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Abstract

In this work, we describe synthesis and characterization of novel in situ-forming polyamidoamine 

(PAMAM) dendrimer hydrogels (DHs) with tunable properties prepared via highly efficient aza-

Michael addition reaction. The nucleophilic amines on the dendrimer surface reacted with α, β-

unsaturated ester in acrylate groups of polyethylene glycol diacrylate (PEG DA, MW=575 g/mol) 

via aza-Michael addition reaction to form dendrimer hydrogels without catalyst. The solidification 

time, rheological behavior, network structure, swelling and degradation properties of the hydrogel 

were tuned by adjusting dendrimer surface acetylation degree and dendrimer concentration. The 

DHs were shown to be highly cytocompatible and support cell adhesion and proliferation. We also 

prepared an injectable dendrimer hydrogel formulation to deliver anticancer drug 5-FU and 

demonstrated that the injectable formulation efficiently inhibited tumor growth following 

intratumoral injection. Taken together, this new class of dendrimer hydrogel prepared by aza-

Michael addition reaction can serve as a safe tunable platform for drug delivery and tissue 

engineering.
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SUPPORTING INFORMATION
HPLC analysis of acetylated G5, amplitude sweep of DH-G5-Acx-5%, SEM images and hydrogel photos of DH-G5-Acx-5%, DH-
G5-Acx-10%, and DH-G5-Acx-20%, quantification of NIH 3T3 cells on TCPS and DH-G5-Ac64-10%, and cytotoxicity assay of DH-
G5-Ac64-10%.
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INTRODUCTION

There is an ongoing interest developing hydrogels with in situ formability for biomedical 

applications. In contrast to pre-formed hydrogels, in situ forming-hydrogels maintain 

fluidity during administration and form gel rapidly in situ at the injection site.1 Drugs, 

proteins, bioactive molecules and even cells can be readily packaged into injectable 

hydrogels.2–13 Injectable hydrogels can be prepared by using a variety of chemical methods 

such as photoinitiated cross-linking reactions,14–15 click chemistry,16–20 Schiff’s base 

reaction,21–23 and enzyme-catalyzed reactions.24–27 Physical methods utilizing non-covalent 

intermolecular interactions such as hydrophobic interactions,28 electrostatic interactions,
29–30 and host-guest interactions 31–32 have also been explored to make injectable hydrogels. 

Using dendrimers as building blocks to form hydrogels have been recently explored by us 

and other groups.33–40 Dendrimer hydrogels are attractive by virtue of high flexibility in 

delivering drugs of different types.41–44

Herein, we report on injectable in situ-forming polyamidoamine (PAMAM) dendrimer 

hydrogels using highly efficient aza-Michael addition reaction. The aza-Michael addition 

reaction is efficient in coupling nitrogen nucleophiles to α,β-unsaturated carbonyl 

compounds. We adopted the aza-Michael addition reaction to construct injectable dendrimer 

hydrogels by reacting PAMAM dendrimers carrying primary surface amines to polyethylene 

glycol diacrylate (PEG-DA). It is the strong nucleophilicity of primary amines that enables 

the reaction to proceed in aqueous solutions without using base catalysts. The combination 

of the dendritic structure of PAMAM dendrimer and the efficient aza-Michael addition 

yields unique in situ forming dendrimer hydrogels. The high degree of functionality of 

PAMAM dendrimer offers a convenient way to modulate dendrimer hydrogel properties. We 

chose PAMAM dendrimer G5 as the underlying core and tuned its surface charges via 

various degrees of acetylation using acetic anhydride. We systematically investigated in situ 
gelling kinetics, network structures and swelling kinetics of the dendrimer hydrogels 

prepared using aza-Michael addition reaction of G5 and acetylated G5 with short-chain PEG 

DA (Mn=575 g/mol). The biocompatibility and the ability of the forming dendrimer 

hydrogels to support cell adhesion were also studied. One potential application of injectable 

dendrimer hydrogels is localized anticancer drug delivery. Anticancer drugs can be highly 

localized to attack tumor cells more directly while avoiding systemic toxicity effects. 

