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Abstract

We developed novel dendrimer hydrogels (DH)s on the basis of bioorthogonal chemistry, in which 

polyamidoamine (PAMAM) dendrimer generation 4.0 (G4) functionalized with strained alkyne 

dibenzocyclooctyne (DBCO) via PEG spacer (Mn = 2,000 g/mol) underwent strain-promoted 

azide-alkyne cycloaddition (SPAAC) with polyethylene glycol bisazide (PEG-BA) (Mn= 20,000 g/

mol) to generate a dendrimer-PEG cross-linked network. This platform offers a high degree of 

functionality and modularity. A wide range of structural parameters including dendrimer 

generation, degree of PEGylation, loading density of clickable DBCO groups, PEG-BA chain 

length as well as the ratio of clickable dendrimer to PEG-BA and their concentrations can be 

readily manipulated to tune chemical and physical properties of DHs. We used this platform to 

prepare an injectable liquid DH. This bioorthogonal DH exhibited high cytocompatibility and 

enabled sustained release of the anticancer drug 5-fluorouracil (5-FU). Following intratumoral 

injection, the DH/5-FU formulation significantly suppressed tumor growth and improved survival 

of HN12 tumor-bearing mice by promoting tumor cell death as well as by reducing tumor cell 

proliferation and angiogenesis.
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1. Introduction

Dendrimers have been actively studied for developing targeted cancer therapies by virtue of 

their well-defined nanoscale structural features and properties.1–8 Using dendrimers and 

hyperbranched polymers as building blocks to synthesize hydrogels has attracted much 

attention for various applications.9–13 For instance, dendrimer hydrogels (DHs) on the basis 

of polycationic full generation and polyanionic half-generation polyamidoamine (PAMAM) 

dendrimers have been synthesized successfully using photoinitiated polymerization.14–15 

The DHs integrate structural characteristics and properties of dendrimer nanoparticles and 

PEG networks. Although free radicals produced by photoinitiators are necessary for the 

reaction, they, along with unreacted residues, may deactivate intracellular signaling 

pathways critical for cell survival such as the AKT signaling pathway.16

To ease safety concerns about the use of photoinitiators and make more biocompatible 

dendrimer hydrogel formulations, we applied copper-free click chemistry to develop novel 

bioorthogonal DHs. In this new design, we functionalized polyamidoamine (PAMAM) 

dendrimer generation 4.0 (G4) with strained alkyne, i.e., dibenzocyclooctyne (DBCO), to 

obtain “clickable” dendritic macromonomers. Upon mixing of DBCO-containing dendritic 

macromonomer with polyethylene glycol bisazide (PEG-BA) in water, DBCO and azide 

undergo strain-promoted azide-alkyne cycloaddition (SPAAC) to generate a dendrimer-PEG 

cross-linked network rapidly at room temperature in the absence of catalysts. Different from 

our early DHs that are prepared on the basis of intermolecular cross-linking of dendrimer-

PEG acrylate, dendrimers are loosely knotted by long PEG chains in this new type of DHs. 

Because of this new structural feature, the structure and properties of the formed DHs can be 

more readily modulated. Herein, we describe the synthesis and characterization of DHs 

prepared based on bioorthogonal chemistry. We coupled DBCO directly to G4 or to a PEG 

spacer (Mn = 2,000 g/mol) and then grafted PEGylated DBCO to G4 to form clickable 

dendritic macromonomer G4-DBCO or P-G4-PDBCO, respectively. Either G4-DBCO or P-

G4-PDBCO reacted with long PEG-BA (Mn = 20,000 g/mol) following SPAAC to form 

DH-G4-DBCO or DH-P-G4-PDBCO, respectively. Perhaps a striking feature of the 
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resulting bioorthogonal DH-P-G4-PDBCO is its ability to form gels while maintaining 

fluidity. The fluidity was utilized to prepare an injectable drug formulation for local drug 

delivery.

