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Abstract

Polyamidoamine (PAMAM) dendrimer was conjugated with both carboxymethyl-β-cyclodextrin 

(βCD) and poly(ethylene glycol) (PEG). Cyclic RGD peptide, used as a tumor targeting ligand, 

was then selectively conjugated onto the distal ends of the PEG arms. The resulting βCD-

PAMAM-PEG-cRGD polymer was able to form stable and uniform nanoparticles (NPs) in 

aqueous solution. Doxorubicin (Dox), a model hydrophobic anticancer drug, was effectively 

encapsulated in the NPs via an inclusion complex formed between the drug and βCD. The Dox 

loading level was 16.8 wt%. The cellular uptake of cRGD-conjugated Dox-loaded NPs in the 

U87MG cell line was much higher than that of non-targeted NPs. Furthermore, the anti-

proliferative effect of the cRGD-conjugated NPs was superior to that of free drug and non-targeted 

NPs. These results suggest that NPs formed by βCD-PAMAM-PEG-cRGD with a high drug 

payload may significantly improve the anticancer efficacy by tumor-targeted delivery and 

enhanced cellular uptake.
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1. Introduction

The success of chemotherapy depends on the drug and its dosage, as well as how effectively 

it is delivered to the target cells. Many anticancer drugs, due to their nonspecific action, 

often elicit toxicity to normal tissue even under optimal conditions. To a large extent, this 

issue can be addressed by precise targeting of anticancer drugs to cancer cells. Over the past 

several decades, various nanoplatforms have been explored for tumor-targeted drug delivery 

utilizing the unique enhanced permeation and retention (EPR) effect exhibited by solid 
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tumors [1-6]. In addition to tumor-targeted drug delivery, nanomedicine also provides a 

number of other advantages including controlled drug release at the target site [7-9].

Polyamidoamine dendrimers (PAMAM) have been extensively investigated for drug/gene 

delivery due to their unique nanoscale architecture and multifunctionality [10-13]. However, 

previous studies have found that high generation PAMAM with NH2 terminal groups are 

associated with cytotoxicity, hemolysis, and liver toxicity, which limit their biomedical 

applications [14,15]. To enhance the biocompatibility and reduce the toxicity of PAMAM-

(NH2)n, different approaches have been put forward to passivate the NH2 terminal groups, 

including acetylation and PEGylation [16-18]. PEGylation has been more widely studied 

because in addition to reduced cytotoxicity, PEGylation also sterically shields the 

nanocarriers from opsonization thereby increasing their circulation time in the bloodstream 

and consequently enhancing the in vivo tumor accumulation of the therapeutic agent via the 

EPR effect [19-27]. However, the extent of passive tumor-targeting alone via the EPR effect 

is often limited [28-29]. It has been demonstrated that PEGylated nanocarriers modified 

using active tumor targeting ligands specific to receptors overexpressed in cancer cells can 

further enhance the in vivo tumor accumulation of nanocarriers [30-36]. αvβ3 integrin plays 

a pivotal role in the regulation of angiogenesis of many types of solid tumors including 

glioblastoma, melanoma, breast, prostate, and ovarian cancer [37-38]. αvβ3 integrin is also 

often upregulated in tumors following radiotherapy [39,40]. The high-affinity interaction 

between synthetic cyclic arginine–glycine–aspartic acid sequences (cRGDs) containing 

peptides (e.g., cRGDyK, cRGDfK, cRGDfC, etc.) and integrin αvβ3 has led to extensive 

interest in utilizing cRGD peptides in cancer targeting therapies [41-42]. Several studies 

have demonstrated that PAMAM dendrimer-cRGD conjugates could enhance the delivery of 

imaging agents to targeted carcinoma cells [43-44].