Intratumoral formulation of injectable dendrimer hydrogel loaded with fluorouracil (5-FU) 

was tested in a xenograft mouse model of head and neck cancer.

MATERIALS AND METHODS

Materials

EDA-core PAMAM dendrimer generation 5 (G5) was purchased from Dendritech (Midland, 

MI). Polyethylene glycol diacrylate (PEG-DA, Mn = 575 g/mol), acetic anhydride (Ac, 

98.0%), triethylamine (TEA, 99%), 4′,6-diamidino-2-phenylindole (DAPI), fluorouracil (5-

FU) and fluorescein 5(6)-isothiocyanate (FITC) were purchased from Sigma-Aldrich.
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Synthesis and Characterization of Acetylated G5

Synthesis—Acetylated PAMAM dendrimers were synthesized following the reported 

procedures.45–46 Briefly, PAMAM dendrimer G5 (288 mg, 0.01 mmol) in 10 mL of 

methanol was mixed with various amounts of Ac in the presence of TEA (Table 1). After 12 

h, the reaction mixtures were dialyzed in pH 8 sodium bicarbonate buffer and then in 

deionized water using SnakeSkin dialysis tubing (3.5K MWCO). After lyophilization, G5-

Ac# conjugates (# indicates an average of Ac per dendrimer determined by 1H NMR) were 

obtained. FITC-labeled G5 and G5-Ac were also prepared following the protocol described 

previously.47

Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy—1H NMR spectra 

of acetylated PAMAM dendrimers were obtained on a Bruker AV-III 400 MHz or a Bruker 

600 MHz spectrometer. The degrees of acetylation were calculated based on the ratio of the 

integrals for methyl protons of acetyl groups to the dendrimer protons.

High Performance Liquid Chromatography (HPLC)—The purity of acetylated G5 

was determined by using a HPLC (Waters) system equipped with a Waters 1515 isocratic 

HPLC pump, a Waters 2487 dual λ absorbance detector and a Waters 717 plus autosampler. 

The mobile phase was the mixture of acetonitrile and water (acetonitrile/water = 3/1 by 

volume). The eluents were monitored by the UV detector at 220 nm and 360 nm.

Zeta Potential—The zeta potentials of the acetylated PAMAM dendrimers were 

characterized by using Malvern Zetasizer Nano ZS90 (Malvern Instruments, Worcestershire, 

U.K.).

Preparation and Characterization of Dendrimer Hydrogels

Formulations—PAMAM dendrimer (G5, G5-Ac64, G5-Ac90, or G5-Ac106) was dissolved 

in deionized water or pH 7.4 PBS at 25 °C to have various concentrations (5, 10, or 20 wt.

%). Appropriate amounts of PEG-DA 575 were added to maintain an equal molar ratio of 

acrylate to dendrimer surface primary amines in the solution. DH-G5-Acx-#% denotes 

dendrimer hydrogel where x is the number of the acetyl groups and #% is the weight 

percentage of G5-Acx in solution. DH-G5-#% dendrimer hydrogels were also prepared at 

various concentrations. Inverted test tube method was applied to estimate dendrimer 

hydrogel solidification time, at which the gel does not flow in 30 s after the test tube is 

inverted. In this work, we tested hydrogel solidification time up to 100 min.

Scanning Electron Microscopy (SEM)—Lyophilized dendrimer hydrogel samples 

were coated with platinum for 90 seconds using an ion sputter. SEM images were taken 

under a scanning electron microscopy JEOL LV-5610.

Rheological Measurements—Rheological measurements were carried out on Discovery 

hybrid rheometer HR-3 (TA Instruments) and a 20 mm parallel plate geometry was used. 