To prove our concept, we tested this new platform in a xenograft mouse model of head and 

neck cancer. Fluorouracil (5-FU), a chemotherapeutic agent commonly prescribed for head 

and neck cancer, was used as a model compound. Head and neck squamous cell carcinomas 

(HNSCC) account for approximately 3% of all cancers, and the mortality of head and neck 

cancers is estimated at about 22% in the United States.17 Chemotherapy remains one of the 

standard treatments for head and neck cancers but may lead to severe toxicity.18–19 Because 

of the specific location of head and neck cancers, i.e., the oral and oropharyngeal region, the 

tumors are relatively accessible. Thus, local administration of chemotherapeutics, i.e., 

intratumoral (i.t.) administration and convection-enhanced delivery (CED), has been found 

to be more efficacious than conventional systemic chemotherapy.20 The antitumor efficacy 

of this new drug formulation was tested and confirmed for local drug delivery in a xenograft 

mouse model of head and neck cancer.

2. Materials and Methods

2.1. Materials

Diaminobutane (DAB)-core PAMAM dendrimer generation 4.0 (G4) was purchased from 

NanoSynthons (Mt. Pleasant, MI). DBCO-NHS ester was purchased from Click Chemistry 

Tools (Scottsdale, AZ). 5-Fluorouracil (5-FU), dimethyl sulfoxide (DMSO), deuterium 

oxide (D2O, 99.9 atom % D), 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 

chloride (DMTMM), polyethylene glycol bisazide (PEG-BA, Mn=20,000 g/mol), 

trifluoroacetic acid (TFA), and formaldehyde solution (37 wt. % in H2O) were purchased 

from Sigma-Aldrich (St. Louis, MO). Acetonitrile (ACN), water (HPLC grade), hydrogen 

peroxide (H2O2), and phosphate-buffered saline (PBS) were purchased from Fisher 

Scientific (Pittsburgh, PA). NH2-PEG-COOH (Mn = 2000 g/mol) was purchased from 

JenKem Technology USA (Plano, TX). SnakeSkin dialysis tubing (molecular weight cut-off 

(MWCO) = 3500 or 7000 daltons) was purchased from Thermo Scientific (Rockford, IL). 

Vectastain ABC kit, 3,3′-diaminobenzidine (DAB), and hematoxylin were purchased from 

Vector Laboratories (Burlingame, CA). BD Retrievagen Antigen Retrieval Systems were 

purchased from BD Biosciences (San Jose, CA). Ki67, cleaved caspase-3 (Asp175) and 

apoptosis-inducing factor (AIF) antibodies were purchased from Cell Signaling Technology 

(Danvers, MA). CD31 antibody was purchased from Abcam (Cambridge, MA). Dulbecco’s 

modified Eagle medium (DMEM), trypsin-EDTA (0.25%), and penicillin-streptomycin 

(10,000 U/mL) were purchased from Life Technologies (Carlsbad, CA). Cosmic calf serum 

(CS) was purchased from Lonza (Walkersville, MD). Cell proliferation reagent WST-1 was 

purchased from Roche Applied Science (Grand Island, NY).

2.2. Synthesis of “clickable” dendritic macromonomers

As shown in Scheme 1, G4-DBCO macromonomer was synthesized by directly coupling 

DBCO to G4. Briefly, DBCO-NHS (6.9 mg, 17.1 μmol, MW = 402.4 g/mol) was dissolved 

in 2.3 mL of DMSO and then added dropwise to 8 mL of NaHCO3 solution (pH 8) 
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containing PAMAM dendrimer G4 (24.5 mg, 1.7 μmol, MW = 14215 g/mol). The reaction 

mixture was stirred for one day and then dialyzed against DI water using dialysis tubing 

(MWCO = 7,000 Da) for 2 days.

As shown in Scheme 2, P-G4-PDBCO macromonomer was synthesized by PEGylating 

DBCO to form PDBCO and then grafting PDBCO to G4 along with PEG. Briefly, DBCO-

NHS (6.9 mg, 17.1 μmol, MW = 402.4 g/mol) was dissolved in 2.3 mL of DMSO, added 

dropwise to 5.7 mL of NaHCO3 solution (pH 8) containing NH2-PEG-COOH (51.6 mg, 

25.9 μmol, Mn = 2000 g/mol). The reaction mixture was stirred overnight at room 

temperature. The reaction mixture was then added dropwise to 8 mL of NaHCO3 solution 

(pH 8) containing PAMAM dendrimer G4 (24.5 mg, 1.7 μmol) and DMTMM (14.3 mg, 51.8 

μmol, MW = 276.7 g/mol). The reaction mixture was stirred for 24 h and then dialyzed 

against DI water using dialysis tubing (MWCO = 7,000 Da) for 2 days.

