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Abstract: 

Development of multifunctional nanoscale drug delivery systems for targeted cancer therapy still 

remains a great challenge. Here we report the synthesis of cyclic arginine-glycine-aspartic acid 

(RGD) peptide-conjugated generation 5 (G5) poly(amidoamine) dendrimers for anticancer drug 

encapsulation and targeted therapy of cancer cells overexpressing αvβ3 integrins. In this study, 

amine-terminated G5 dendrimers were used as a platform to be sequentially modified with 

fluorescein isothiocyanate (FI) via a thiourea linkage and RGD peptide via a polyethylene glycol 

(PEG) spacer, followed by acetylation of the remaining dendrimer terminal amines. The developed 

multifunctional dendrimer platform (G5.NHAc-FI-PEG-RGD) was then used to encapsulate an 

anticancer drug doxorubicin (DOX). We show that approximately 6 DOX molecules are able to be 

encapsulated within each dendrimer platform. The formed complexes are water soluble, stable, and 

able to release DOX in a sustained manner. One-dimensional and two-dimensional NMR techniques 

were applied to investigate the interaction between dendrimers and DOX, and the impact of the 

environmental pH on the release rate of DOX from the dendrimer/DOX complexes was also 

explored. Furthermore, cell biological studies demonstrate that the encapsulation of DOX within the 

G5.NHAc-FI-PEG-RGD dendrimers does not compromise the anticancer activity of DOX, and that 

the therapeutic efficacy of the dendrimer/DOX complexes is solely related to the encapsulated DOX 

drug. Importantly, thanks to the role played by RGD-mediated targeting, the developed 

dendrimer/drug complexes are able to specifically target αvβ3 integrin-overexpressing cancer cells 

and display specific therapeutic efficacy to the target cells. The developed RGD peptide-targeted 

multifunctional dendrimers may thus be used as a versatile platform for targeted therapy of different 

types of αvβ3 integrin-overexpressing cancer cells.

Keywords: dendrimers; RGD peptide; doxorubicin; host-guest interaction; targeted cancer 

therapy.
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1. Introduction

The past decades have seen an increasing interest in the use of various nanoparticulate systems 

for therapeutics (drug and gene delivery) [1-6], diagnostics [7-10], and the combination of both 

therapeutics and diagnostics (theranostics) [11-13]. In particular, the use of nanoparticles (NPs) as a 

drug carrier is able to overcome some of the current drawbacks of conventional cancer 

chemotherapy by improving the water solubility and thus the bioavailability of the drug, by

improving the specificity of the drug via either enhanced permeability and retention (EPR)-based 

passive targeting [14] or active targeting pathway through ligand-receptor interaction [12, 15-17], 

and by facilitating a controlled release of the drug [18-21].

Among the many investigated nanoscale drug delivery systems, dendrimers, a class of highly 

branched, monodispersed, and synthetic macromolecules with well-defined structure and 

composition [22, 23], have received a myriad of interest. Dendrimers are sufficiently small in size 

(e.g., the diameter of a generation 5 (G5) poly(amidoamine) (PAMAM) dendrimer is 5.4 nm), 

rendering them with the ability to pass through the renal filter [1], thereby eliminating the need for 

them to be biodegradable. The surface of dendrimers can be covalently modified with targeting 

ligands, imaging agents, and anticancer drugs for simultaneous targeting, imaging, and therapeutic 

treatment of cancer cells [23-27]. Alternatively, the internal cavities of dendrimers can be used as a 

host to encapsulate guest molecules [2, 3, 28, 29]. In addition, the terminal groups of dendrimers can 

also be modulated to avoid issues of toxicity and nonspecific cell membrane binding. For example, 

acetylation [8, 30-32] and carboxylation [33] of dendrimers with amine termini can significantly 

improve the biocompatibility of dendrimers. Besides, full or partial PEGylation (PEG refers to 
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poly(ethylene glycol)) of dendrimers can effectively prolong their blood stream circulation and also 

improve their biocompatibility [9, 34-37].