Another common limitation associated with dendrimers including PAMAM is its relatively 

small size making it difficult to encapsulate a large amount of payload. Meanwhile, 

cyclodextrins (CDs) have been studied extensively in the field of controlled drug delivery 

[45]. CDs are cyclic oligosaccharides consisting of α-D-glucose units connected through 

(1→4) linkages leading to the shape of truncated cones. As a consequence of this peculiar 

structure, CD features a conical cavity that is essentially hydrophobic in nature. The cavity 

provides a hydrophobic microenvironment which attracts suitably sized hydrophobic drug 

molecules and stabilizes them through the formation of inclusion complexes [46-47]. The 

formation of CD guest inclusion complexes in aqueous media has been the basis for most of 

the biomedical and pharmaceutical applications of CDs [48]. Reports show that CD 

complexed doxorubicin (Dox) exhibits anti-proliferative activities superior to those of free 

Dox due to higher cellular uptake [49-50]. Recently, Okamatsu et al. demonstrated folate-

appended βCD as a potent nanocarrier for Dox, both in vitro and in vivo [51].

In the present study, we report a cRGD-conjugated polymer NP formed by direct chemical 

conjugation of PEG and βCD onto fifth generation PAMAM dendrimers with NH2 surface 

terminals (PAMAM-G5). The drug loading efficacy and drug release profiles of the 

multifunctional NP were evaluated using Dox as a model hydrophobic drug. The effect of 

cRGD (Cyclo(Arg-Gly-Asp-D-Phe-Cys)) cancer cell targeting on the cellular uptake of the 

βCD-PAMAM-PEG NPs was studied using a human primary glioblastoma cell line 
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(U87MG). The non-toxic nature of the empty NPs and the targeted cytotoxic effect of the 

Dox-loaded NPs toward U87MG cells were also demonstrated.

2. Materials and Methods

2.1 Materials

Polyamidoamine dendrimer (PAMAM-G5, 128 terminal amino groups, Mn 28,826 Da) was 

purchased from Dentritech, (Midland, MI, USA). Carboxymethyl-β-cyclodextrin sodium 

salt, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide 

(NHS), triethyl-amine (TEA), and paraformaldehyde were purchased from Sigma–Aldrich 

(Milwaukee, WI, USA) and were used without further purification. Cyclo (Arg-Gly-Asp-D-

Phe-Cys) (c(RGDfC) peptide was purchased from Peptides International (Louisville, Ky, 

USA). The heterobifunctional PEG derivatives, maleimide-PEG-COOH (PEG-Mal) (Mw: 

5000 Da) and (OCH3)-PEG-COOH (Mw: 5000 Da), were acquired from JenKem 

Technology (Allen, TX, USA). Doxo-rubicin hydrochloride (Dox· HCl) was purchased from 

Beijing Mesochem Technology Co., Ltd. (Beijing, Beijing, China). Dulbecco's modified 

eagle medium (DMEM) with a high glucose content, 4’,6-diamidino-2-phenylindol, 

dihydrochloride (DAPI), Stempro Accutase, and anti-biotic penicillin–streptomycin were 

purchased from Life Technologies (Grand Island, NY, USA). Fetal bovine serum (FBS) and 

3-(4,5- Dimethylthiazol-2yl)-2,5, diphenyltetrazolium bromide (MTT reagent) were 

purchased from Sigma–Aldrich (Milwaukee, WI, USA). U87MG human glioblastoma cells 

expressing high levels of integrin αvβ3 were purchased from ATCC and cultured in DMEM 

supplemented with 10% FBS and 1% penicillin–streptomycin. Ultrapure water (18.2 MΩ·cm 

resistivity) was obtained from a Milli-Q water purification system and was used for all 

reactions and purification processes.

2.2 Synthesis of β-Cyclodextrin-Conjugated PAMAM (βCD-PAMAM)

Carboxymethyl-β-cyclodextrin (57.31 mg, 41.62 μmol) was dissolved in 2 mL of phosphate 

buffered saline (PBS) with a pH of 7.4 and stirred well with equimolar amounts of EDC 

(41.62 μmol, 6.46 mg) and NHS (41.62 μmol, 4.79 mg). This reaction was allowed to occur 

for 8 h in order to activate the carboxyl group of βCD. PAMAM (50 mg, 1.734 μmol) was 

added to the reaction mixture and stirred well at room temperature (RT) for 24 h. The 

reaction mixture was then dialyzed against deionized water for 48 h and lyophilized to 

obtain β-cyclodextrin conjugated PAMAM (βCD-PAMAM).

