acid, hexane, ethylacete and methanol were purchased from Wako Pure Chemical 

Industries, Ltd (Osaka, Japan). Magnesium sulfate was purchased from KANTO Chemical Industries, Ltd (Tokyo, Japan). Hyaluronic 

acid was purchased from Kikkoman Bio. Chem. Pha. (Tokyo, Japan). 

 

Synthesis and characterization of polyglycerol dendrimer generation 3 (PGD-G3) 

A polyglycerol dendrimer (Generation 3; PGD-G3) was synthesized according to the two-step processes based on allylation of 

alcohols and catalytic dihydroxylation.[1] Polyol (0.1 mol alcohol equivalents), tetrabutylammonium bromide (0.01 mol) were dissolved 

in 50 % NaOH solution in Teflon three-necked round-bottom flask. And then, allylchloride (0.50 mol) was added over 22 h at 45 oC 

under vigorous stirring. After the reaction was completed, 100mL of toluene was added to the flask. The organic phase was 

separated from the other phases and washed. After that reactant was dried with MgSO4, filtered and concentrated under vacuum. 

Before the column chromatography, thin layer chromatography (TLC) was developed to ensure that the reactant was successfully 

synthesized. The crude was purified by a silica gel column chromatography (hexane/ethylacetate) to obtain a colorless oil. Polyallyl 

ether (0.1 mol equivalent), N-methylmorpholine-N-oxide (0.11 mol) were dissolved in acetone, distilled water and t-butanol, and the 4 

wt% OsO4 solution in water was added to the mixture and stirred for 20 h at room temperature, then concentrated under vacuum. The 

crude product was further purified by alumina column chromatography (methanol), then all volatile compound was removed in vacuo. 

The same procedure was repeated to obtain third generation PGD. 

The PGD-Gn (n=1-3) was identified by 1H-NMR measurements using a JEOL ECS 400 NMR (JEOL, Japan) operating at 400 MHz.  
1H-NMR of PGD-G1 (400 MHz, D2O): δ = 3.78 (t, 24H, HOCH2CHCH2-), 3.75-3.67 (m, 12H, HOCHCH2O-), 3.66-3.59 (m, 24H, 

HOCHCH2O-), 3.58-3.51 (m, 9H, -OCHCH2O-), 3.51-3.18 (m, 36H, -OCH2CHCH2O-), 3.13 (t, 6H, -CC2HOCH2CH-), 2.71 (s, 6H, -

CCH2O-), 1.23 (q, 2H, -CCH2CH3), 0.71 (t, 3H, -CCH2CH3) 
1H-NMR of PGD-G2 (400 MHz, D2O): δ = 3.75-3.67 (m, 6H, HOCHCH2O-), 3.66-3.60 (m, 3H, -OCHCH2O-), 3.60-3.48 (m, 12H, 

HOCHCH2O-), 3.48-3.43 (m, 12H, HOCH2CH-), 3.43-3.33 (m, 12H, -OCH2CHO-), 3.24 (q, 4H, -CCH2O-), 3.17 (s, 2H, -CCH2O-), 1.2 

(q, 2H, -CCH2CH3), 0.69 (t, 3H, -CCH2CH3) 
1H-NMR of PGD-G3 (400 MHz, D2O): δ = 3.72 (m, 3H, HOCHCH2-), 3.51-3.46 (dd, 4H, -OCH2CH-), 3.41-3.36 (m, 6H, HOCH2CH-), 

3.35-3.30 (m, 2H, -OCH2CHOH), 3.26 (q, 4H, -CCH2O-), 3.17 (s, 2H, -CCH2O-), 1.20 (q, 2H, -CCH2CH3), 0.67 (t, 3H, -CCH2CH3) 

 

Gelation tests of PGD-G3 with various natural polysaccharide solution. 

