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Abstract

The utility of folic acid (FA)-decorated polyamidoamine dendrimer G4 (G4-FA) as a vector was 

investigated for local delivery of siRNA. In a xenograft HN12 (or HN12-YFP) tumor mouse model 

of head and neck squamous cell carcinomas (HNSCC), intratumorally (i.t.) injected G4-FA 

exhibited high tumor uptake and sustained highly localized retention in the tumors according to 

near infrared (NIR) imaging assessment. siRNA against vascular endothelial growth factor A 

(siVEGFA) was chosen as a therapeutic modality. Compared to the nontherapeutic treatment 

groups (PBS solution or dendrimer complexed with nontherapeutic green fluorescent protein 

siRNA [siGFP]), G4-FA/siVEGFA showed tumor inhibition effects in single-dose and two-dose 

regimen studies. In particular, two doses of G4-FA/siVEGFA i.t. administered eight days apart 

resulted in a more profound inhibition of tumor growth, accompanied with significant reduction in 

angiogenesis, as judged by CD31 staining and microvessel counts. Tumor size reduction in the 

two-dose regimen study was ascertained semi-quantitatively by live fluorescence imaging of YFP 

tumors and independently supported antitumor effects of G4-FA/siVEGFA. Taken together, G4-FA 
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shows high tumor uptake and sustained retention properties, making it a suitable platform for local 

delivery of siRNAs to treat cancers that are readily accessible such as HNSCC.
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Introduction

Head and neck squamous cell carcinomas (HNSCC) are the most common malignancy of 

this region [1, 2]. They arise in the mucosal epithelium of the oral cavity, pharynx, larynx 

and paranasal sinuses. Treatment of HNSCC often requires multimodal intervention 

including chemotherapy [3]. To date, small-molecular-weight anticancer drugs, such as 

cisplatin, docetaxel, fluorouracil, and methotrexate, remain dominant on the pharmaceutical 

market for treating HNSCC. These anticancer drugs interfere with DNA replication and cell 

division and consequently lead to cellular demise. New anticancer drugs have also been 

developed to target cell signaling intermediates that contribute to cancer growth. 

Nonetheless, incomplete tumor response and development of acquired drug resistance are 

common problems and may lead to systemic toxicity and disease relapse [4].

A paradigm shift in development of anticancer therapeutics has been brought about by the 

groundbreaking discovery of RNA interference (RNAi)[5]. RNAi has shown promise in 

treating cancers as it can selectively downregulate molecular targets that are responsible for 

proliferation, motility and survival of cancer cells or tumor stroma. Furthermore, RNAi-

based cancer therapy may help reduce multidrug resistance. Molecular targets have been 

identified for treatment of various cancer types including HNSCC [6–8]. However, success 

of siRNA cancer therapy is contingent on the efficiency of the delivery system as well as the 

way it is administered [5, 9]. We recently tested folic acid (FA)-decorated polyamidoamine 

(PAMAM) dendrimer generation 4 (G4-FA) for gene delivery to HN12 head and neck cancer 

cells. Mechanistically, we found that G4-FA could be preferentially taken up by HN12 cells, 
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in which folate receptor α (FRα) is highly expressed, compared to low FRα-expressing U87 

cells. In addition, G4-FA competes with free FA for the FRα on the surface of HN12 cells 

and facilitates FR-dependent cellular uptake of complexed plasmid DNA [10].

The fundamental understanding of G4-FA as a vector and its encouraging in vitro 

transfection results prompted us to test its ability to deliver siRNA to treat HNSCC in vivo in 

this work. It has been demonstrated that 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 [11]. Delivery systems, 

including polymeric nanoparticles [12], liposomes [13], hydrogels [14], or any combinations 

[15, 16], have been successfully applied for localized drug delivery. Because HNSCC is 

localized to the oropharyngeal region, we therefore chose i.t. injection for administration of 

targeted therapy as it would allow substantial accumulation of nanoparticles at the tumor site 

and reduce toxicity to the normal tissues. Our recent work showed that G4-FA facilitated the 

entry of plasmid DNA into HN12 cells via FRα-mediated endocytosis at a rate much lower 

than that of non-specific absorptive endocytosis of plasmid mediated by unmodified G4 