    Doxorubicin (DOX) is an anticancer drug widely used in the treatment of hematological 

malignancies, many types of carcinoma, and soft tissue sarcomas [38-40]. Similar to other 

conventional anticancer drugs, free DOX is water-insoluble, cytotoxic to normal cells or tissues, and 

can be easily cleared by the blood stream [2], thereby limiting its clinical applications. As a 

consequence, it may be advantageous to use dendrimers as DOX carriers [41]. It has been shown 

that DOX can be either encapsulated within dendrimers via physical encapsulation/complexation [2, 

42] or conjugated onto the surface of dendrimers via a covalent linkage [43-46]. Each method has its

own advantages and drawbacks. For instance, the former approach is relatively simple but the 

stability of the dendrimer/drug complexes in vivo could be a challenging issue [47, 48]. The latter 

approach involves a covalent attachment of the drug onto the dendrimer surface, which offers stable 

dendrimer-drug conjugates. However, the conjugation process usually requires multi-step organic 

reactions and the linkage has to be carefully chosen since the drug molecules have to be cleaved and 

released under specific biological conditions [25, 49].

Recently, we have shown that G5 PAMAM dendrimers (with acetyl termini) covalently linked 

with fluorescein isothiocyanate (FI) and folic acid (FA) are able to physically encapsulate DOX for 

targeted delivery to cancer cells overexpressing FA receptors [2]. In our another study, we 

demonstrated the use of 1H NMR, two-dimensional (2D) nuclear Overhauser enhancement 

spectroscopy (NOESY), and diffusion-ordered spectroscopy (DOSY) techniques to investigate the 

host-guest interactions of dendrimer/DOX complexes in order to delineate the drug release 

mechanism [42]. With the ability of dendrimers to be covalently linked with other targeting ligands 
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such as hyaluronic acid [50], monoclonal antibodies [51], and peptides [52, 53], it is logical to 

design multifunctional dendrimer-based drug delivery systems modified with other types of targeting 

ligands. In particular, as one of the most studied ligands, arginine-glycine-aspartic acid (RGD) 

peptide has been conjugated onto the surface of dendrimers to target αvβ3 integrin-overexpressing 

cancer cells [54, 55]. Although DOX has been covalently linked to the surface of RGD-modified 

PAMAM dendrimer conjugate via an acid-sensitive cis-aconityl linkage for targeted therapy of 

murine B16 melanoma [56], few studies are related to the use of RGD-conjugated dendrimers as a 

platform to physically encapsulate DOX for targeted cancer therapy applications. In addition, the use 

of advanced NMR techniques to explore the host-guest interaction between RGD-conjugated 

dendrimers and DOX has not been reported in the literature.

In this present study, we synthesized a multifunctional G5 dendrimer platform by sequential 

modification of FI and PEGylated RGD, followed by acetylation of the remaining dendrimer 

terminal amines to form multifunctional G5.NHAc-FI-PEG-RGD dendrimers. The formed 

dendrimer platform was used to physically encapsulate DOX (Figure 1). The encapsulation 

efficiency, release kinetics, and targeted inhibition of integrin αvβ3-overexpressing cancer cells were 

systematically investigated. The host-guest interactions of the G5.NHAc-FI-PEG-RGD/DOX 

complexes were investigated by multiple NMR techniques in order to delineate the release 

mechanism of the encapsulated DOX. To our knowledge, this is the first report related to the use of 

multifunctional RGD-modified G5 dendrimers as a platform to physically encapsulate DOX for 

targeted cancer therapy applications.