Measurements were obtained at 25 °C, which was achieved via a water bath and a 

temperature-controlled Peltier plate. A small-amplitude dynamic oscillatory time sweep was 

conducted to examine the evolution of storage modulus (G′) and loss modulus (G″) and 
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determine the sol-to-gel transition of the hydrogel solutions. During the small-amplitude 

dynamic oscillatory time sweep, the angular frequency was set to be 1 rad/s and the strain 

was kept constant as 1%. To conduct oscillatory frequency sweeps, an amplitude sweep (G′, 

G″ vs strain) was performed first to determine a linear viscoelastic region. Within the linear 

viscoelastic region, oscillatory frequency sweeps were then carried out under a constant 

strain of 1% in the frequency range of 0.1–10 rad/s.

Swelling Studies—Water absorption kinetics of dendrimer hydrogels (DH-G5-20%, DH-

G5-Ac64-20%, and DH-G5-Ac90-20%) was determined. Each lyophilized hydrogel was 

immersed and incubated in 1 mL of PBS (pH = 7.4) at 37 °C. The supernatant was gently 

sucked out at different time intervals and the swollen hydrogel sample was weighed. The 

measurement period was up to 12 h in order to reach the maximum absorption. The swelling 

ratio (%) = (Wt − W0)/W0 ×100, where Wt represents the mass of the swollen sample and 

W0 represents the initial mass of the dry sample.

Disintegration Studies—The disintegration properties of dendrimer hydrogels (DH-

G5-20%, DH-G5-Ac64-20%, DH-G5-Ac90-20%, and DH-G5-Ac106-20%) was determined 

at 37 °C. Each lyophilized hydrogel was weighted and incubated at 37 °C in 1.5 mL-

centrifuge tubes containing 500 μL of PBS (pH = 7.4). After 6 h, 24 h, and 48 h, 

respectively, the samples were centrifuged and the sample residues were freeze-dried and 

weighed. The disintegration was calculated based on the following formula: disintegration 

(%) = (Wd0 − Wdt)/Wd0 × 100 where Wdt represents the mass of the freeze-dried sample 

after incubation and Wd0 represents the initial mass of the dry sample.

Cell Adhesion Studies

To examine whether dendrimer hydrogel supports cell attachment, 2.5 μL/well of FITC 

labeled dendrimer hydrogel DH-G5(FITC)-Ac64-10% was added to the 96-well plate and 

shaken for 24 h to form a thin layer of DH at the bottom of the well. NIH3T3 cells were then 

seeded on the hydrogel with a density of 1×104 cell/well. After 24 h and 48 h, respectively, 

the cell culture medium was removed and the cells were fixed and stained with DAPI and 

imaged under a fluorescence microscope (Nikon Eclipse Ti) under DAPI and FITC 

channels. A control experiment without DH was carried out by seeding cells directly on the 

tissue culture polystyrene plate (TCPS). In addition, to prove the stability of DH during the 

cell attachment and growth, three letters ‘VCU’ were written with DH-G5(FITC)-Ac64-10% 

and incubated in the culture medium at 37 °C for either 24 h or 48 h. The letters were 

imaged to monitor the stability of the hydrogel. Cell viability after 24 h and 48 h-culture on 

the hydrogel was independently determined by using WST-1 assay.

Liquid Dendrimer Hydrogel Loaded with 5-FU

A liquid dendrimer hydrogel, i.e., DH-G5-0.5% was used to load anticancer drug 5-FU and 

the formulation was examined for drug delivery in vitro and in vivo.

In Vitro Drug Release Kinetics—Drug release was performed on 5-FU loaded into DH-

G5-0.5% (5-FU/DH-G5-0.5%). Briefly, Free 5-FU (300 μg) in PBS or DH-G5-0.5% 

containing 300 μg of 5-FU was transferred to dialysis bags (MWCO = 500–1000 Da) and 
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suspended in 30 mL of PBS in 50-mL centrifuge tubes. The tubes were maintained at 37 °C. 

At predetermined time intervals up to 24 h, 1 mL of medium outside the dialysis bag was 

withdrawn, and the amount of drug released into the medium was analyzed on HPLC against 

a standard curve of 5-FU. After each sampling, 1 mL of fresh PBS was added to maintain a 

constant volume and sink condition. All experiments were performed in triplicate.