The resultant G4-DBCO and P-G4-PDBCO conjugates were obtained after lyophilization 

and characterized by ultraviolet–visible (UV-Vis) spectroscopy, proton nuclear magnetic 

resonance (1H NMR) spectroscopy and high performance liquid chromatography (HPLC).

2.3. Instrumentation
1H NMR spectra were recorded on a Varian superconducting Fourier-transform NMR 

spectrometer (Mercury-300) in the Nuclear Magnetic Resonance Center at Virginia 

Commonwealth University. D2O was used as the solvent. The reverse-phase HPLC system 

(Waters, Milford, MA) consisting of a system Waters 1515 isocratic HPLC pump, a model 

Waters 717plus autosampler, a model Waters 2487 dual λ absorbance detector, and an 

XTerra particle-based RP-HPLC column (length 150 mm, particle size 5 μm, RP18, Milford, 

MA) was used in this work. The mobile phase was H2O:ACN:TFA (500:500:0.38, v/v/v) at 

a flow rate of 1 mL/min. The analysis was performed using the Breeze™ software (Waters, 

Milford, MA).

2.4. Preparation of bioorthogonal dendrimer hydrogels (DHs) and injectable liquid DH/5-FU 
formulation

Bioorthogonal DH-G4-DBCO was prepared by mixing equal volumes of G4-DBCO (20 

mg/mL) and PEG-BA (50 mg/mL) for 30 min as shown in Scheme 1. Bioorthogonal DH-P-

G4-PDBCO was prepared by mixing equal volume of P-G4-PDBCO aqueous solution (100 

mg/mL) and PEG-BA aqueous solution (100, 500, or 1000 mg/mL) for 30 min as shown in 

Scheme 2. The freshly prepared DH-G4-DBCO and DH-P-G4-PDBCO were subjected to 

rheological testing, morphological evaluation, and cytotoxicity assessment.

DH-P-G4-PDBCO with P-G4-PDBCO to PEG-BA ratio of 1/10, simplified as DH 

afterwards, was chosen for in vitro drug release and in vivo drug delivery evaluation. Briefly, 

DH/5-FU was prepared in situ by dissolving appropriate amounts of 5-FU in the mixture of 

P-G4-PDBCO and PEG-BA solution simultaneously. The quantity of the loaded 5-FU was 5 

mg on the basis of P-G4-PDBCO (10 mg) and PEG-BA (100 mg). Plain and drug-loaded 

DHs were prepared immediately before each test.
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2.5. Rheological testing

Rheological testing was performed using a 20 mm diameter disk on a temperature controlled 

plate of an HR-3 Discovery Hybrid Rheometer (TA instruments, New Castle, DE). Each set 

of samples on the plate at 25 °C was subjected to compression and shear stress by a 20 mm 

diameter parallel plate. An amplitude sweep was performed to ensure that all the 

measurements were conducted within the linear viscoelastic region. Oscillatory frequency 

sweeps were then carried out with a constant strain of 1% in the frequency region of 0.1–100 

rad/s.21

2.6. Morphology examination

DHs were lyophilized and mounted on an aluminum stub and sputter-coated with platinum 

for 1 min. The scanning electron microscopy (SEM) images of dendrimer hydrogels were 

taken under a JEOL LV-5610 scanning electron microscope at 20 kV.

2.7. Drug release study

Free 5-FU (600 μg) or DH containing 600 μg of 5-FU in PBS (pH7.4) was transferred into a 

dialysis tube (MWCO = 500–1000 Da). The dialysis tube was soaked in 50 mL of PBS at 

room temperature. At the pre-determined time points (0 min, 15 min, 30 min, 2 h, 3 h, 4 h, 6 

h，and 12 h), an aliquot (500 μL) was withdrawn from outside the dialysis tube and 

replaced with an equal amount of fresh PBS. The withdrawn samples were analyzed using 

an isocratic HPLC method with a UV detector at the wavelength of 260 nm. Standards for 5-