2. Results and discussion
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2.1. Synthesis and characterization of the G5.NHAc-FI-PEG-RGD dendrimers

G5 PAMAM dendrimers were selected for the synthesis of multifunctional drug carriers due to 

their relative small size (5.4 nm, comparable to hemoglobin) and numerous terminal amine groups 

that can be modified with different functionalities [57, 58]. To enable the dendrimer carrier to be 

tracked within the cells via fluorescence microscopy, FI was covalently attached to the dendrimer

surface. Then, the FI-modified dendrimers were covalently attached with RGD peptide via a PEG 

spacer to target cancer cells overexpressing integrin v3 [59]. The used PEG spacer is crucial to 

improve the targeting specificity of ligand-functionalized dendrimers to cancer cells [60, 61]. Finally, 

the remaining dendrimer terminal amines were acetylated not only to improve the biocompatibility 

of the dendrimers, but also to minimize their non-specific binding to cell membranes. The overall 

synthesis process is illustrated in Figure 1. 

The chemical structure of each dendrimer product and intermediate was characterized by 1H 

NMR spectroscopy. The G5 dendrimer was first linked with FI via a thiourea linkage to form the 

G5.NH2-FI conjugate, which was confirmed by the appearance of a characteristic peak at 3.75 ppm

in the 1H NMR spectrum (Figure S1, Supporting Information). By comparison of the NMR 

integration of the aromatic proton peaks at 6.5 and 7.1 ppm for FI and the methylene protons of the 

G5 dendrimer, the number of FI moieties attached onto each dendrimer was estimated to be 10.0.

Before covalently linking the RGD moieties onto the dendrimer surface, PEGylated RGD with the 

other end of carboxyl group was synthesized. Through the NMR integration of the RGD-associated 

aromatic proton peaks at 7.3 and 7.4 ppm and the PEG methylene proton at 3.7 ppm (Figure S2, 

Supporting Information), the number of RGD moieties linked to each PEG molecule was estimated 

to be 0.3.
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The PEGylated RGD was then conjugated onto the surface of the G5.NH2-FI dendrimer, 

followed by acetylation of the remaining dendrimer terminal amines. Figure 2 shows the 1H NMR 

spectrum and peak assignments of the final G5.NHAc-FI-PEG-RGD conjugate. The characteristic 

PEG methylene proton peak at 3.6 ppm, the overlapped proton signals in the aromatic region for

both FI and the phenyl ring of RGD, and the overlapped aliphatic proton signals of the dendrimer 

and the RGD peptide can be clearly seen. After the final acetylation step, a new peak at 1.87 ppm 

was detected in the 1H NMR spectrum, which can be assigned to the -CH3 protons of the acetyl 

groups. The emergence of this peak is indicative of the conversion of the remaining dendrimer 

terminal amines to acetamides, in agreement with the data in the literature [3]. Based on the 

integration of the relevant peaks in the 1H NMR spectrum in Figure 2, the number of 

HOOC-PEG-RGD attached onto each G5 dendrimer was estimated to be 12.0. Consequently, the 

practical number of RGD peptides attached onto each G5 dendrimer was calculated to be 4.0. 

According to the literature [62], 2-3 RGD peptides attached onto each dendrimer are sufficient to 

effectively target cancer cells via ligand-receptor interaction.

UV-vis spectroscopy was also used to characterize the synthesized G5.NHAc-FI-PEG-RGD 

conjugate (Figure S3, Supporting Information). For comparison, UV-vis spectra of 

HOOC-PEG-RGD and G5.NH2-FI were also included. HOOC-PEG-RGD shows a characteristic 

shoulder at around 275 nm, in agreement with the literature [62]. In contrast to the G5.NH2-FI 

conjugate that just shows a characteristic FI-associated peak at 500 nm, the G5.NHAc-FI-PEG-RGD 

conjugate displays absorption features related to both FI absorption at 500 nm and RGD absorption 

at around 275 nm.

2.2. Encapsulation of DOX within the G5.NHAc-FI-PEG-RGD dendrimers
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The neutralization of DOX·HCl to form hydrophobic DOX rendered it to be efficiently

encapsulated within the relatively hydrophobic interior of the G5.NHAc-FI-PEG-RGD dendrimers. 