Cytotoxicity Assessment—To study the cytocompatibility of DH-G5-0.5%, NIH3T3 

fibroblasts were seeded in a 96-well plate at a density of 1×104 cell/well. After 24 h of cell 

attachment, the culture medium was replaced by 200 μL of medium containing DH-

G5-0.5% at different concentrations. Cell viability after 24 h-and 48 h-incubation was 

determined by using WST-1 assay.

In Vivo Formulation Toxicity and Drug Efficacy Studies—Female athymic nude 

mice (4–6 weeks-old, 18–20 g, Harlan Sprague–Dawley, Indianapolis, IN) were used in the 

study. HN12 head and neck cancerous cells (5×106 cells/ml) in 200 μL of PBS were injected 

into the dorsal subcutaneous tissue of host mice to induce tumor xenografts. Two weeks 

later, the tumor-bearing mice were divided into four groups of three to receive intratumoral 

injection of PBS, DH-G5-0.5%, 5-FU/PBS, or 5-FU/DH-G5-0.5%. Injection solution 

volume was 2.5 mL/kg, and 5-FU dose was 5 mg/kg for the first injection and then 10 mg/kg 

at later time points. Tumor volume and body weight of tumor-bearing mice were monitored 

throughout the experiment. Tumor volume (Vt) was calculated with the formula: Vt = 

width2×length/2. Relative tumor volume at different time point was calculated by 

normalized to the initial tumor volume: Relative tumor volume = Vt/V0, where V0 represents 

the initial tumor volume. At the end of experiment, the mice were euthanized and tumors 

were dissected out for hematoxylin and eosin (H&E) staining. The animal experiments were 

approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth 

University.

Statistical Analysis

The data were analyzed by using unpaired t-test and one way analysis of variance (ANOVA). 

P values less than 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Acetylation of G5

The aza-Michael addition reaction is one of the most exploited reactions to form carbon–

nitrogen bonds in organic chemistry. Full generation PAMAM dendrimers contain numerous 

primary amines on the surface and secondary amines in the core. These strong nucleophilic 

amines present in the dendrimer backbone can react with α, β-unsaturated ester in acrylate 

group of PEG DA via aza-Michael addition reaction to form a cross-linked network. Despite 

the fact that original secondary amines are more reactive than primary amines in the aza-

Michael addition reaction,48 their availability to the reaction is low due to steric hindrance. 

Therefore, the reaction predominantly utilizes the primary amines on the dendrimer surface. 

Converting surface amines to non-reactive acetyl groups provides a means to modulate 

reaction kinetics and cross-linked network. To this end, G5-Ac conjugates with various 
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degrees of acetylation were synthesized. The purity of the acetylated PAMAM dendrimers 

was verified with the HPLC analysis (Figure S1). The 1H NMR spectra confirm the presence 

of the methyl protons of the conjugated acetyl groups at 1.96 ppm and the peak intensity 

increases with increasing degree of acetylation (Figure 1A). Based on the integrals of methyl 

protons of acetyl groups to the dendrimer protons (peaks at 3.28, 2.80, 2.61, and 2.39 ppm), 

an average of 64, 90, and 106 acetyl groups were coupled to the dendrimer, respectively. 

Unmodified PAMAM G5 has a zeta potential of 50.03 mV.49 The zeta potential of G5-Ac 

conjugates decreases with increasing acetylation degree, but all remain positive (Figure 1B). 

Since PAMAM dendrimer G5 surface property was altered by converting primary amines 

into acetyl groups, G5 functionalized with different degrees of acetylation were utilized to 

modulate in situ gelation kinetics of dendrimer hydrogels.