[10]. We hypothesized that a controlled slow tumor-specific cellular uptake mechanism 

would promote greater nanoparticle uptake in the tumor and enhance therapeutic 

effectiveness. Vascular endothelial growth factor A (VEGFA) is a major regulator of 

angiogenesis and promotes tumor development through its effects on the tumor 

microenvironment [9]. VEGFA knockdown has been shown to be effective in inhibiting 

tumor growth in different types of cancer. Therefore, siRNA against VEGFA (siVEGFA) 

was chosen as a model therapeutic siRNA in this work. Near-infrared fluorescent dye (NIR) 

was conjugated onto G4-FA to examine its uptake and retention in these solid tumors. We 

observed preferential uptake and sustained retention of NIR-G4-FA conjugates by the tumor 

as well as improved outcomes of G4-FA mediated localized delivery of siVEGFA in an 

HN12 xenograft tumor model. The study suggests that localized targeted therapy for head 

and neck cancer is a promising approach to promote tumor-specific uptake of siRNAs and to 

mitigate siRNA off-target effects.

Materials and Methods

Materials

Diaminobutane (DAB) core dendrimer generation 4.0 (technical grade) was purchased from 

NanoSynthons (Mt. Pleasant, MI). Dimethyl sulfoxide (DMSO), folic acid (FA), 

formaldehyde solution (37 wt. % in H2O), and 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC) were purchased from Sigma-Aldrich (St. Louis, MO). 

Phosphate-buffered saline (PBS) and permount mounting medium were purchased from 

Fisher Scientific (Pittsburgh, PA). Dulbecco’s modified Eagle medium (DMEM), trypsin-

EDTA (0.25%), and penicillin-streptomycin (10,000 U/mL) were purchased from Life 

Technologies (Carlsbad, CA). Ingenio electroporation solution was purchased from Mirus 

Bio (Madison, WI). Vectastain ABC kit, 3,3′-Diaminobenzidine (DAB), and hematoxylin 

were purchased from Vector Laboratories (Burlingame, CA). Cosmic calf serum (CS) was 

purchased from Lonza (Walkersville, MD). β-actin (ACTBD11B7) antibody was purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA). VEGFA (ab46154) and CD31 (ab28364) 
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antibodies were purchased from Abcam (Cambridge, MA). Goat anti-rabbit antibody 

conjugated to horseradish peroxidase and goat anti-mouse antibody conjugated to 

horseradish peroxidase were purchased from Bio-Rad (Hercules, CA). SnakeSkin dialysis 

tubing with 7,000 molecular weight cut-off (MWCO), human VEGFA ELISA kit, ABsolute 

blue qPCR SYBR green low ROX mix, and Richard-Allan Scientific™ signature series 

Clear-Rite 3 were purchased from Thermo Scientific (Rockford, IL). IRDye 800CW NHS 

ester (simply referred to as NIR) was purchased from Li-COR Biotechnology (Lincoln, NE). 

BD Retrievagen antigen retrieval system was purchased from BD Biosciences (San Jose, 

CA).

Preparation of G4-FA and dendrimer/siRNA polyplexes

Details on the synthesis and characterization of G4-FA were described in our recent 

publication [10]. To facilitate assessment of in vivo distribution, G4 dendrimer and G4-FA 

conjugates were labeled with NIR dye as illustrated in Scheme 1. The custom designed 

siRNA against VEGFA (siVEGFA) and GFP (siGFP) were synthesized by Sigma-Aldrich 

(St. Louis, MO). The sequences of siRNAs are summarized in Table S1. In the initial 

characterization studies, dendrimer/siRNA polyplexes at various weight ratios (1/1, 5/1, and 

20/1) were prepared. However, the weight ratio of 5/1 for G4-FA-based complexes was 

found to be optimal based on our previous work [10] and used for bioactivity evaluation in 

this work. G4/siRNA polyplexes (5/1, w/w) were also prepared and included as control. 

Briefly, 10 μg of G4-FA or G4 was diluted in 300 μL of DMEM; while 2 μg of siRNA 

(siVEGFA or siGFP) was diluted in 200 μL of DMEM. All the solutions were mixed by 

vortexing for 10 s and then equilibrated for 10 min at room temperature. The G4-FA or G4 

dendrimer solution (300 μL) was mixed with the siRNA solution (200 μL), homogenized for 

10 s by vortexing, and equilibrated for 30 min at room temperature. Subsequently, the 

volume was adjusted to 3 mL with addition of 2.5 mL of the complete medium containing 

10% serum. The freshly prepared polyplexes were used immediately.