The formed G5.NHAc-FI-PEG-RGD/DOX complexes were characterized by UV-vis spectroscopy 

(Figure 3). The UV-vis spectra of free DOX dissolved in ethanol and the DOX-free 

G5.NHAc-FI-PEG-RGD dendrimers were also recorded for comparison. It is clear that free DOX 

shows a strong absorption peak at 481 nm. After DOX encapsulation, the 

G5.NHAc-FI-PEG-RGD/DOX complexes have an absorption enhancement at 481 nm when 

compared with the G5.NHAc-FI-PEG-RGD dendrimers without DOX under a similar dendrimer 

concentration. This indicates that DOX has been successfully encapsulated within the 

G5.NHAc-FI-PEG-RGD dendrimers. The number of DOX molecules encapsulated within each 

G5.NHAc-FI-PEG-RGD conjugate was measured to be 6.0 via UV-vis spectroscopy, which is larger 

than that encapsulated within each acetylated G5 dendrimer modified with FA and FI as reported in 

our previous work [2]. This may be due to the fact that the hydrophilic PEG chains used in this study 

to prepare the G5.NHAc-FI-PEG-RGD dendrimers induce less steric hindrance than the relatively 

hydrophobic FA moieties directly attached onto the dendrimer surface [36].

The stability of the G5.NHAc-FI-PEG-RGD/DOX complexes is very important for their 

biological applications. As can be seen in Figure S4 (Supporting Information), the lyophilized 

powders of the G5.NHAc-FI-PEG-RGD dendrimers without DOX and the 

G5.NHAc-FI-PEG-RGD/DOX complexes could be dissolved in aqueous solution under different pH 

conditions (pH = 5.0, 7.0, and 10.0, respectively). The dispersions remained stable and no 

precipitation occurred when stored for at least two months at room temperature. Likewise, the 

stability of the complexes was also tested by exposing them to cell culture medium containing 10% 
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of fetal bovine serum. We showed that the G5.NHAc-FI-PEG-RGD/DOX complexes were quite 

stable and no precipitation occurred when the complexes were stored at 4 oC for at least one week.

The zeta potentials of the G5.NHAc-FI-PEG-RGD dendrimers and the 

G5.NHAc-FI-PEG-RGD/DOX complexes at different pH conditions are listed in Table S1

(Supporting Information). The larger values at pH 5.0 for both the dendrimers and the complexes 

than those at other pHs suggests that a portion of the dendrimer tertiary amines are protonated at pH

5.0 [63]. The change in the surface potentials of both the dendrimers and the complexes with pH 

followed the same trend as that of the G5.NHAc dendrimers described in our previous work [48].

2.3. In vitro release kinetic studies

To exert its anticancer therapeutic efficacy, the DOX encapsulated within the 

G5.NHAc-FI-PEG-RGD/DOX complexes should be released. As such, the in vitro DOX release 

kinetics of the complexes was explored in either PBS (pH = 7.4) or acetate buffer (pH = 5.0) media 

at 37 °C (Figure 4). For comparative purposes, the release kinetics of free DOX dissolved in ethanol 

was also evaluated. In the latter case, it was found that 80% DOX was released within just 2 h. In 

contrast, DOX was released from the G5.NHAc-FI-PEG-RGD/DOX complexes in a sustained 

manner under both pH conditions. Moreover, the release of DOX from the complexes followed a 

biphasic profile, in which an initial fast release phase followed by a sustained release phase was 

detected (Figure 4). In acetate buffer (pH 5.0), about 10% and 21% of the drug was released from 

the complexes within 1 h and 24 h, respectively. In comparison, the drug release rate in PBS (pH 7.4) 

was found to be faster with about 35% and 57% of the DOX being released from the complex within 

1 h and 24 h, respectively. The prolonged release profile of DOX from the complexes under the two 

different pH conditions implies that the dendrimer interiors are powerful for effective retention of 
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the DOX drug. The higher release rate of DOX from the complexes at pH 7.4 than at pH 5.0 could 

be due to the fact that under acidic pH conditions, the protonated DOX molecules are unlikely able 

to form strong hydrogen bonding with the dendrimer terminal functional groups (deprotonated 

amines and terminal polar C-O-C bonds of the PEG moieties), leading to a slower release of DOX.