2.3 PEGylation of PAMAM-βCD

NHS ester of PEG-Maleimide (PEG-Mal) (241 mg, 48.19 μmol) and methoxy PEG-

succynimydyl carboxymethyl ester (572 mg, 114.46 μmol) were added to PAMAM-βCD (50 

mg, 1.255 μmol) in 5 mL of PBS. The reaction mixture was stirred at RT for 24 h and 

dialyzed against deionized water for 48 h. It was subsequently lyophilized to obtain 

PEGylated PAMAM-βCD (βCD-PAMAM-PEG-Mal/OCH3).

2.4 Synthesis of cRGD Modified βCD-PAMAM-PEG-Mal/OCH3

cRGD (5.8 mg, 10.09 μmol) was added to βCD-PAMAM-PEG-Mal/OCH3 (100 mg, 0.263 

μmol) in 5 mL PBS . The reaction mixture was stirred well at RT under a nitrogen 
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atmosphere for 6 h. It was then dialyzed against deionized water for 48 h and lyophilized to 

obtain cRGD-modified βCD-PAMAM-PEG, abbreviated as (βCD-PAMAM-PEG-cRGD).

2.5 In Vitro Drug Loading

Doxorubicin hydrochloride (50 mg, 86.2 μmol) was stirred with 2 molar equivalents of 

triethylamine (17.45 mg, 172.4 μmol) in 500 μL DMSO for 4 h at RT to obtain hydrophobic 

Dox. Next, 100 mg of the resulting polymer was dissolved in 4.5 mL water and stirred well 

at RT. Hydrophobic Dox in DMSO was added to the polymer/water solution drop by drop. 

The resulting solution was stirred for 24 h at RT. The reaction mixture was dialyzed against 

water using a dialysis membrane (molecular weight cutoff (MWCO) of 10 KDa) for 16 h 

and kept for freeze drying.

2.6 Characterization
1H NMR spectra of all intermediate and final polymer products were recorded at 25 °C on a 

Bruker DPX 300 spectrometer using D2O as the solvent. The molecular weights of the 

polymers were determined by NMR spectra. The hydrodynamic size and size distribution of 

the polymer NPs were determined by dynamic light scattering (DLS) (ZetaSizer Nano ZS90, 

Malvern Instrument, USA) at a polymer concentration of 0.1 mg/ml. The morphology and 

size of the dried polymer NPs were characterized using a transmission electron microscopy 

(TEM) (LEO912-OMEGA, Zeiss, Germany). To prepare the TEM sample, a drop of NP 

solution (0.1 mg/ml) containing 1 wt.% of phosphotungstic acid was deposited onto a 200 

mesh carbon-coated copper grid and dried at RT. The Dox loading level in the polymer NP 

was measured using a Varian Cary 300 Bio UV visible spectrophotometer based on the 

absorbance of Dox at 485 nm. Dox was extracted from the NP solution in methanol (10 mg/

mL). After the methanol was evaporated, Dox was dissolved in 3 mL of water containing 

0.01N HCl. The Dox concentration in each sample was calculated based on an established 

calibration curve obtained using various concentrations of Dox.

2.7 In Vitro Drug Release Kinetics

Drug release studies were performed at 37 °C in acetate buffer (pH 5.3) and phosphate 

buffer (pH 7.4). 50 mg of Dox-loaded NPs were dispersed in 5 ml of medium and placed in 

a dialysis bag (MWCO 2 KDa). The dialysis bag was immersed in 50 ml of the release 

medium and kept in a horizontal laboratory shaker (100 rpm) under constant temperature. 

Samples of 2 ml volume were periodically removed and the same volume of fresh medium 

was added. The amount of released Dox was analyzed with a spectrophotometer at 485 nm. 

The drug release studies were performed in triplicate for each sample.