Tunable Hydrogel Solidification

The aza-Michael addition reaction of G5 or G5-Ac with PEG-DA occurred at room 

temperature in the absence of any other reagents. An inverted test tube method (Figure S3 

and Figure S4) was applied to detect the flow properties of the hydrogels and estimate 

solidification time. To study aza-Michael addition reactions of dendrimer and PEG DA 

under relatively controllable conditions, we chose degree of acetylation and dendrimer 

concentration as primary variables and kept equal molar quantities of dendrimer primary 

amines and PEG acrylate groups in the reactions. The aza-Michael addition reaction was 

able to proceed under the conditions studied. As shown in Figure 2, both degree of 

acetylation and dendrimer concentration affect solidification kinetics. However, not all of 

dendrimer hydrogels underwent sol-gel phase transition to solidify. Those having high 

degrees of acetylation either only formed liquid hydrogels or required much longer time to 

solidify at low concentrations. They were not included in the figure. Within the observation 

time window, DH-G5-Ac90 solidified at 10 and 20 wt%. But DH-G5-Ac106 solidified only at 

20 wt%. In contrast, lower degree of acetylation and higher dendrimer concentration enable 

dendrimer hydrogels to solidify more rapidly. At 20%, DH-G5, DH-G5-Ac64, DH-G5-Ac90 

and DH-G5-Ac106 were able to solidify. Solidification times were 1 min, 4 min, 146 min, 

and 158 min, respectively. Both DH-G5 and DH-G5-Ac64 solidified at even lower 

concentrations at 5 wt% and 10 wt% but took longer time. For instance, solidification time 

of DH-G5 at 10 wt% was 2.5 min and was further extended to 11 min when the 

concentration was reduced to 5 wt%.

Effect of Acetylation on Swelling and Disintegration Behaviors

Given that DH-G5 and DH-G5-Ac regardless of degree of acetylation were able to solidify 

at 20 wt%, we examined their morphologies and the effect of degree of acetylation on 

hydrogel swelling and disintegration. As shown in Figure 3A, dendrimers with more amine 

groups tended to form more compact hydrogels with rough microstructures while those with 

less amine groups showing a loose and smooth structure. The formation of dense 

microstructures is attributed to the high density of cross-linking sites. Their swelling 

behaviors were examined in pH 7.4 PBS at 37 °C. The swelling kinetics of DH-G5-

Ac106-20% was not obtained as it was unstable and started to disintegrate after 6 h. As for 

DH-G5-20%, DH-G5-Ac64-20% and DH-G5-Ac90-20%, the dehydrated samples showed a 
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rapid swelling rate in the first 0.25 h and absorbed 107%, 259%, and 182% of its own 

weight of PBS, respectively. The swelling then gradually reached equilibrium (Figure 3B).

Interestingly, the swelling rate of DH-G5-20% was significantly lower than the other two 

DHs. It took DH-G5-20% 6 h to reach its equilibrium, ~240%, while it took DH-G5-

Ac64-20% and DH-G5-Ac90-20% only 2 h to reach equilibrium swelling ratios (~326% for 

DH-G5-Ac64-20% and 250% for DH-G5-Ac90-20%). In addition, DH-G5-Ac64-20% and 

DH-G5-Ac90-20% exhibited the highest and lowest equilibrium swelling ratio, respectively. 

The different swelling ratios and rates may be attributed to the 3-D cross-linked structures of 

the hydrogel. Generally speaking, a loose cross-linked network allows more PBS to be 

absorbed into the swollen hydrogel, and at the same time the swelling rate would be higher. 

This explains why the equilibrium swelling ratio of DH-G5-Ac64-20% is higher than that of 

DH-G5-20% and why DH-G5-20% has the lowest swelling rate. As for DH-G5-Ac90-20%, 

the most loosely cross-linked structure is a double-edged sword. Although its more porous 

structure tends to absorb more PBS, the lowest cross-linking density leads to an unstable 

architecture that is insufficient maintaining the absorbed PBS.