In contrast, under slightly basic conditions at pH 7.4, the DOX molecules are able to be partially 

deprotonated and to form strong hydrogen bonding with the dendrimer terminal functional groups, 

resulting in a faster release rate of the drug from the dendrimer interior, in agreement with our 

previous work [36].

2.4. Host-guest interactions of the dendrimer/DOX complexes

To better understand the in vitro drug release mechanism under different pH conditions, NMR 

techniques have been used to investigate the host-guest interaction between DOX molecules and the 

dendrimer platform [64]. The influence of the pH on the interaction between the 

G5.NHAc-FI-PEG-RGD dendrimer and DOX·HCl in D2O was first investigated via 1D 1H NMR 

experiments (Figure 5). When compared with the 1H NMR spectrum of 

G5.NHAc-FI-PEG-RGD/DOX complex at pH 7.0 (Figure 5b), an increase in the chemical shift in 

the peaks corresponding to the dendrimer methylene protons (c, e) was detected in the spectrum of 

G5.NHAc-FI-PEG-RGD/DOX at pH 5.0 (Figure 5a). This increase in the chemical shift of the 

adjacent -CH2- groups in G5.NHAc-FI-PEG-RGD/DOX at pH 5.0 can be attributed to the fact that 

about 70% of the tertiary amine groups in G5 dendrimers are protonated at pH 5.0 relative to all 

tertiary amine groups in G5 dendrimers being deprotonated at pH 7.0 [65]. Moreover, compared 

with the 1H NMR spectrum of DOX·HCl (Figure 5c), the peaks of DOX protons show obvious 

changes after mixing with the G5.NHAc-FI-PEG-RGD dendrimer in both acidic and neutral 
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circumstances, suggesting that intermolecular interactions occur between the dendrimer host and the 

DOX guest. In addition, at pH 5.0, line broadening of the DOX proton signals was observed. This 

line broadening can be attributed to the decreased degree of freedom of the bound DOX molecules, 

thereby indicating an increased ratio of coordinated DOX within the G5.NHAc-FI-PEG-RGD 

dendrimers. The interaction between G5.NHAc-FI-PEG-RGD and DOX was further investigated by 

2D-NOESY (Figure S5, Supporting Information) and DOSY experiments. Details can also be seen 

in the Supporting Information.

2.5. Therapeutic efficacy of DOX encapsulated within the G5.NHAc-FI-PEG-RGD dendrimers 

    The therapeutic efficacy of the DOX complexed with G5.NHAc-FI-PEG-RGD dendrimers was 

tested via MTT viability assay of U87MG cells (Figure 6). After incubation of the cells with the 

dendrimer/DOX complexes for 48 h, both free DOX·HCl (5 μM) and the 

G5.NHAc-FI-PEG-RGD/DOX complexes with DOX concentration of 5 μM are able to cause a 

significant loss of the cell viability when compared with the control cells treated with PBS (p < 

0.001). To exclude the possible inherent toxicity of the dendrimers, the multifunctional 

G5.NHAc-FI-PEG-RGD dendrimers without DOX were also tested at an equivalent dendrimer 

concentration. It is clear that the G5.NHAc-FI-PEG-RGD dendrimers are non-toxic (p > 0.05). 

These results indicate that the encapsulation of DOX within the G5 dendrimers does not compromise 

the therapeutic activity of the drug, and that the anticancer activity of the 

G5.NHAc-FI-PEG-RGD/DOX complexes is solely related to the complexed DOX drug.

