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Abstract: Carboplatin (CAR) is a second generation platinum-based compound emerging as one
of the most widely used anticancer drugs to treat a variety of tumors. In an attempt to address
its dose-limiting toxicity and fast renal clearance, several delivery systems (DDSs) have been
developed for CAR. However, unsuitable size range and low loading capacity may limit their
potential applications. In this study, PAMAM G3.0 dendrimer was prepared and partially surface
modified with methoxypolyethylene glycol (mPEG) for the delivery of CAR. The CAR/PAMAM
G3.0@mPEG was successfully obtained with a desirable size range and high entrapment efficiency,
improving the limitations of previous CAR-loaded DDSs. Cytocompatibility of PAMAM G3.0@mPEG
was also examined, indicating that the system could be safely used. Notably, an in vitro release
test and cell viability assays against HeLa, A549, and MCF7 cell lines indicated that CAR/PAMAM
G3.0@mPEG could provide a sustained release of CAR while fully retaining its bioactivity to suppress
the proliferation of cancer cells. These obtained results provide insights into the potential of PAMAM
G3.0@mPEG dendrimer as an efficient delivery system for the delivery of a drug that has strong side
effects and fast renal clearance like CAR, which could be a promising approach for cancer treatment.

Keywords: carboplatin; cancer treatment; low generation polyamidoamine (PAMAM) dendrimer;
surface modification; drug delivery systems

1. Introduction

Platinum-based chemotherapeutics have become the mainstay of modern oncology by being one
of the most extensively prescribed drugs, either alone or in combination with other drugs. Nearly
50% of all cancer patients undergoing chemotherapy were given a platinum-based drug. As the
second generation platinum (II) anticancer compound, carboplatin (CAR) gained Food and Drug
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Administration (FDA) approval in 1989 and has received increasing attention in recent years [1–3].
It has been shown to be very effective in the treatment of ovarian, lung, bladder, head and neck,
esophageal, endometrial cancer, and so forth. [4,5]. Owning to the bidentate dicarboxylate leaving
group instead of more labile chlorides, CAR has significantly reduced side effects relative to the first
generation platinum-based drug cisplatin and presented as effective on several types of cancer that
are not susceptible to cisplatin [1]. Unfortunately, its clinical use is restricted due to non-specific
distribution within the body, leading to dose-limiting toxicity bone marrow suppression, particularly
thrombocytopenia and anemia [6]. As reported by Zalba et al., 90% of erythrocytes could be lost
compared to the normal level [7]. Besides, fast renal clearance with 90% of administered CAR being
excreted within 24 h is another drawback of CAR [8]. Some drug delivery systems (DDS) such
as liposomes [9], carbon-based nanocontainers [10] and polycaprolactone (PCL) nanoparticles [11]
were developed for CAR delivery to address its drawbacks; however, an undesirable size range (>
200 nm or even up to micrometer scale) and low CAR loading efficiency have remained as these
systems’ limitation.

Dendrimer, especially polyamidoamine (PAMAM) dendrimer, turned out to be one of the
most ideal DDS for therapeutic agents [12]. As for its important roles, PAMAM dendrimers were
well characterized and commercialized under the trade name of Starburst®Dendrimer owned by
Starpharma, Melbourne, Australia. Not only this one but also a lot of another PAMAMs were developed
variously by Dendritech®, Milwaukee, WI, USA; by Dendritic Nanotechnologies, Mt. Pleasant, MI,
USA; recently by NanoSynthons, LLC, Mt. Pleasant, MI, USA; and so forth [13]. This approach
was very convenient for many researchers/clinicians to study on novel therapeutic/diagnostic agent
encapsulated into PAMAM. This is thanks to the highly branched, radial and stable structure of
PAMAM dendrimer that facilitates the host-guest entrapment property. Drug molecules can be
entrapped on the surface within their large internal cavities, or interspersed throughout the dendritic
structure, thus protecting them from physiological degradation [3,14–16]. Many studies have reported
that loaded anticancer drugs (5-fluorouracil, methotrexate, paclitaxel, camptothecin, 6-mercaptopurin,
and doxorubicin) in PAMAM dendrimer exhibited enhanced stability, anticancer activity and reduced
side effects [3,17,18]. Their highly controllable size in a range of 1–100 nm also endowed the passive
targeting of the drug to the tumor site via enhanced permeation and retention (EPR) effect, thus
improving the anticancer activity and reducing the side effects of drug to normal cells [19–21]. Looking
at the commercial products of substance-loaded dendrimers for biomedical applications within a
time interval of 2000–2010, there were many outcomes for many fields but not for anti-cancer areas.
VivaGel®(Starpharma, Melbourne, Australia) is an antiviral dendrimer-based topical pharmaceutical
approved by the U.S Food and Drug Administration (FDA). SuperFect®Transfection Reagent (Qiagen,
Germany) is based on activated dendrimer technology for a DNA transfection reagent. In the case of
imaging fields, a new dendritic magnetic resonance contrast agent was investigated and launched to the
market under the name of Gadomer-17®by Bayer/Schering Pharma AG, Germany. Using PAMAM as
a scaffold/material, Siemens (Germany) successfully developed cardiac diagnostics of Stratus®, EMD
Merck (USA) generated siRNA delivery vector of PrioFect®. Besides, other applications of protein
detection amplifiers such as UltraAmpTM, Affymetrix/Genisphere, (Inc., USA), surgical adhesives such
as Dendri-Lens™ /OcuSeal™ (HyperBranch Medical Technology, Inc., USA) were also carried out to
launch to the market completely. However, those applications of dendrimers have only stopped at the
simple stages by exploiting the surface functional groups or nanoscale dimensions [13]. In the future,
advanced drug delivery, especially in anti-cancer drug loading, should be investigated for clinical
trials as well as for FDA approval.