Cell culture

HN12 and HN12-YFP cells were cultured in DMEM supplemented with 10% CS, 100 

units/mL of penicillin, and 100 μg/mL of streptomycin at 37 °C in 90% air/10% CO2 [17].

Transfection

HN12 cells were seeded in the 6-well plates at a density of 20,000 cells/well and allowed to 

attach overnight. The cells were washed with PBS and incubated with 3 mL of polyplex-

containing medium at 37 °C for 48 h. At the end of transfection, the medium was replaced 

with fresh complete medium containing 10% serum, and the cells were maintained under 

normal growth conditions for an additional 48 h. The cells treated with PBS (control) alone 

in the same conditions were used as negative controls. At the end of experiments, the media 

were collected and subjected to enzyme-linked immunosorbent assay (ELISA) for 

quantification of VEGFA; the cells were harvested for RNA analysis.
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ELISA

The levels of VEGFA protein secreted by HN12 cells in the media were determined by a 

VEGFA ELISA kit. Briefly, the conditioned media were collected, and VEGFA protein 

concentrations were measured by ELISA as previously described [18]. An anti-human 

VEGFA antibody was pre-coated on the 96-well microplate. The conditioned media/

standards (50 μL) were added to the antibody-coated wells and incubated for 2 h. Unbound 

antigen was washed away, followed by the addition of biotinylated secondary antibody and 

subsequent incubation for 1 h. Excess secondary antibody was washed off, and streptavidin-

HRP added, which reacts with TMB (3,3′,5,5′-tetramethylbenzidine) substrate to produce a 

colorimetric signal. This signal was detected by measuring the absorbance at 450 nm using 

an Epoch plate spectrophotometer (BioTek, Winooski, VT). The number of cells in each 

well was measured using a Nexcelom Bioscience Cellometer Auto T4 (Nexcelom 

Bioscience, Lawrence, MA). Then, the VEGFA protein concentrations were normalized to 

the number of cells per well.

Quantitative real-time PCR (qPCR)

Relative VEGFA mRNA levels were measured by quantitative polymerase chain reaction 

(qPCR) as previously described [19]. Briefly, total RNA was isolated from the cells using an 

ISOLATE II RNA Mini Kit (Bioline, London, UK) with DNase treatment. The total RNA 

concentration from each sample was measured using a UV-Vis spectrophotometer 

(NanoDrop ND1000, Thermo Scientific, Wilmington, DE). Two μg of total RNA was used 

in the first-strand cDNA synthesis. qPCR was performed using SYBR green as a probe in an 

ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). 

Amplification of β-actin (ACTB) was used as internal control. Relative mRNA expression 

was quantified with the comparative cycle threshold (Ct) method and expressed as 2−ΔΔCt. 

The sequences of the primers are listed in Table S2.

Animal studies

All animal studies were approved by the Institutional Animal Care and Use Committee of 

Virginia Commonwealth University. HN12 cells or HN12-YFP cells (5×106 cells) were 

injected subcutaneously (s.c.) into the right flank of 4-week-old female athymic nude mice 

(Harlan Sprague Dawley, Indianapolis, IN). When the tumors had developed to a volume of 

80 mm3 (V0) on average (8–10 days), the mice were divided into groups in a way to 

minimize body weight and tumor size differences among the groups before they received 

treatments as indicated in Table S3. Time-dependent whole-body fluorescence images were 

recorded using a Pearl Trilogy small animal imaging system (Li-COR Biotechnology, 

Lincoln, NE). Body weights were recorded, and tumors were measured by standard digital 

caliper (Tresna, Guangxi Province, China) every other day. Tumor volume was determined 

by using the formula V = Length×Width2/2, with the width being smaller than the length 

[20]. Relative tumor volume (V/V0) was reported. In the HN12-YFP tumor-bearing mice, 

the mice were imaged using an IVIS 200 system to monitor tumor size. The mice were 

euthanized at the end of experiment or when signs of discomfort were detected by the 

investigator or as recommended by the veterinarian who monitored the mice daily to 

investigate animal survival. A tumor volume of 320 mm3 was used as a threshold value to 
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report animal survival rate following the same strategy as described previously [21]. Organs 

including heart, kidney, spleen, lung, liver, brain, and tumor were collected and imaged. 