2.8 Cellular Uptake Study

The cellular uptake behavior and intracellular distribution of Dox-loaded NPs were analyzed 

using both flow cytometry and confocal laser scanning microscopy (CLSM). For flow 

cytometry, U87MG cells were seeded on 6-well culture plates and cultured in DMEM (10% 

FBS, 1% penicillin–streptomycin) for 48 hours. Cells were then incubated with free Dox, 

Dox-loaded targeted (i.e., cRGD-conjugated) NPs, and Dox-loaded non-targeted NPs (all 

having a Dox concentration of 10 μg/mL) in DMEM (2% FBS, 1% penicillin–streptomycin) 
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for 2 h. Subsequently, the cells were washed and suspended in PBS using Accutase. The 

intracellular Dox fluorescence was analyzed using a BD Accuri C6 Sampler Flow 

Cytometer (BD, Franklin Lakes, NJ, USA). For CLSM studies, U87MG cells were seeded 

onto 4-well glass-bottom chamber slides and cultured in DMEM (10% FBS, 1% penicillin–

streptomycin) for 48 h. Cells were incubated with Dox, Dox-loaded targeted NPs, and Dox-

loaded non-targeted NPs (all having a Dox concentration of 10 μg/mL) for 2 h. After 

incubation, the cells were washed with PBS and fixed using 4% PFA. The cells were then 

imaged with a Nikon A1R-Si confocal laser scanning microscope and images were acquired 

using NIS-Elements Software (Nikon, Chiyoda, Tokyo, Japan).

2.9 Cytotoxicity Assay

The in vitro cytotoxicity of pure Dox, Dox-loaded targeted NPs, and Dox-loaded non-

targeted NPs to U87MG cells were characterized using the MTT assay. First, U87MG cells 

were seeded in 96-well culture plates and incubated for 48 h in DMEM (10% FBS, 1% 

penicillin–streptomycin). The cells were then incubated with Dox, Dox-loaded targeted NPs, 

and Dox-loaded non-targeted NPs at different Dox concentrations (5, 10, and 20 μg/mL) for 

48 h. After 48 h of incubation, 0.2 mL MTT solution in DMEM (0.5mg/mL) was added and 

incubated for 4 h at 37 °C. After removing the media, 100 μL of DMSO was added to each 

well, and the plate was incubated on an orbital shaker for 30 min at RT. An absorbance at 

570 nm was measured using a Promega Glo-Max Multi Detection System (Promega, 

Madison, WI, USA) microplate reader. The in vitro cytotoxicity of the empty targeted and 

non-targeted NPs (30 μg/mL, 60 μg/mL, and 120 μg/mL) were also evaluated by the same 

method as explained above. All cytotoxicity values were normalized to an untreated control.

3. Results and Discussion

3.1 Synthesis and Characterization of cRGD-Conjugated βCD-PAMAM-PEG NPs

Figure 1 (A) shows a schematic of the cRGD-conjugated βCD-PAMAM-PEG NPs. A multi-

arm βCD-PAMAM-PEG polymer was synthesized by covalently conjugating both β-

cyclodextrin (βCD) and PEG onto the PAMAM dendrimer (G5) core having 128 NH2 

terminal groups. Here βCD was used to encapsulate hydrophobic drugs such as Dox into the 

resulting polymer NP via the formation of inclusion complexes thereby increasing the 

aqueous solubility and subsequent bioavailability of Dox at tumor sites.

The PEG arms serve to mask the positive surface charge on PAMAM thus reducing 

cytotoxicity. Furthermore, the hydrophilic PEG shell can reduce the opsonization of the NPs 

during circulation in the bloodstream and enhance both their plasma circulation time and in 

vivo tumor accumulation. Finally, a tumor-targeting ligand, i.e., cRGD, was selectively 

conjugated onto the terminal ends of the PEG via click chemistry (reaction between the Mal 

group on PEG and the SH group on cRGD). A schematic representation of the preparation 

of cRGD-conjugated βCD-PAMAM-PEG is shown in Figure 1 (B).

Each intermediate product during the synthesis of the βCD-PAMAM-PEG-cRGD polymer 

was confirmed by NMR spectra (Figure 2). Carboxymethyl β-cyclodextrin was conjugated 

onto the NH2 terminated PAMAM via an amidation reaction between the carboxyl group of 

carboxymethyl β-cyclodextrin and the terminal primary amine group of PAMAM. 
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Conjugation of βCD onto PAMAM was confirmed by the NMR peaks located at 5.16 ppm, 

3.76 ppm, and 3.51 ppm attributed to Ha, Hc, and Hb, respectively (Figure 2A) [52-53]. 