In our previous studies, unmodified PAMAM dendrimers were successfully synthesized for the
loading and releasing of cisplatin, a first generation platinum-based drug. The size of the system was
well-controlled but too small (3–8 nm), resulting in very low drug loading capacity [19,22]. Even though
the dendrimer’s size was larger at higher generations, the higher toxicity and lesser stability limit their
use [23]. Therefore, surface modification of low generation PAMAM with polyethylene glycol (PEG), a
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biocompatible and hydrophilic polymer, is a better approach for drug loading augmentation since
conjugated PEG can drastically increase the cavity space of PAMAM [17,24]. In addition, non-specific
interaction between PAMAM dendrimer and serum proteins was also averted by PEG, thus preventing
the uptake by the reticuloendothelial system (RES), reducing the renal clearance and prolonging the
circulation time of PAMAM in the bloodstream [12,25–28]. More importantly, the presence of PEG on
the surface of PAMAM helps overcome the charge-associated cytotoxicity of PAMAM dendrimer (cell
lysis) by deterring the electrostatic interaction between positive charged amino groups of PAMAM’s
periphery and biological membrane [29,30]. These advantages of PEG-modified PAMAM dendrimers
were confirmed in the literature. For example, Kumar D. and co-workers prepared PEGylated PAMAM
dendrimers for prolonged delivery of anti-HIV drug. Results revealed that the entrapped drug in
PEGylated PAMAM dendrimer was higher than that of naked PAMAM dendrimer [31]. In terms of
toxicity reduction, Li Y. et al. proved that substitution of amino surface groups of PAMAM G4.0 with
PEG can remarkably reduce its cytotoxicity [32]. A similar phenomenon can also be seen in the study
of D’Emanuele A. et al. [33].

In this study, low generation PAMAM G3.0 dendrimer (PAMAM G3.0) was synthesized and
partially surface modified with methoxypolyethylene glycol (mPEG) (Figure 1) for CAR delivery, to
improve the limitations related to size and loading capacity of previous CAR-loaded DDSs. Chemical
structure, size and morphology of the obtained products were characterized by proton nuclear
magnetic resonance (1H-NMR), Fourier transform infrared spectroscopy (FT-IR), transmission electron
microscopy (TEM), and Gel permeation chromatography (GPC). Zeta potential and biocompatibility
were examined to confirm the reduction of charge-related cytotoxicity of modified PAMAM dendrimer.
CAR loading capacity was evaluated. Also, the anticancer efficacy of CAR-loaded mPEG-modified
PAMAM G3.0 was tested on HeLa, A549 and MCF7 cell lines using cytotoxicity assay. The obtained
results give insights into the potential of PAMAM G3.0@mPEG dendrimer as an efficient delivery
system for the delivery of a drug that has strong side effects and fast renal clearance like CAR, which
could be a promising approach for cancer treatment.