Odyssey CLx infrared imaging system software (Li-COR Biotechnology, Lincoln, NE) was 

used for image analysis. Dye accumulation in the organs was evaluated by calculating the 

contrast index values [22]. The collected tumors were then fixed in 10% neutral-buffered 

formalin for histologic evaluation.

Hematoxylin and eosin (H&E) staining

Formalin-fixed tumor specimens were embedded in paraffin and sectioned at 5 μm. H&E 

staining was performed at the VCU Massey Cancer Biological Macromolecule Core Facility. 

The tissue slides were imaged under a Nikon ECLIPSE E400 clinical microscope (Nikon 

Instruments Inc., Melville, NY) using a magnificat ion of 200×.

Immunohistochemical (IHC) staining

IHC staining was carried out following procedures described previously [23]. Briefly, the 

paraffin-embedded tumor sections were deparaffinized in Clear-Rite 3 and rehydrated in 

graded alcohols (100, 95, 90, 80, and 70%). For antigen retrieval, the sections were 

microwaved in BD Retrievagen buffer for 10 min. Endogenous peroxidase activity was 

quenched by incubation in 3% (v/v) H2O2 for 15 min. The sections were incubated with 

anti-CD31 antibody at 1:100 dilution for 1 h. Subsequently, the sections were washed with 

TBS, and the immobilized antibodies were detected using the ABC kit. DAB and 

hematoxylin were used as the chromogen and the nuclear counterstain, respectively. The 

primary antibody was omitted as a negative control. The tissues slides were then imaged 

under a Nikon ECLIPSE E400 clinical microscope using a magnification of 200×. The 

average microvessel counts (per 200× field) were quantitated as the number of CD31-

positive vessels in six randomly selected fields for each sample, and each group included 

sections from 2 mice.

Statistical analysis

The data are 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 or using t-test for two-group comparison with the control. A value of p < 0.05 

was considered statistically significant.

Results

Characterization of dendrimers and their polyplexes

The zeta potential of G4 or FA-functionalized (or NIR-labeled) G4 and their polyplexes is 

summarized in Table S4. G4 and G4 derivatives exhibited high positive zeta potentials 

although a decrease in zeta potential was observed as a result of various degrees of surface 

modification. G4-FA can complex with siVEGFA at various weight ratios. At a weight ratio 

of 1/1, the polyplexes show a negative zeta potential, most likely due to less G4-FA 

molecules than siVEGFA molecules (molar ratio of 0.8/1). In contrast, at the weight ratios of 

5/1 and 20/1, the polyplexes showed positive zeta potentials as G4-FA outnumbered 

siVEGFA (molar ratio of 4.2/1 and 16.9/1, respectively). We chose the weight ratio of 5/1 to 
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form G4-FA/siRNA polyplexes for the rest of the work for the following reasons: G4-FA 

displayed the highest efficiency of gene transfection in HN12 cells seen in our previous 

work [10]; and the less positive zeta potential can reduce non-specific cellular uptake of 

polyplexes [24]. For comparison, G4/siRNA polyplexes were prepared at the same weight 

ratio and tested along with G4-FA/siRNA polyplexes.

Enhanced VEGFA knockdown in vitro by G4-FA

We first validated that only siVEGFA but not siGFP was able to reduce VEGFA mRNA and 

protein expression levels using electroporation (Figure S1A,B). Furthermore, siGFP 

complexed with G4-FA did not show any knockdown effects on VEGFA either (Figure 

S1C,D). Therefore, G4-FA/siGFP was used as a nontherapeutic control in this work. Both 

G4 and G4-FA were shown to be able to deliver siVEGFA efficiently and resulted in 

significant knockdown of VEGFA in mRNA expression and protein secretion in vitro 

(p<0.001). Further analysis revealed that G4-FA/siVEGFA showed higher knockdown 

efficiency. The reduction of VEGFA mRNA expression and protein release by G4-FA/

siVEGFA was stronger compared to the reduction by G4/siVEGFA (p<0.001 and p<0.01, 

respectively) (Figure 1A,B), consistent with our previous findings [10].