The disintegration behaviors of DH-G5-20%, DH-G5-Ac64-20%, DH-G5-Ac90-20%, and 

DH-G5-Ac106-20% were also investigated and the results are shown in Figure 3C. All the 

four DHs were stable within 6 h since no more than 3% of mass loss was observed. Except 

for DH-G5-Ac106-20%, the other three DHs could maintain their structural integrity within 

24 h with no more than 6% of mass loss. DH-G5- Ac106-20% experienced 60% and 64% of 

mass loss at 24 h and 48 h, respectively. At 48 h, DH-G5-20%, DH-G5-Ac64-20%, and DH-

G5-Ac90-20% lost 7%, 12%, and 19% of mass, respectively. It seemed that the acetylation of 

G5 accelerated and aggravated the disintegration of the DHs. The weak alkaline of 

dendrimer and the aqueous proton buffer were the key triggers for accelerated degradation of 

ester bond. As dendrimer concentration was kept the same for all the DHs, the aqueous 

proton buffer became the dominant factor for disintegration kinetics. DH fabricated from 

highly acetylated G5 tended to form a loose network structure. A loose network architecture 

means quicker buffer absorption, which in turn, accelerates the disintegration of the hydrogel 

structure.

Tunable Rheological Properties

An oscillatory time sweep was performed for G5-Acx-5% and PEG-DA mixtures to monitor 

the evolution of storage modulus (G′) and loss modulus (G″). For a typical hydrogel 

formulation, in the early stage, G″ is higher than G′, indicating the viscous property of a sol 

state. When G′ exceeds G″, it indicates a gel forms and the elastic property dominates. The 

intersection between G′ and G″ reflects the sol-to-gel transition.50–53 As shown in Figure 

4A, G′ is higher than G″ at the beginning and there is no intersection of G′ and G″. That 

is presumably because the gelation occurred so quickly that the sol-to-gel transition had 

completed prior to the measurement. The sol-to-gel transition of DH-G5-Ac64-5% and DH-

G5-Ac90-5% occurred at 5–7 min and 10–20 min, respectively. As for G5-Ac106-5%, it did 

not show any obvious changes of G′ and G″ within 50 min. It is worth noting that after the 

gelation point, G′ was still increasing. That means that the gelation point shown in a time 

sweep only indicates an effective network forms at this point and elastic property dominates 
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henceforth. The formation of a completely cross-linked network would require a longer 

time. This explains why the gelation times obtained from the time sweep of DH-G5-5%, 

DH-G5-Ac64-5% and DH-G5-Ac90-5% were less than that observed in the invert tube 

method (Figure 2). However, both time sweep and inverted test tube method agreed well on 

that acetylation would extend the gelation time.

To further demonstrate the 3-dimensional structure of the hydrogels, the oscillatory 

frequency sweep was performed on all the samples. Before the frequency sweep, an 

amplitude sweep was carried out to make sure that the measurement was in the linear 

viscoelastic region (Figure S2). As shown in Figure 4B, G′ was higher than G″ for all the 

samples. G′ was frequency-independent over the entire measured frequency range for DH-

G5-5% and DH-G5-Ac64-5% and at lower frequency range for DH-G5-Ac90-5% and DH-

G5-Ac106-5%. The frequency-independency of G′ and G′ > G″ were typically viscoelastic 

behavior of hydrogel.54,55 DH-G5-5% and DH-G5-Ac64-5% form stable network structures 

because of the high density of amine groups on the dendrimer surface. As for DH-G5-

Ac90-5% and DH-G5-Ac106-5%, higher frequency affects their G′, further confirming their 

network structures are relatively less stable. G′ of DH-G5-5% (~103 Pa) was much higher 

that G′ of DH-G5-Ac64-5%, DH-G5-Ac90-5% and DH-G5-Ac106-5% (~100 Pa). The 

highest cross-linked density of DH-G5-5% was attributed to its highest elasticity. In 

summary, by changing the degree of acetylation of G5, one can easily tune the cross-linking 

density of the DHs and modulate their gelation time and rheological properties.