Aqueous glycol chitosan (GC), dextran (Dex), carboxymethyl cellulose (CMC), and hyaluronic acid (HA) solutions of 3 wt% and PGD-

G3 solution of 5.65 wt% in distilled water were prepared respectively, and stored at 4 oC before use. To prepare hydrogels GC, Dex, 

CMC, and HA solutions were mixed with PGD-G3 solution in a ratio of 1:1, respectively. The mixtures were gently stirred for 10s with 
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bortex and the mixture was maintained at 37 oC for gelation. The gelation time of the hydrogels were observed by the tube inverting 

method. 
1H-NMR of L-arginine against PGD-G3 

GC was dissolved in D2O. PGD-G3 dissolved in D2O was added to form a PGD G3/GC hydrogel. The final concentration of PDG G3 

and GC was 2.83 wt% and 1.50 wt%, respectively. 1H-NMR spectra of GC, PGD-G3, and PGD G3/GC hydrogel were obtained using 

a JEOL ECS 400 NMR (JEOL, Japan) operating at 400 MHz. 

Gelation tests of GC with polyglycerol dendrimers of generations 1,2 and 3 

Aqueous PGD G3 solutions of 11.3 wt%, 5.65 wt%, 2.85 wt% and 1.41 wt% in distilled water were prepare and aqueous PGD G2 

and PGD G1 solutions of 1.2 wt% and 1.9 wt% were also prepared. Also, HPG solution, one of dendritic polyglycerol, was also 

prepare at a concentration of 11.3 wt%. The prepared dendritic polyglycerol solutions were mixed with 3 wt% GC solution in a ratio a 

1:1, respectively. The mixtures were gently stirred for 10s with bortex and the mixture was maintained at 37 oC for gelation. The 

gelation time of the hydrogels were observed by the tube inverting method. 

pH-dependent swelling properties of PGD/GC hydrogel 

For swelling properties, the PGD G2/GC 1 and PGD G3/GC 1 were made as cylindrical shape (diameter of 10 mm and height of 5 

mm). These hydrogels were dried using freeze-drier. To determine the pH-dependent swelling properties of dry hydrogel, pre-

weighed dry samples were immersed in 5 mL solutions with pH values of 2.0, 3.0, 4.0, 7.0, 10.0. The pH values were precisely 

checked by a pH-meter (HORIBA, Ltd., Japan). At pre-determined time intervals, swollen hydrogels were taken out, excess water on 

the surface was carefully wiped off and the they were weighed on a sensitive balance (SHIMADZU Corporation, Japan). This 

procedure was repeated at all of the time points. The swelling ratio of the hydrogel was calculated using the following Equation. 

Hydrogel mass (g/g) = Ww/Wd 

Where Ww and Wd are the sample weight at time t in the wet and dry state, respectively. 

L-Arginine-dependent swelling properties of PGD/GC hydrogel 

For swelling properties, the PGD G2/GC 1 and PGD G3/GC 1 were made as cylindrical shape (diameter of 10 mm and height of 5 

mm). These hydrogels were dried using freeze-drier. To determine the L-arginine-dependent swelling properties, pre-weighed dry 

samples were evaluated in 5 mL solutions with L-arginine concentrations of 0 wt%, 1 wt%, 5 wt%, 10 wt%. The swollen samples were 

then tested according to the above swelling test. 

To compare L-arginine-dependent swelling properties of the PGD-G3/GC 3 dried-gel, the dried-gel, it was swollen in distilled water 

for 24 h, and then, the fully swollen hydrogel was evaluated in 5 mL solution with L-arginine concentrations of 10 wt%. The swollen 

hydrogel was then tested according to the above swelling test. 
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Supporting Figure S1-S8 
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Figure S1. A 1H-NMR spectrum of PGD-G1. (Immersed in D2O, 400 MHz) 
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Figure S2. A 1H-NMR spectrum of PGD-G2. (Immersed in D2O, 400 MHz) 
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Figure S3. A 1H-NMR spectrum of PGD G3. (Immersed in D2O, 400 MHz) 
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Figure S4. 1H-NMR spectra of (a) PGD-G3, (b) GC, (c) PGD-G3/GC hydrogel in D2O. The concentration of PGD-G3 and GC were 2.83 wt% and 1.5 wt%, 

respectively 
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Figure S5. The chemical structures of (a) glycol chitosan (GC), (b) dextran (DEX), (c) carboxyl methyl cellulose (CMC), and (d) hyaluronic acid (HA) 
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Figure S6. Interaction between GC and (a) PGD or (b) HPG 
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Figure S7. Digital photographs of time-dependent change of PGD-G3/GC 3 hydrogels with a different concentration of L-arginine. 
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Figure S8. Swelling behaviour of PGD-G3/GC 3 at pH 7 and L-arginine (10 wt%) solution. 
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