G4-FA exhibits high tumor uptake and sustained retention

One of the key advantages of targeted dendrimers for anti-cancer drug delivery is that these 

dendrimers can facilitate nanoparticle and drug accumulation within tumors. We conjugated 

NIR onto the dendrimers (NIR-G4 and NIR-G4-FA) to enable real-time in vivo tracking of 

the dendrimer vectors following i.t. administration. For comparison, free NIR was also 

included in the study.

Following i.t. administration of a single dose of NIR, NIR-G4 and NIR-G4-FA, NIR 

fluorescence whole-body images of mice were taken over a period of 21 days (Figure 2A). 

To understand retention kinetics of these formulations, relative tumor fluorescence intensity 

kinetics profiles of the three formulations with respect to the tumor fluorescence intensity at 

day 0 (immediately after injection) are shown in Figure 2B. At the end, the tumor-bearing 

mice were sacrificed, and the major organs were collected for quantitative analysis. Not 

surprisingly, free NIR had limited retention in the tumor. The fluorescence signal detected in 

the tumor at 1 h significantly decreased after 1 day and completely vanished after 3 days 

(p<0.001) (Figure 2B). The ventral view of the mice at 1 h-post i.t. injection of free NIR 

showed a significant fluorescence signal in the bladder in addition to the whole body (Figure 

S2), suggesting NIR was being eliminated from the body via renal clearance as a result of 

poor retention by the tumor. Both NIR-G4 and NIR-G4-FA groups showed strong and stable 

fluorescence signal in the tumor region up to 21 d. The ventral view of the mice at 1 h shows 

the fluorescence signal was highly localized in the tumor region (Figure S2). These 

observations indicated both NIR-G4 and NIR-G4-FA had high uptake and sustained 

retention in the tumor or its surrounding tissue. As shown in Figure 2B, an initial dip in the 

fluorescence intensity was observed in NIR-G4 during the first week (p<0.01 for days 1, 3 

vs day 0, p<0.05 for day 7 vs. day 0), likely because of skin lesions or leakage/clearance of 

NIR-G4 out of the tumor (Figure S4). The increased fluorescence intensities afterwards 

might be due to the direct or close exposure of NIR dyes to the detector when the tumor 
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grew rapidly. In contrast, NIR-G4-FA exhibited invariably high tumor retention within the 

observation window. There were no significant body weight differences among the mice in 

the three groups (Figure 2C).

Major organs and tumor tissues were excised at the end of experiment and subjected to 

fluorescence imaging (Figure 2D). The NIR fluorescence signal of NIR-G4 and NIR-G4-FA 

was mostly observed within the tumors but was barely seen in the other organs. Consistent 

with in vivo imaging, no noticeable accumulation of free dye was observed in the tumors. 

Quantitative analysis of fluorescence intensities normalized to tumor mass reveals the 

complete clearance of free NIR (Figure 2E). The mean tumor fluorescence intensity 

(counts/mg) in the NIR-G4-FA group was nearly twice as strong as that in the NIR-G4 

group, suggesting high tumor uptake and long retention of NIR-G4-FA as a drug and gene 

carrier.

Single-dose antitumor effects

VEGFs play central roles in regulation of angiogenesis. VEGFA, a major angiogenic factor, 

regulates endothelial cell proliferation, migration, vascular permeability, secretion, and other 

endothelial cell functions [25]. The VEGF-VEGFR interaction is crucial not only for 

physiological angiogenesis from early embryonic to adult stages but also for pathological 

angiogenesis, such as in cancer [25]. To date, strategies have been developed to target the 

VEGF-VEGFR system for anti-angiogenic therapy alone or in combination with other 

modalities for cancer treatment [26–29]. In this study, we evaluated the antitumor effects of 

i.t. administered G4-FA/siVEGFA in HN12 tumor-bearing nude mice. G4-FA/siGFP and 

PBS-treated mice were included as control groups.

Following i.t. administration of a single-dose of G4-FA/siVEGFA, G4-FA/siGFP, and PBS, 

tumor volume and body weight of the treated mice were measured every other day. As 

shown in Figure 3A, G4-FA/siGFP did not show antitumor effects as the G4-FA/siGFP and 

PBS groups showed tumor growth curves similar to one another. In contrast, significantly 

reduced tumor volumes (p<0.05) in the G4-FA/siVEGFA group were observed at day 16 and 

day 18. The body weights of the mice treated with G4-FA/siVEGFA and G4-FA/siGFP were 

similar to those of the control treated with PBS (Figure 3B). Although one dose of G4-FA/

siVEGFA had an effect, tumor volume started increasing at day 8. This led us to develop a 

two-dose regimen with a second dose injection at day 8 to examine whether tumor growth 

can be further inhibited.