Solidified Dendrimer Hydrogel Supports Cell Adhesion and Growth

To study the cell attachment and proliferation on the dendrimer hydrogel, FITC-labeled DH-

G5-Ac64-10% was used because of its good cytocompatility and ability to form solidified 

gel in situ in a short time (solidification time 38 min) for possible cell attachment. Cell 

culture and proliferation on TCPS was included as control. As shown in Figure 5 (middle 

panel), NIH3T3 cells can adhere to and grow on the hydrogel substrate. The cells were 

counterstained with DAPI and colocalized with FITC-stained hydrogel substrate. More cells 

were found at 48 h, indicating their proliferation despite at a lower rate than those on TCPS 

(Figure S5). The letters ‘VCU’ written using DH-G5(FITC)-Ac64-10% after 24 h and 48 h 

incubation further confirmed the stability of this dendrimer hydrogel during the cell culture. 

WST-1 assay showed that the hydrogel was well tolerated by the cells and did not reduce 

cell viability (Figure S6). Cell attachment is attributed in large part to the positive charge, 

surface microstructure, and structural stability of the dendrimer hydrogel.

Liquid Dendrimer Hydrogel for Drug Delivery

DH-G5-0.5% was selected to formulate an injectable drug/hydrogel formulation for 

intratumoral anticancer drug delivery. The frequency sweep of DH-G5-0.5% (Figure 6A) 

confirmed that it formed a stable liquid hydrogel as its G′ was greater than its G″. The SEM 

image shown in Figure 6B illustrates its network structure. Compared to the other 

formulations, DH-G5-0.5% can remain its fluidity. The fluidity of the formulation makes 

intratumoral injection more operable. A low concentration of G5 in the formulation would 

avoid the risk of causing cumulative toxicity to the tissue. Cytotoxicity study revealed that 

DH-G5-0.5% is highly cytocompatible. It did not cause toxicity effects up to 50 mg/mL 
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(equivalent to 250 μg/mL of G5) following 24-h or 48 h-exposure (Figure 6C). When the 

concentration was doubled, only less than of 20% reduce in cell viability was observed. 5-

FU can be slowly released from DH-G5-0.5% (Figure 6D). An initial burst release followed 

by sustained release was observed for both 5-FU/PBS and 5-FU/DH-G5-0.5%. However, 

DH-G5-0.5% extended the duration of both burst release and sustained release. Nearly 70% 

of 5-FU was released within just 0.5 h from the PBS control group and then quickly reached 

a plateau of 80% in 2 h. In contrast, the release of 5-FU from DH-G5-0.5% was prolonged. 

About 60% of 5-FU was released from DH-G5-0.5% within 1 h and a longer time (6 h) was 

spent before the cumulative release plateau of 80% was reached. In the formulation of 5-

FU/DH-G5-0.5%, part of 5-FU was complexed with dendrimers via electrostatic and 

hydrophobic interactions, whereas the rest of 5-FU was loosely entrapped in the hydrogel 

network. The burst release within 1 h was due to the release of 5-FU in the gel network. The 

following sustained release was caused by the diffusion of 5-FU from the interior of 

dendrimer. The release test demonstrated that such a low viscous liquid hydrogel is still 

capable of slowly releasing drug. The injectability, biocompatibility and sustained drug 

release made DH-G5-0.5% a suitable formulation for intratumoral drug delivery test.

Solid tumors such as head and neck cancer are accessible and can benefit from localized 

chemotherapy for stronger antitumor effects and less systemic toxicity. We tested this new 

drug formulation in a head and neck cancer model via intratumoral injection and compared 

it with 5-FU/PBS. 5-FU/PBS did not show significant tumor inhibition effects. In contrast, 

5-FU/DH-G5-0.5% shows a strong trend inhibiting tumor growth (Figure 7A). The tumor 

volume became significantly lower than the rest treatment groups at day 17. Compared to 

the terminal tumor volume of the PBS group, 5-FU/DH-G5-0.5% reduced tumor volume by 

4 folds, indicating that the drug/dendrimer hydrogel formulation promoted significantly 

better in vivo anticancer efficacy. The body weight of the tumor-bearing mice was also 

monitored. There was no obvious loss of body weight for the mice during the treatment 

(Figure 7B). The end-point tumor images (Figure 7C) further illustrate the significantly 

reduced tumor size by 5-FU/DH-G5-0.5%. H&E staining (Figure 7D) shows that 5-FU/DH-

G5-0.5% resulted in high massive tumor cell remission. Furthermore, the H& E staining did 

not reveal any morphological change in the blank hydrogel group, indicating the nontoxicity 

of the hydrogel itself. Taken together, injectable dendrimer hydrogel provides a sustained 

drug delivery platform for localized chemotherapy.