The anticancer effect of the G5.NHAc-FI-PEG-RGD/DOX complexes was further confirmed by 

microscopic visualization of the morphology of cells treated with the complexes (Figure S6, 
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Supporting Information). It can be seen that similar to the treatment with free DOX·HCl (Figure 

S6c), cells treated with the G5.NHAc-FI-PEG-RGD/DOX complexes at the same DOX 

concentration (5 μM) display comparable cell morphological changes (Figure S6d). A significant 

portion of the cells became rounded and non-adherent, indicative of cell death. In contrast, no 

rounded and detached cells can be visualized in control cells without DOX treatment (Figure S6a),

cells treated with 10 μL PBS (Figure S6b), and cells treated with the G5.NHAc-FI-PEG-RGD 

dendrimers without DOX but with a similar dendrimer concentration to that of the complexes

(Figure S6e). This further suggests that the anticancer activity of the G5.NHAc-FI-PEG-RGD/DOX 

complexes is solely related to the complexed DOX drug, corroborating the MTT assay results.

2.6. Targeted inhibition of cancer cells using the G5.NHAc-FI-PEG-RGD/DOX complexes

The cyclic RGD peptide was selected as a targeting ligand to be conjugated onto the dendrimer 

surface to achieve the specific delivery of DOX to cancer cells overexpressing αvβ3 integrins. 

U87MG cells overexpressing αvβ3 integrins were selected to be treated with the 

G5.NHAc-FI-PEG-RGD/DOX complexes. For comparison, U87MG cells treated with free RGD (2 

μM) for 1 h and consequently having low-level αvβ3 integrin expression [66] were also used.

The conjugation of the FI moiety onto the G5 dendrimers, the counterstaining of the cell nuclei, 

and the red fluorescence of the encapsulated DOX drug enabled fluorescence microscopic imaging 

of the cellular uptake of the G5.NHAc-FI-PEG-RGD/DOX complexes (Figure 7). Untreated 

U87MG cells (Figure 7a) and U87MG cells treated with PBS (Figure 7b) only display the 

DAPI-related blue fluorescence of the cell nuclei. In sharp contrast, after 4 h incubation with the 

G5.NHAc-FI-PEG-RGD/DOX complexes, U87MG cells overexpressing αvβ3 integrin display 

significant red and green fluorescence signals (Figure 7c). These red and green fluorescence signals, 
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which are associated with the FI-labeled G5 dendrimers and the encapsulated DOX drug, 

respectively, confirmed the specific internalization of the G5.NHAc-FI-PEG-RGD/DOX complexes 

into the cells. This can be further demonstrated by the purple signals in the merged images. In 

comparison, under similar microscopic conditions, the U87MG cells pre-blocked with free RGD 

only display faint red and green fluorescence signals (Figure 7d). These results suggest that the 

G5.NHAc-FI-PEG-RGD/DOX complexes are able to target integrin αvβ3-overexpressing cancer cells 

and can deliver DOX to the target cells via a receptor-mediated endocytosis pathway.

To prove our hypothesis that the G5.NHAc-FI-PEG-RGD/DOX complexes are able to 

specifically inhibit integrin αvβ3-overexpressing cancer cells, U87MG cells were incubated with the 

complexes for 4 h. The medium in each well was then replaced with the same volume of fresh 

complete medium and the cells were incubated for an additional 48 h at 37 °C before MTT assay 

(Figure 8). It can be seen that the treatment of U87MG cells with the G5.NHAc-FI-PEG-RGD/DOX 

complexes results in a significant decrease in the cell viability (69.7 ± 6.4%, p < 0.01 versus the PBS 

control). In contrast, the integrin αvβ3-blocked U87MG cells have a viability of 96.5 ± 5.1%. Taken 

together with the above fluorescence microscopic observations, our results suggest that the 

G5.NHAc-FI-PEG-RGD/DOX complexes are able to exert specific therapeutic efficacy on integrin

αvβ3-overexpressing cancer cells via a receptor-mediated endocytosis pathway.