Two-dose antitumor effects

The single-dose experiment showed antitumor activity of G4-FA/siVEGFA. To test whether 

or not tumor growth could be further retarded, we conducted a two-dose regimen 

experiment, in which one dose was given at day 0 and a second dose was inoculated at day 

8. In this experiment, we used YFP-expressing HN12 cells to establish a xenograft tumor 

model that allowed for real-time fluorescence imaging of tumors, complementary to direct 

tumor volume measurement. We then monitored tumor growth in the mice receiving two 

doses of PBS, siVEGFA, G4-FA/siGFP, G4/siVEGFA, and G4-FA/siVEGFA (8 days apart 

between the two doses) via i.t. administration. Due to severe skin lesion observed in the G4/
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siVEGFA group, this group was sacrificed early and excluded from further analysis and 

comparison (Figure S4). This was the only group that experienced body weight loss after the 

second dose (data not shown).

Similar to the single dose modality, a second dose of siVEGFA and G4-FA/siGFP did not 

show inhibitory effects on tumor growth (Figure 4A). Strikingly, a second dose of G4-FA/

siVEGFA brought about a nearly complete inhibition in increase of tumor volume during the 

observation window. Tumor volume differences between the G4-FA/siVEGFA group and the 

control groups became significant beginning at day 10 (p<0.05). Using a threshold of tumor 

volume 320 mm3 to assess animal survival, the G4-FA/siVEGFA had a 100% survival rate 

(Figure 4B). No body weight differences were noticed (Figure 4C). H&E staining of tumor 

tissues did not reveal any histological differences among the tested groups (Figure 4D). This 

confirmed good tissue compatibility of G4-FA/siVEGFA. siVEGFA delivered by G4-FA was 

expected to reduce angiogenesis within the tumor. CD31 is an endothelial cell surface 

marker, which is routinely used to demonstrate the presence of endothelial cells in 

histological tissue sections [29, 30]. The IHC staining of CD31 illustrated an obvious 

decrease in CD31-positive tumor microvessels of the G4-FA/siVEGFA group, which was 

supported by the quantitative vessel counts (Figure 4E). The average vessel counts (per 200× 

field) in the control, siVEGFA, and G4-FA/siGFP groups were in the range of 15.0–16.3, 

similar to the value reported in the literature [31]. In contrast, G4-FA/siVEGFA reduced the 

microvessel count to 6.8, representing a 58% decrease as compared to the control group.

During the two-dose experiment, we employed an IVIS 200 system for noninvasive imaging 

of YFP-expressing tumors and semi-quantitative assessment of antitumor activity of the 

formulations (Figure 5A). YFP fluorescence intensity increase was correlated to tumor 

growth. The mean YFP fluorescence intensity of the G4-FA/siVEGFA at Day 16 was the 

lowest (p<0.05), thus reflecting their smallest tumor volume (Figure 5B). The tumor 

reduction trend assessed by noninvasive imaging was consistent with direct tumor volume 

measurements.

Discussion

Compared to systemic administration of chemotherapeutics, localized drug delivery holds 

several distinct advantages including reduced systemic toxicity, sustained local drug release, 

increased drug bioavailability, collectively promoting chemotherapy efficacy [32]. Our study 

strongly suggests G4-FA is able to deliver siVEGFA to the tumor through localized delivery, 

reducing tumor angiogenesis and inhibiting growth of head and neck tumors.

NIR dyes have attracted considerable attention as diagnostic agents in the field of cancer 

research as a result of their high tissue penetration depth, low tissue autofluorescence 

interference in the NIR spectrum window, and improved tumor-to-background ratio value 

[33]. Glionlan, 5-Aminolevulinic acid-induced protoporphyrin IX, has been used clinically 

for distinguishing malignant glioma from normal brain tissue [34]. Bevacizumab, 

IRDye800CW conjugated with antibody against VEGFA, is currently undergoing clinical 

trials for early cancer detection [35]. NIR dyes have been incorporated via various strategies, 

including NIR dye-ligand conjugates [36, 37], activatable NIR dyes [38], and NIR dye-
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encapsulated or - conjugated nanoparticles [39–41] for tumor diagnosis. In this work, we 

utilized NIR dye as an imaging agent and investigated the biodistribution of NIR-G4-FA. 