FU (1–200 μg/mL) were prepared in PBS (pH 7.4) and subjected to HPLC analysis where 

flow rate was set at 1 mL/min to establish a standard curve. Cumulative release of 5-FU 

from the hydrogel was then determined following a reported method.22

2.8. Cell culture

HN12 cells, derived from an HNSCC lymph node metastasis, and NIH3T3 fibroblasts were 

cultured as described previously in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% Cosmic calf serum, 100 units/mL of penicillin, and 100 μg/mL of 

streptomycin at 37 °C in 95% air/5% CO2 as previously described.23

2.9. Cytotoxicity assay

HN12 cells or NIH3T3 fibroblasts were seeded at a density of 1×104 cells per well in a 96-

well plate and cultured for 1 day to allow cell attachment. The cells were then treated with 5-

FU (0–10 mM), DH-G4-DBCO or DH-P-G4-PDBCO (0–6 mg/mL) at various 

concentrations for 2 days. Cell viability relative to untreated cells was then determined by 

WST-1 proliferation assay. The four parameters logistic regression was used to perform the 

curve fitting and then determine the 50% maximal inhibitory concentrations (IC50) of free 5-

FU.24

2.10. Animal studies

Animal studies were approved by the Institutional Animal Care and Use Committee 

(IACUC) of Virginia Commonwealth University. HN12 cells (5×106 cells) were injected 

subcutaneously (s.c.) into the right flank of 4-week-old female athymic nude mice (Harlan 
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Sprague Dawley, Indianapolis, IN). When the tumors had developed to a volume of 100 

mm3 (V0) on average at 6 days post-injection, the mice were randomly divided into 4 groups 

in a way to minimize tumor size and body weight differences among the groups. The mice 

from each group were injected i.t. with PBS, DH (110 mg/kg), DH/5-FU [(110 mg/5 mg/

kg)], or free 5-FU (5 mg/kg),25–26 respectively, at the center of the tumor every 4 days. 

During the treatment, body weight was monitored, and tumor size was measured by standard 

digital caliper (Tresna, Guangxi Province, China) every other day. The tumor volume was 

calculated using the formula Volume= (Length × Width2)/2, with the Width being smaller 

than the Length. Mice were euthanized at the end of the experiment, or when signs of 

discomfort/ulceration were detected by the investigator, or as recommended by the 

veterinarian who monitored the mice daily.27 A tumor volume of 500 mm3 was used as a 

threshold value to report animal survival rate following the same strategy as described 

previously.28–29 At the end of the treatment, the tumor was collected from surviving mice 

and fixed in 10% neutral-buffered formalin for histologic evaluation.

2.11. Hematoxylin and eosin (H&E) staining

The formalin-fixed tumor specimens were embedded in paraffin and sectioned at 5 μm. The 

H&E staining was performed at the VCU Massey Cancer Biological Macromolecule Core 

Facility. The tissues slides were imaged under a Nikon microscope (Nikon Instruments Inc., 

Melville, NY) using a magnification of 200×.

2.12. Immunohistochemistry (IHC)

The IHC staining was carried out following procedures described previously30. Briefly, the 

formalin-fixed tumor specimens were embedded in paraffin, and sectioned at 5 μm, 

deparaffinized in xylene, and rehydrated in graded alcohols (100%, 95%, 90%, 80%, and 

70%). For antigen retrieval, the sections were microwaved in antigen retrieval buffer for 10 

min. Endogenous peroxidase activity was quenched by incubation in 3% (v/v) H2O2 for 15 

min. The sections were incubated with the primary polyclonal antibody against cleaved 

caspase-3, AIF, Ki67, or CD31 for 1 h. After the sections were washed with TBS, the 

immobilized antibodies were detected using a Vectastain ABC kit (Vector Laboratories, 

Burlingame, CA). DAB and hematoxylin were used as the chromogen and the nuclear 

counterstain, respectively. The primary antibody was omitted as negative control. The tissues 

slides were then imaged under a Nikon Ti-U microscope using a magnification of 200×. The 

cleaved caspase-3high, AIF-positive, and CD31-positive area percentages or Ki67-positive 

cell percentage (index) were quantitated from 8–9 randomly selected fields for each sample, 

and each group included sections from 3 mice.