3. Conclusion

    In summary, multifunctional RGD-modified G5 dendrimers (G5.NHAc-FI-PEG-RGD) were 

synthesized and characterized for specific delivery of DOX to integrin αvβ3-overexpressing cancer 

cells. The relatively hydrophobic interior of the dendrimers enabled effective encapsulation of DOX. 
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The formed G5.NHAc-FI-PEG-RGD/DOX complexes are stable and display a sustained drug 

release profile with higher release rate under physiological pH conditions than under acidic pH 

conditions, which can be correlated well with the NMR studies of the dendrimer host/ DOX guest 

interactions. Importantly, the formed G5.NHAc-FI-PEG-RGD/DOX complexes are able to 

specifically target cancer cells overexpressing αvβ3 integrins and display specific therapeutic efficacy

to the target cells. The developed RGD-modified multifunctional dendrimer platform may hold great 

promise to be applied for targeting therapy of different types of αvβ3 integrin-overexpressing cancer 

cells.
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Figure captions

Figure 1. Schematic representation of the preparation of HOOC-PEG-RGD and

G5.NHAc-FI-PEG-RGD/DOX complexes.

Figure 2. 
1H NMR spectrum of G5.NHAc-FI-PEG-RGD in D2O. Molecular structures of PEG, 

dendrimer backbone, FI, and RGD are also shown.

Figure 3. UV-vis spectra of free DOX dissolved in ethanol, the G5.NHAc-FI-PEG-RGD dendrimers 

dissolved in water, and the G5.NHAc-FI-PEG-RGD/DOX complexes dissolved in water.

Figure 4. Cumulative release of DOX from the G5.NHAc-FI-PEG-RGD/DOX complexes in PBS 

(pH = 7.4) and acetate buffer (pH = 5.0) at 37 °C. Free DOX dissolved in ethanol and released in 

PBS (pH = 7.4) was used as a control. The data were expressed as mean = S.D. (n = 3).

Figure 5.
1H NMR spectra of G5.NHAc-FI-PEG-RGD/DOX at pH 5.0 (a) and pH 7.0 (b). 1H NMR

spectrum of free DOX·HCl with its self-pH is also shown (c). All samples were dissolved in D2O. 

The DOX concentration in each group was set at 5 mg/mL.

Figure 6. MTT assay of the viability of U87MG cells after treatment with 10 μL PBS (control), free 

DOX·HCl dissolved in 10 μL PBS (5 μM), the G5.NHAc-FI-PEG-RGD/DOX complexes with a 

DOX concentration of 5 μM, and the DOX-free G5. NHAc-FI-PEG-RGD dendrimers at the 

equivalent dendrimer concentration.

Figure 7. Fluorescence microscopy images of U87MG cells treated with EMEM medium (a), PBS 

(b), the G5.NHAc-FI-PEG-RGD/DOX complexes only (c), and 2 μM RGD for 1 h followed by the

G5.NHAc-FI-PEG-RGD/DOX complexes for 4 h (d). In all cases, the DOX concentration was kept 

at 5 μM. For each panel, the images from left to right show the bright field, the blue fluorescence 

channel detecting the DAPI dye, the red fluorescence channel detecting DOX, the green 
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fluorescence channel detecting the FI, and the merged images of the above three modes. All the 

images were collected under similar instrumental conditions.

Figure 8. MTT viability assay of U87MG cells after 4 h treatment with 10 μL PBS buffer or the 

G5.NHAc-FI-PEG-RGD/DOX complexes  ([DOX] = 5 μM), followed by replacing with DOX-free 

fresh complete medium and incubation for 48 h. U87MG cells with αvβ3 integrin-blocked via

pre-incubation with free RGD (2 μM) for 1 h were also tested for comparison. The data are 

expressed as mean ± S.D. (n= 4).
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