Our results demonstrate that NIR-G4-FA has high tumor uptake and extended retention in 

the tumor. This finding agrees well with our in vitro results that G4-FA is preferentially 

taken up by FRα highly-expressing HN12 cells and internalized via FRα-mediated 

endocytosis [10]. Localized delivery of G4-FA would be expected to promote preferential 

nanoparticle accumulation in the tumor while avoiding high uptake by the kidney, spleen, 

and liver resulting from introduction through the systemic circulation. We found that G4-FA 

enables prolonged siRNA (i.e., siVEGFA) delivery and sustained knockdown effect locally, 

as judged by the reduced tumor vascularization, and subsequently suppressed tumor growth.

Additionally, we studied the biodistribution of NIR-G4-FA following i.v. administration. We 

found that NIR-G4-FA did not specifically accumulate in the tumor via systemic delivery. 

G4-FA clearance may involve both hepatic and renal clearance pathways as these 

nanoparticles primarily accumulated in the kidney, liver, and spleen (Figure S3). G4-FA was 

rapidly taken up by the kidney, spleen, and liver, in large part due to the high folic acid 

intake activities in these organs [42–44]. Poor accumulation of G4-FA in the tumor via the 

i.v. route is most likely due to its short circulation half-life and/or insufficient EPR effect. 

Thus, if G4-FA were to be used for systemic gene delivery, a PEGylated delivery system 

would be helpful as PEG can significantly prolong the circulation half-life of nanoparticles 

[45–48]. In this scenario, FA would be preferably conjugated to the terminal end of a PEG 

spacer to prevent the shielding effect on the targeting ability of the delivery system. 

Incorporation of a protonable linkage for dendrimer PEGylation may help improve the 

buffering capacity of the dendrimer vector for enhanced gene transfection [49].

Overcoming experimental limitations observed in our studies can further enhance 

therapeutic outcomes. We noticed that the silencing potency of a single set of siVEGFA 

duplexes was modest in HN12 cells (Figure S1). In addition, the transfection was carried out 

in the presence of serum, raising the possibility that the serum proteins may interact with 

dendrimer/siRNA polyplexes to destabilize them [50]. Therefore, complexing G4-FA with a 

pool of siVEGFA duplex sets may help improve the knockdown efficiency. Increased 

understanding of molecular events involved in HNSCC initiation and progression has led to 

the identification of a number of genes as potential therapeutics for HNSCC gene therapy, 

including Hsp65 gene and eIF-4E, STAT3, POU2F1, and EPS8 siRNA/shRNA [5, 51–54]. 

Combining potent siRNA(s) with the FR-targeted dendrimer vector will likely yield better 

effects in treating HNSCC. Our in vitro and in vivo studies demonstrate that G4-FA is a 

relatively safe FRα-targeted gene delivery vehicle although repeated dosing is necessary to 

exert a sustained tumor suppressing effect. Long-term toxicity and nanoparticle clearance 

following repeated dosing will be assessed in future work.

Conclusions

Our work has demonstrated that folic acid-decorated PAMAM dendrimer shows high tumor 

uptake and sustained retention following intratumoral injection. The local delivery of FR-

targeted PAMAM dendrimer G4 complexed with siVEGFA resulted in pronounced tumor 

suppression in an HN12 xenograft tumor model. Tumor suppression was attributed to 
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enhanced tumor uptake of siRNA and prolonged nanoparticle retention in the tumor. 

Repeated doses of G4-FA/siVEGFA would be necessary to lead to strong and sustained 

tumor inhibition effects. Taken together, G4-FA is a tumor-specific safe siRNA delivery 

system that provides a platform to promote tumor-specific uptake of siRNAs and to mitigate 

siRNA off-target effects for localized targeted therapy for head and neck cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer 

worldwide and is difficult to transfect for gene therapy. We developed folate receptor 

(FA)-targeted polyamidoamine (PAMAM) dendrimer for enhanced delivery of genes to 

HNSCC and gained in-depth understanding of how gene delivery and transfection in head 

and neck squamous cancer cells can be enhanced via FR-targeted PAMAM dendrimers. 