According to the 1H NMR spectrum, the number of βCD molecules conjugated onto 

PAMAM was calculated to be around 8. This calculation was based on the relative intensity 

ratio of the peaks at (a) 5.16 ppm and 2.74 ppm (Figure 3A) corresponding to the anomeric 

hydrogen in the cyclodextrin ring and the methylene group (N-CH2-CH2-NH2) of PAMAM, 

respectively. The remaining NH2 terminals of PAMAM (G5) were conjugated with either 

(Mal)-terminal PEG or (OCH3)-terminal PEG. In the NMR spectrum, the peak at 3.59 ppm 

was attributed to the (CH2–CH2–O) group of PEG. According to the 1H NMR spectrum 

(Figure 2B), the number of PEG molecules conjugated onto PAMAM was calculated to be 

about 43. This calculation was based on the relative intensity ratio of the peaks at 3.59 ppm 

and 2.4 ppm (Figure 2B) corresponding to the methylene group (CH2–CH2–O) of PEG and 

the methylene group (CH2–CH2–CO–NH) of PAMAM, respectively. The presence of the 

Mal group in the resulting βCD-PAMAM-PEG-Mal/OCH3 polymer was confirmed from the 

peak at 6.77 ppm (Figure 2B).[54] Peak intensities at 3.59 ppm and 6.77 ppm, corresponding 

to the methylene group (CH2–CH2–O) of PEG and the methylene group of (–CH=CH–) 

maleimide (Mal), respectively, were used for calculating the total percentage of Mal groups 

in the multi-arm βCD-PAMAM-PEG-Mal/OCH3 polymer. Among the 43 PEG molecules 

confirmed to be conjugated to PAMAM, 23 were Mal-terminated. Finally, the cRGD 

molecules, used as the tumor-targeting ligands, were conjugated via a nucleophillic addition 

reaction between the Mal group on PEG and the thiol group on the targeting ligand. cRGD 

peaks on the NP were confirmed based on the NMR peaks located at 7.13 to 7.32ppm 

(Figure 2C), corresponding to the aromatic region of the phenyl group of the cRGD peptides 

[55].

Characterization of Dox-loaded βCD-PAMAM-PEG-cRGD NPs—Dox-loaded 

multi-arm βCD-PAMAM-PEG-cRGD polymer formed stable spherical NPs. The central 

cavity in the βCD provided a hydrophobic microenvironment capable of loading suitably 

sized hydrophobic drug molecules (e.g., Dox), effectively stabilizing them through the 

formation of inclusion complexes via hydrophobic-hydrophobic interaction, thus enhancing 

the aqueous solubility of Dox [56]. The amount of Dox encapsulated in the NPs was quite 

high at 16.8 wt %. In addition to the formation of Dox-βCD inclusion complexes, the 

physical entrapment of Dox in the PAMAM core via H-bonding may also have contributed 

to the high level of Dox loading in the NPs. A number of PAMAM-based NPs have been 

studied for enhanced bioavailability of Dox for targeted drug delivery [57-59]. For instance, 

Guo et al. demonstrated a Dox loading of 13.8 wt% for dendritic amphiphilic block 

copolymer PAMAM-PLA-b-PEG-TRC105 [57]. In another study Sun et al. reported a Dox 

loading level up to 15.6 wt% for Janus-type dendritic PAMAM amphiphiles [58]. It is well 

known that the morphology and stability of drug nanocarriers play an important role in the 

cellular internalization process as well as their in vivo performance. As the NPs were formed 

by individual multi-arm water-soluble βCD-PAMAM-PEG-cRGD polymers formed by 

covalent bonds, they are expected to have excellent in vivo stability. Unlike drug 

nanocarriers formed by self-assembly of multiple amphiphilic molecules such as liposomes, 

polymer micelles, and/or polymer vesicles these NPs are much less sensitive to various in 

vivo factors such as dilution, flow stress, and interaction with blood components. Particle 
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size and size distribution studies of the βCD-PAMAM-PEG-cRGD NPs confirmed their 

stability in aqueous solution after one month of storage in a 4°C refrigerator. Figure 3A 

shows the size distribution histogram of the NPs measured at a concentration of 0.1 mg/mL 

with an average hydrodynamic diameter of 79 nm. Figure 3B shows a TEM image of 

spherically shaped NPs with diameters ranging from 35 to 54 nm.