2.13. Statistical analysis

The data were expressed as means ± standard deviation (SD). The data were analyzed using 

one-way analysis of variance (ANOVA) followed by Holm-Sidak method for subgroup 

comparison. A value of p < 0.05 was considered statistically significant.
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3. Results

3.1. Preparation and characterization of the bioorthogonal DH

In this design, DBCO was covalently directly coupled to PAMAM dendrimer G4 or via a 

PEG spacer to reduce steric crowding. Extra PEG chains were also coupled to the dendrimer 

surface to improve cytocompatibility. The obtained clickable DBCO-containing dendritic 

macromonomers G4-DBCO and P-G4-PDBCO were characterized with UV-Vis, HPLC 

and 1H NMR spectroscopy. In the UV-Vis spectrum, DBCO-NHS showed two absorbance 

peaks at 220 nm and 290 nm whereas G4 shows only one absorbance peak at 220 nm 

(Figure 1A). The UV-Vis spectra of both G4-DBCO and P-G4-PDBCO showed an 

absorbance peak at 290 nm in addition to an absorbance peak of dendrimer, indicating the 

presence of DBCO in the resultant conjugates. Additionally, we were able to distinguish P-

G4-PDBCO from G4 by tracking its DBCO component at the wavelength of 290 nm using 

HPLC equipped with a UV detector. According to the HPLC chromatogram, DBCO-NHS 

has a retention time of 1.8 min (Figure 1B). Both G4-DBCO and P-G4-PDBCO have a 

retention time of 1.1 min. By calculating the area under the curve (AUC), the purity of G4-

DBCO and P-G4-PDBCO was determined to be 99.7% and 94.6%, respectively. Lastly, 

the 1H NMR spectrum (Figure 1C) confirms the presence of the benzene protons of DBCO 

(proton peaks between 7.0 and 7.7 ppm), methylene protons of G4 branches (proton peaks 

between 2.1 and 3.6 ppm), and methylene protons of PEG repeat units (3.7 ppm). According 

to NMR integration, G4-DBCO carried an average of 7 DBCO per dendrimer; whereas P-

G4-PDBCO carried an average of 5 PDBCO and 7 PEG chains per dendrimer.

Bioorthogonal dendrimer hydrogel, DH-G4-DBCO, was obtained by reacting G4-DBCO 

with PEG-BA at a weight ratio of 1/2.5 in water; whereas DH-P-G4-PDBCO was obtained 

by reacting P-G4-PDBCO with PEG-BA at weight ratios of 1/1, 1/5, and 1/10 in water. All 

formulated dendrimer hydrogels remained in liquid form and showed gel properties as 

confirmed by rheological testing. An amplitude sweep was performed first to determine the 

linear viscoelastic region (LVR) (Figure 2A). The frequency sweeps were then conducted at 

a fixed strain of 1%, which was within the LVR. It displayed typical hydrogel viscoelastic 

behavior as its storage modulus (G′) was higher than its loss modulus (G″) with frequency-

independence (Figure 2B). The highly porous structure of the resulting dendrimer hydrogels 

was illustrated by SEM (Figure 2C). The apparent pore diameters of the resulting dendrimer 

hydrogels were determined in a micrometer scale range based on SEM images (Figure 2D). 

Given that such a loosely cross-linked hydrogel afforded excellent drug-loading capacity, 

controlled release property and was injectable, we moved forward with a particular 

formulation, i.e., DH-P-G4-PDBCO, referred to as DH, for local drug delivery.

3.2. In vitro assessment of DH-P-G4-PDBCO

PEGylation has been well documented to reduce toxicity and immunogenicity of dendritic 

nanoparticles or prodrugs.31 PEG used as a spacer and cross-linker constitutes a significant 

portion of the DH-P-G4-PDBCO. According to the WST-1 assay, DH-P-G4-PDBCO shows 

a higher cytocompatibility with both human head and neck cancer cells (HN12) and mouse 

fibroblasts (NIH3T3) than DH-G4-DBCO (Figure 3).
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5-FU is an active chemotherapeutic agent for treatment of head and neck cancers. We first 

validated the cytotoxicity of 5-FU in synchronous lymph node metastasis-derived HN12 

cells. It was found that 5-FU dose-dependently decreased the viability of HN12 cells with an 

IC50 of 44.5 μM (Figure 4A). In vitro drug release kinetics from nanoparticle or hydrogel 

generally exhibits two phases, i.e., burst release phase and sustained release phase.22, 24 

Burst release allows the drug to rapidly reach an effective concentration, whereas sustained 

release allows the drug to stay at an effective concentration in the circulation over time. Due 

to the good solubility of 5-FU (1 mg/mL), over 80% of 5-FU was diffused out of the dialysis 

bag within 2 h and reached a complete diffusion (100%) within 6 h (Figure 4B). In contrast, 

an initial burst release of 5-FU was observed in the DH/5-FU group, followed by an 

extended release up to 12 h.