The results we report here are encouraging and present latest advances in using 

dendrimers for cancer therapies, in particular for HNSCC. Our work has demonstrated 

that localized delivery of FR-targeted PAMAM dendrimer G4 complexed with siVEGFA 

resulted in pronounced tumor suppression in an HN12 xenograft tumor model. Tumor 

suppression was attributed to enhanced tumor uptake of siRNA and prolonged 

nanoparticle retention and infiltration in the tumor. Taken together, G4-FA shows high 

tumor uptake and sustained highly localized retention properties, making it a suitable 

platform for local delivery of siRNAs to treat cancers that are readily accessible for 

injection of therapeutics such as HNSCC.
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Figure 1. 
In vitro assessment of VEGFA knockdown. HN12 cells were treated with PBS (control), 

G4-FA/siGFP, G4/siVEGFA, or G4-FA/siVEGFA (5:1, w/w) for 48 h, followed by an 

additional 48 h-culture. (A) The relative mRNA expression of VEGFA as determined by 

qPCR analysis, and normalized to β-actin. (B) The protein concentration of VEGFA 

released into the medium as determined by ELISA, and normalized to cell number. ** 

indicates p < 0.01 versus the control, and *** indicates p < 0.001 versus the control or for 

the indicated two-group comparison (n=5–6).
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Figure 2. 
In vivo assessment of retention and uptake of dendritic nanoparticles in tumors. Real-time 

imaging of HN12 tumor-bearing mice following i.t. injection of NIR, NIR-G4, or NIR-G4-

FA. (A) Whole-body images of representative mice taken at the indicated time points up to 

21 days. (B) Relative fluorescence intensities in the tumor region determined by normalizing 

to the initial fluorescence intensity of each group. * p < 0.05, ** p < 0.01, *** p < 0.001 

versus initial time point in each group (n = 5). (C) Body weights of mice in all groups 

monitored during the experiment. (D) Fluorescence images of representative major organs 
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taken immediately after the mice were sacrificed at day 21. (E) Quantitative fluorescence 

intensities at the tumor site (signal counts per tumor weight). * p < 0.05 for the indicated 

two-group comparison.
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Figure 3. 
In vivo assessment of single-dose antitumor effects. HN12 tumor-bearing mice received one 

dose of PBS (control), G4-FA/siGFP, or G4-FA/siVEGFA at day 0 via i.t. injection, and their 

tumor volumes (A) and body weights (B) were monitored for 18 days. * p < 0.05 versus the 

control (n = 5). Arrows indicate the day when the mice were inoculated.
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Figure 4. 
In vivo assessment of two-dose antitumor effects. HN12-YFP tumor-bearing mice received 

one dose of PBS, siVEGFA, G4-FA/siGFP, or G4-FA/siVEGFA at day 0 and a second dose 

at day 8 via i.t. injection. The experiment was terminated at day 18. (A) Tumor volume 

measured at indicated time points. Arrows indicate the days when the mice were inoculated. 

* p < 0.05 versus the control (n = 6). (B) Kaplan–Meier analysis of mice in all groups using 

tumor volume 320 mm3 as a threshold. (C) Body weights of the mice monitored during the 

experiment. (D) Tumor histology evaluation by H&E tumor staining and CD31 staining. (E) 

Microvessels (per 200× field) counted as the number of CD31-positive vessels in six 

randomly selected fields for each treatment. *** p < 0.001; ns, not statistically significantly 

(n=12).
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Figure 5. 
Semi-quantitative in vivo assessment of two-dose antitumor effects by noninvasive imaging 

of tumors in the HN12-YFP tumor-bearing mice. (A) Whole-body fluorescence images of 

the mice in the two-dose experiment at day 0, day 8, and day 16. (B) Quantification of 

imaging signals, reported as the total radiant efficiency. Total radiant efficiency of tumor was 

quantified by IVIS based on the images (fluorescence intensity/region of tumor in the 

image). * p < 0.05; ns, not statistically significant (n = 6).
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Scheme 1. 
Synthesis of folic acid-decorated PAMAM dendrimer G4-FA and near infrared dye labeled 

G4-FA (NIR-G4-FA).
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