3.2 In Vitro Drug Release Kinetics

The in vitro release kinetics of Dox incorporated into NPs were studied at two pH levels at 

37 °C to examine the drug release behaviour. NPs are typically taken up by cancer cells via 

endocytosis and it is known that the endocytic compartments (e.g., endosomes and 

lysosomes) are more acidic (pH, 6.5 to 4.3) than the intracellular cytosol and extracellular 

space. As such, phosphate buffered saline (pH 7.4) and acetate buffer (pH 5.3) were used to 

model the pH of blood and the endocytic compartments of the cancer cells, respectively. As 

shown in Figure 4, at a pH of 5.3, the NPs released Dox much faster than at a pH of 7.4. At a 

pH of 7.4, 19% of the total Dox was released after 8 h, and it was increased to 44% after 96 

h. However, at a pH of 5.3, 62 % of the Dox was released after 8 h and 97% was released 

after 96 h. These results demonstrate that Dox-loaded NPs exhibited a pH-dependent in vitro 

release behavior, whereby a much faster release of Dox took place at an acidic pH of 5.3 

than at a physiologic pH of 7.4. It may be attributed to the protonation of Dox in the acid 

condition since the protonation of Dox will weaken the hydrophobic-hydrophobic 

interaction in the inclusion complex [βCD-Dox] and release the Dox. In fact, Dox exhibited 

a pH-dependent release behaviour when it is encapsulated in other types of drug 

nanocarriers likely due to the same reason [57, 60-63]. Given the significantly higher drug 

release from NPs at a low pH, this nanoplatform poses less off-target threats to healthy cells 

and is suitable for intravenous injection [64]. Specifically, the pH-sensitive Dox-loaded NPs 

lose less drug payload during circulation in the blood stream (pH 7.4), but provide a 

desirable level of drug to effectively kill cancer cells once the NPs are internalized [65-66].

3.3 Effects of cRGD Targeting Ligands on the Cellular Uptake of NPs

Flow cytometry and confocal laser scanning microscopy (CLSM) were used to evaluate the 

cellular uptake behaviour of NPs against αvβ3 receptor-positive U87MG cells. Figure 5 (A), 

(B) and (C) shows the CLSM images of U87MG cells incubated with free Dox, Dox-loaded 

targeted (cRGD-conjugated) NPs, and non-targeted NPs for 4 h. The Dox concentration 

used for this study was 10 μg/mL. Based on the Dox fluorescence intensity (green), the level 

of cellular uptake decreased in the following order: free Dox, Dox-loaded targeted NPs, and 

Dox-loaded non-target NPs. This was consistent with the MTT assay results and the flow 

cytometry findings to be discussed later. The enhanced cellular uptake exhibited by cRGD-

conjugated NPs compared to non-targeted ones is attributed to receptor-mediated 

endocytosis [67-68]. CLSM images also show the intracellular localization of Dox in 

U87MG cells, clearly showing the nuclear and perinuclear localization of the targeted NPs.

Figure 5 (D) shows the quantitative flow cytometry analysis data after the U87MG cells 

were incubated with free Dox, Dox-loaded targeted NPs, and non-targeted NPs for 4 h. Cells 

without any treatment were used as a negative control. Consistent with what was observed 

by CLSM, the flow cytometry data clearly showed that targeted NPs were taken up by the 
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U87MG cells much more efficiently than non-targeted ones. However, free Dox showed a 

slightly higher cellular uptake than targeted NPs. This is likely due to the fact that small 

molecule drugs like Dox can efficiently diffuse into the cells through the plasma membrane.