3.3. In vivo antitumor effects of DH/5-FU

The antitumor effect of DH/5-FU was evaluated in a xenograft mouse model of head and 

neck cancer. Repeated intratumoral injection of 5-FU inhibited tumor growth initially but 

failed to suppress the tumor growth after the treatment was stopped at day 12 (Figure 5A). 

DH alone did not show an effect on tumor growth. In contrast, DH/5-FU significantly 

suppressed tumor growth up to 18 days, presumably due to the sustained release of 5-FU 

from DH. As a result, DH/5-FU improved mouse survival rate compared to the PBS, DH, 

and 5-FU groups (Figure 5B). No difference in mouse body weight or any other discomfort 

was observed during the DH/5-FU treatment (Figure 5C), indicating DH’s good tissue 

compatibility.

Upon the termination of the experiment, the tumor tissues were collected and assessed 

histologically for evidence of antitumor effects. The H&E staining did not show any toxicity 

effect in the tumors treated with DH alone (Figure 6). 5-FU exerts antitumor activity by 

inhibiting proliferation, inducing cell apoptosis, and suppressing tumor angiogenesis.32–34 

We conducted IHC staining of tumor tissue sections using four different markers, i.e., Ki67 

(Figure 7), CD31 (Figure 8), cleaved caspase-3 (Figure 9), and AIF (Figure 10). 

Quantification of these biomarkers showed that DH/5-FU and free 5-FU exhibited equivalent 

potency and significantly inhibited tumor cell proliferation and reduced tumor angiogenesis 

(p<0.001). More impressively, DH/5-FU was the only group that was capable of inducing 

cell apoptosis, as judged by both cleaved caspase-3 and AIF staining. Collectively, our 

studies demonstrate that DH/5-FU was more potent than the 5-FU group in exerting 

antitumor effects.

4. Discussion

In the last decade, a tremendous effort has been made to develop localized drug delivery 

technologies, including polymer-drug conjugates, nanoparticles, and hydrogels. Among 

these formulations, injectable hydrogels appear to be compelling in that they provide a 

controlled and sustained drug release at the local tumor site, increase drug solubility and 

bioavailability, and reduce adverse systemic effects.35–36 A variety of in-situ depot-forming 

hydrogels have been developed for localized drug delivery.20, 35 Several hydrogel 
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formulations, such as PEG-PCL-PEG hydrogel and silk-elastin-like hydrogel, have been 

reported to enhance drug and gene delivery for the treatment of head and neck cancers.37–39

In this work, we successfully synthesized two “clickable” dendritic macromonomers, G4-

DBCO and P-G4-PDBCO (Figure 1). Both G4-DBCO and P-G4-PDBCO were able to 

cross-link with PEG-BA to form bioorthogonal dendrimer hydrogels with a highly porous 

microstructure and viscoelastic properties (Figure 2). More interestingly, we found the 

modulus of DH-P-G4-PDBCO increased as the weight ratio of PEG-BA to P-G4-PDBCO 

increased. Despite the fact that DH-G4-DBCO showed hydrogel properties, we found that 

extra PEGylated DH-P-G4-PDBCO was more suitable for developing an injectable local 

drug delivery platform for multiple reasons: 1) PEG serves as a spacer between dendrimer 

and DBCO, which may help to reduce steric crowding. 2) PEGylated P-G4-PDBCO 

improves solubility of DBCO-conjugated dendrimer. 3) Extra PEG improves 

cytocompatibility of dendrimer hydrogel (Figure 3). 4) PEGylation helps to reduce 

nonspecific cellular uptake of polycationic dendrimer G4. 5) More PEGylated dendrimers 

can be cleared through the circulation to reduce local toxicity at later stages after injection. 

6) Liquid DH-P-G4-PDBCO is suitable for injection without blocking the needle. As 

opposed to P-G4-PDBCO, G4-DBCO lacks the PEG spacer and tends to form a more 

compact network, which is more resistant to deformation.