CONCLUSIONS

A novel type of PAMAM dendrimer hydrogel was successfully developed based on aza-

Michael addition chemistry. The solidification time, rheological behavior, network structure 

and swelling property of the hydrogel can be modulated by adjusting dendrimer surface 

acetylation degree and dendrimer concentration. In addition, the new PAMAM dendrimer 

hydrogels have good biocompatibility and support cell adhesion and proliferation. The 

dendrimer hydrogel can be utilized to prepare injectable drug formulations for localized 

chemotherapy. This hydrogel with tunable properties prepared by aza-Michael addition 

reaction can serve as a new platform for drug delivery and tissue engineering.
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FIGURE 1. 
Characterization of acetylated G5. (A) 1H NMR spectra. (B) Zeta potential.
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FIGURE 2. 
Solidification kinetics of dendrimer hydrogels as a function of degree of acetylation and 

dendrimer concentration.
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FIGURE 3. 
Effects of acetylation on morphologies and swelling of dendrimer hydrogels. (A) SEM 

micrographs. (B) Swelling kinetics in pH 7.4 PBS at 37 °C. (C) Disintegration in pH 7.4 

PBS at 37 °C.
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FIGURE 4. 
Rheological properties of dendrimer hydrogels. (A) Oscillatory time sweep. (B) Oscillatory 

frequency sweep. ● represents storage modulus (G′) and ○ represents loss modulus (G″).

Wang et al. Page 21

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 March 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
Solidified dendrimer hydrogel supports cell adherence and proliferation. Top panel: NIH3T3 

cells were directly cultured on tissue culture polystyrene plate (TCPS) for 24 h and 48 h, 

respectively. Middle panel: NIH3T3 cells were cultured on FITC-labeled DH-G5-Ac64-10% 

(gel/FITC) for 24 h and 48 h, respectively. Bottom panel: The letters written with FITC-

labeled DH-G5-Ac64-10% and incubated in cell culture medium for 24 h and 48 h, 

respectively. NIH3T3 cells were counterstained with DAPI (blue). Scale bar: 100 μm.
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FIGURE 6. 
Characterization and in vitro assessment of liquid dendrimer hydrogel DH-G5-0.5% for drug 

delivery. (A) Oscillatory frequency sweep of DH-G5-0.5%. ● represents storage modulus 

(G′) and ○ presents loss modulus (G″). (B) SEM micrograph of DH-G5-0.5%. (C) 

Cumulative release of 5-FU from DH-G5-0.5% in PBS buffer pH = 7.4 (n = 3) at 37 °C. (D) 

Cytotoxicity assay of DH-G5-0.5% (n = 6). * Statistically significant.
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FIGURE 7. 
In vivo antitumor assessment of 5-FU/DH-G5-0.5%. (A) Relative tumor volume change 

during the treatment. (B) Mice body weight change during the treatment. (C) Images of 

extracted tumors after the treatment. (D) H&E staining of tumor tissues after the treatment 

(magnification 200×). * Statistically significant.
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SCHEME 1. 
Scheme of acetylated G5 (G%-Ac) synthesis and aza-Michael addition reaction of G5 or 

G5-Ac with PEG DA.
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Table 1

Reaction Conditions for Synthesis of Acetylated G5.

G5-Acxa

molar quantities of reactants (mmol)

G5 Ac TEA

G5-Ac64 0.01 (1 equiv.) 0.70 (70 equiv.) 0.88 (88 equiv.)

G5-Ac90 0.01 (1 equiv.) 0.97 (97 equiv.) 1.22 (122 equiv.)

G5-Ac106 0.01 (1 equiv.) 1.13 (113 equiv.) 1.41 (141 equiv.)

a
Determined by 1H NMR spectroscopy.
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