3.4 Cytotoxicity Studies

The effects of empty NPs, free Dox, Dox-loaded targeted NPs, and non-targeted NPs on the 

proliferative ability of U87MG cells 48 h post-treatment are shown in Figure 6. Empty (i.e., 

without Dox) targeted and non-targeted NPs (up to 120 μg/mL) did not induce significant 

changes in cell proliferation compared to the control (U87MG cells treated with media 

only), suggesting that these biocompatible NPs are suitable for drug delivery applications 

(Figure 6A). Dose-dependent cytotoxicity was observed with cells treated with free Dox and 

Dox-loaded targeted and non-targeted NPs (Figure 6B). At lower Dox concentrations, 

targeted NPs exhibited similar cytotoxicity to free Dox; however, at higher Dox 

concentrations, targeted NPs showed higher cytotoxicity than free Dox. For example, at 20 

μg/mL, Dox-loaded targeted NPs showed ~77% cell inhibition, while free Dox had only 

~55% cell inhibition. In addition, although free Dox exhibited high levels of cytotoxicity in 

vitro, it does not have any in vivo tumor-targeting ability. Finally, Dox-loaded non-targeted 

NPs exhibited the lowest cytotoxicity among the three samples tested at all concentrations, 

likely due to the low cellular uptake as demonstrated by both flow cytometry and CLSM.

Conclusions—cRGD-conjugated stable NPs made of multi-arm βCD-PAMAM-PEG 

polymers were synthesized and characterized. These NPs had a high encapsulation capacity 

for small hydrophobic drugs (e.g., 16.8 wt.% Dox). In vitro time-lapse diffusion analyses 

showed that the Dox-loaded NPs exhibited a pH-sensitive drug release behaviour desirable 

for targeted cancer therapy. According to flow cytometry and CLSM analyses, cRGD-

conjugated NPs exhibited higher cellular uptake in U87MG cells, likely due to cRGD 

receptor-mediated endocytosis, resulting in higher cytotoxicity. Moreover, empty NPs were 

found to be minimally cytotoxic at high concentrations. Therefore, these unique NPs formed 

by individual multi-arm polymer molecules exhibit many desirable characteristics as 

promising drug nanocarriers for targeted cancer therapy.
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Highlights

• Multifunctional drug nanocarriers were synthesized using poly(amido amine) 

(PAMAM), carboxymethyl-β-cyclodextrin (βCD), poly(ethylene glycol) (PEG) 

and cyclic RGD peptide.

• Doxorubicin (Dox), a model hydrophobic anticancer drug, was effectively 

encapsulated in the nanoparticles via an inclusion complex formed between the 

drug and βCD.

• The cellular uptake of cRGD-conjugated Dox-loaded nanopartilces in the 

U87MG cell line was much higher than that of non-targeted nanoparticles.

• The anti-proliferative effect of the cRGD-conjugated nanoparticles was superior 

to that of free drug and non-targeted nanoparticles.
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Figure 1. 
(A) Schematic representation of multifunctional βCD-PAMAM-PEG-cRGD nanocarriers. 

(B) Schematic representation of the synthesis of cRGD-conjugated βCD-PAMAM-PEG 

NPs.
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Figure 2. 
NMR spectra of (A) βCD-PAMAM, (B) βCD-PAMAM-PEG-Mal/OCH3, and (C) βCD-

PAMAM-PEG-cRGD/OCH3.
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Figure 3. 
(A) Size distribution of NPs as measured by DLS, and (B) morphology and size of NPs as 

measured by TEM.
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Figure 4. 
In vitro drug release profiles of Dox-loaded βCD-PAMAM-PEG-cRGD NPs at pH 7.4 and 

pH 5.3, respectively. Error bars are standard deviation (SD) with n=3.
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Figure 5. 
Cellular uptake study of the (A) free dox (B) non-targeted Dox (C) targeted Dox in U87MG 

cells using CLSM (D) Cellular uptake study of targeted and non-targeted NPs in U87MG 

cells using flow cytometry.
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Figure 6. 
Cell viability of (A) empty (i.e., without Dox) targeted and non-targeted NPs, and (B) free 

Dox and Dox-loaded targeted and non-targeted NPs. Error bars are standard deviation (SD) 

with n=3. (*statistically significant at p<0.05).
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