We found that DH/5-FU exhibited two-phase in vitro release kinetics, i.e., a burst release 

phase and a sustained release phase, which can be explained as follows. The pore size of DH 

in the dry state was about 15 μm in diameter (Figure 2D). When immersed in aqueous 

solution, DH is expected to swell, and its pore size tends to increase. Small molecular-

weight drugs such as 5-FU, which are loosely entrapped in the DH network, are expected to 

diffuse out freely through the interconnected pores, causing a burst drug release. However, 

those 5-FU molecules entrapped within dendrimers via electrostatic and hydrophobic 

interaction may be released at a much slower rate.40–41 Through these two release 

mechanisms, DH is expected to provide a sufficient initial release of 5-FU and a more 

sustained release afterwards to maintain a high drug concentration at the tumor site after 

local injection, compared to the free 5-FU. However, the DH/5-FU formulation needs to be 

optimized depending on demand. As proof-of-concept, our animal studies confirmed that 

DH/5-FU significantly suppressed tumor growth by inducing tumor apoptosis and inhibiting 

tumor cell proliferation and angiogenesis. The survival of HN12 tumor-bearing mice treated 

with DH/5-FU was significantly extended as a result.

Most systems require photo-polymerization, e.g., photocrosslinkable chitosan (Az-CH-LA) 

and PEG dimethacrylate (PEG-DMA) hydrogel,42–43 or chemical catalysts, e.g., genipin,44 

for cross-linking. Photo-polymerized hydrogels yield great stability and excellent 

mechanical properties, but need to be triggered by external light, e.g., UV light, which can 

produce free radicals, induce cellular reactive oxygen species (ROS) formation, and 

subsequently reduce biocompatibility of hydrogels. Chemically cross-linked hydrogels 

display great stability and elasticity, albeit at a slow cross-linking rate, and the presence of 

cross-linkers can be toxic to the surrounding tissues. Physically cross-linked hydrogels can 

avoid chemical reaction, but the mechanical instability is an issue.45 Unlike these traditional 

cross-linking hydrogel approaches, our DH formulation is based on bioorthogonal “click” 
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chemistry. It allows rapid reaction without any catalysts and minimal interference with a 

biological system.46–47 By tuning a wide range of structural parameters including dendrimer 

generation, degree of PEGylation, loading density of clickable DBCO groups, PEG-BA 

chain length as well as ratio of clickable dendrimer to PEG-BA and their concentrations, we 

can alter the viscoelastic properties of DHs to meet the needs of various applications, e.g., 

injection routes, implantation, local microenvironment, and so on. In light of the highly 

efficient reaction rates, it would be interesting to test whether we can synergistically inject 

drug-loaded dendrimer-DBCO conjugates with PEG-BA to form hydrogel at the tumor site, 

perhaps enabling better tissue penetration and retention. Another strategy of depot-forming 

hydrogels is based on in-situ phase separation, which can be induced by changing the 

solubility of the polymer with respect to induction of pH,48 temperature,49–50 ultrasound,51 

or radiation.52 Due to the acidic tumor microenvironment of head and neck cancers, it is 

desirable to incorporate pH-sensitive linkages, e.g., ester linkage, or thermo-sensitive 

linkages into DH formulations. It will not only release chemotherapeutic agents but 

disintegrate the drug-loaded dendrimer cargos in a synergistic manner. Additionally, we have 

previously described that our DH network allows for simultaneous delivery of both 

hydrophobic and hydrophilic drugs as needed.15 The interior hydrophobic core of the 

dendrimers can encapsulate hydrophobic drugs to increase their solubility and loading dose. 

On the other hand, hydrophilic drugs can be loaded in the PEG network. The polycationic 

surface of full generation PAMAM dendrimers can complex with negatively-charged drugs 

or genetic materials. Overall, the DHs possess unique structural characteristics and tunable 

properties to meet various drug delivery needs and allow for combination chemotherapy. The 

aforementioned strategies will be explored to design more efficient injectable formulations 

for localized drug delivery.

5. Conclusions

We designed and developed novel injectable bioorthogonal dendrimer hydrogels on the basis 

of bioorthogonal chemistry. This platform offers a high degree of functionality and 

modularity. A wide range of structural parameters including dendrimer generation, degree of 

PEGylation, loading density of clickable DBCO groups, PEG-BA chain length as well as 

ratio of dendrimer to PEG-BA can be readily manipulated to tune chemical and physical 

properties of dendrimer hydrogels. In particular, the injectable bioorthogonal DH prepared 

under the conditions described in this work exhibited high cytocompatibility and sustained 

drug release. It was used to fabricate an injectable formulation for sustained release and 

localized delivery of the anticancer drug 5-FU. The DH/5-FU formulation significantly 

suppressed tumor growth and improved animal survival of HN12 tumor-bearing mice by 

promoting cancer cell death as well as by reducing cancer cell proliferation and tumor 

angiogenesis.
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Figure 1. 
Structure characterization of G4-DBCO and P-G4-PDBCO macromonomers. (A) The UV-

Vis spectra of DBCO-NHS, PAMAM dendrimer G4, G4-DBCO and P-G4-PDBCO 

dendrimer conjugates. (B) HPLC chromatograms of DBCO-NHS, G4-DBCO, and P-G4-

PDBCO. (C) 1H NMR spectra of G4-DBCO and P-G4-PDBCO in D2O.
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Figure 2. 
Physical characterization of DH-G4-DBCO and DH-P-G4-PDBCO. Oscillatory amplitude 

sweep tests (A) and oscillatory frequency tests (B) of DHs as determined at weight ratio of 

PEG-BA/G4-DBCO=2.5/1 (DH-G4-DBCO) and PEG-BA/P-G4-PDBCO=1/1, 5/1 or 10/1 

(DH-P-G4-PDBCO). (C) SEM images of DH-G4-DBCO and DH-P-G4-PDBCO with a 

microscopic network structure of the gel. (D) Apparent pore diameter of DH-G4-DBCO and 

DH-P-G4-PDBCO was quantified by Image J based on the SEM images.
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Figure 3. 
Dose-dependent cytotoxicity of DH-G4-DBCO and DH-P-G4-PDBCO to HN12 cells (A) 

and NIH3T3 fibroblasts (B) as determined by WST-1 assay. The bars and error bars are 

means ± SD (n = 6). *p < 0.05 and **p < 0.01 versus no treatment (DH concentration at 0 

mg/mL).
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Figure 4. 
In vitro activity and release kinetics of 5-FU. (A) Dose-dependent toxicity of 5-FU to HN12 

cells. (B) Extended release of 5-FU from DH-P-G4-PDBCO (DH).
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Figure 5. 
In vivo assessment of antitumor effects of DH/5-FU. (A) Change of relative tumor volume 

[ratio of mouse tumor volume (V) to initial tumor (V0)] was monitored over the course of 

treatment. (B) The survival was estimated by using Kaplan–Meier analysis. (C) Body 

weights of mice in all groups were recorded. Arrow bars indicate the days when the mice 

were given injection. ** p < 0.01 vs. the PBS and DH groups.
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Figure 6. 
Representative images of H&E staining of the tumor sections. Scale bar: 100 μm.
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Figure 7. 
IHC staining of Ki67, a marker of proliferating cells in the tumor sections. (A) 

Representative images. Scale bar: 100 μm. (B) Fractions of Ki67-positive cells. *** p<0.001 

vs. the PBS group.
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Figure 8. 
IHC staining of CD31, a marker of angiogenesis in the tumor sections. (A) Representative 

images. Scale bar: 100 μm. (B) Fractions of CD31-positive areas in the tumor sections. *** 

p<0.001 vs. the PBS group.
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Figure 9. 
IHC staining of cleaved caspase-3, a marker of apoptosis in the tumor sections. (A) 

Representative images. Scale bar: 100 μm. (B) Fractions of cleaved caspase-3high cells in the 

tumor sections. *** p<0.001 vs. the PBS group.
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Figure 10. 
IHC staining of apoptosis-inducing factor (AIF), a marker of apoptosis in the tumor sections. 

(A) Representative images. Scale bar: 100 μm. (B) Fractions of AIF-positive cells in the 

tumor sections. * p < 0.05 vs. the PBS group.
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Scheme 1. 
Synthesis of bioorthogonal dendrimer hydrogel DH-G4-DBCO.
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Scheme 2. 
Synthesis of bioorthogonal dendrimer hydrogel DH-P-G4-PDBCO.
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