Figure 1. Illustration showing the surface modification of low generation polyamidoamine G3.0
dendrimer (PAMAM G3.0) with methoxypolyethylene glycol (mPEG) and the loading of carboplatin
(CAR) into PAMAM G3.0@mPEG to form CAR/PAMAM G3.0@mPEG.

2. Materials and Methods

2.1. Materials

Ethylenediamine (EDA, Mw 60.10 Da) and toluene were purchased from Merck (Darmstadt,
Germany). Methyl acrylate (MA, Mw 86.09 Da), poly (ethylene glycol) methyl ether (mPEG, Mw:
5 kDa), 4-Nitrophenyl chloroformate (NPC, Mw 201.56 Da), tetrahydrofuran (THF), and diethyl ether
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methanol was supplied by Fisher Scientific
(Waltham, MA, USA). Carboplatin (CAR) was received from TCI (Tokyo, Japan). Spectra/Por®Dialysis
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Membrane (MWCO 3.5 kDa and 12–14 kDa) was purchased from Spectrum Laboratories, Inc. (Rancho
Dominguez, CA, USA). All reagents and solvents were used as received without further purification.

2.2. Preparation of PAMAM G3.0 Dendrimer

The preparation of PAMAM G3.0 dendrimer started from the EDA initiator core followed by the
attachment of branches utilizing two consecutive chain-forming reactions, the exhaustive Michael
addition reaction and the exhaustive amidation reaction, as reported in previous work [34]. Initially,
20 mL of EDA was added dropwise into 150 mL of MA dissolved in methanol. The mixture was
kept under stirring at 0◦C for 3 h and then at room temperature for 2 days. During the reaction,
primary amine groups of the EDA core reacted with an excessive amount of acrylate groups of MA via
Michael addition reaction to form tetraester (G-0.5). Methanol and unreacted MA were removed by
rotary vacuum evaporator (Strike 300, Lancashire, PR6 0RA, UK). Thereafter, 20 g of G-0.5 dissolved in
methanol was added dropwise to 130 mL of EDA at 0◦C with stirring for 3 h. The amidation reaction
between methyl propionate groups of G-0.5 and amine of EDA was carried out for 4 days at room
temperature, generating PAMAM G0.0. The solution was rotated under vacuum at 45◦C in a mixture
of toluene and methanol (9:1 v/v) to remove excess EDA, followed by dialysis (dialysis membrane
MWCO 3.5 kDa) against methanol. Finally, a rotary vacuum evaporator was used for the removal
of methanol. Alternative repetition of these reactions leads to the higher generation of dendrimer,
in which half-generation PAMAM was obtained after each addition reaction while full generation
PAMAM was obtained after each amidation reaction. Generally, PAMAM G3.0 with 32 amine groups
was achieved after four times of amidation reaction. By measuring the mass of purified G3.0, we
calculated a yield of PAMAM G3.0 that was 89%.

2.3. Preparation of Activated mPEG-NPC

Activated mPEG was prepared following our previous literature with minor modifications [35].
Briefly, a mixture of mPEG (10.0 g, 2 mmol) and NPC (0.4837 g, 2.4 mmol), in a three-neck flask, was
melted into a paste at 65◦C and stirred under vacuum conditions for 6 h. The paste was allowed to
cool down to 40◦C before adding 15 mL of THF to solubilize the mixture. The reaction was carried out
at room temperature for 12 h. After that, the resulting solution was slowly added to diethyl ether for
the precipitation. The precipitate was then filtered and dried under vacuum to obtain NPC-mPEG in
the form of white powder.

2.4. Preparation of mPEG-Modified PAMAM G3.0 Dendrimer (PAMAM G3.0@mPEG)

To obtain PAMAM G3.0@mPEG, 0.448 g of mPEG-NPC was dissolved in distilled water and
slowly added to PAMAM G3.0 solution in dropwise manner. The reaction was kept under constant
stirring at room temperature for 48 h. Then, the resulting solution was dialyzed against distilled water
for 4 days using dialysis membrane of MWCO 12–14 kDa. Freeze-drying was performed to give the
product in powder form.

2.5. Preparation of CAR/PAMAM G3.0@mPEG

CAR (10 mg) was added to methanol and stirred for 1 h to make sure that the drug was completely
dissolved prior to being added in dropwise manner into 10 mL of PAMAM G3.0@mPEG solution.
The mixture was stirred for 24 h at room temperature, followed by the removal of methanol under
vacuum. The product was purified by dialysis against deionized water for 1 h (MWCO 3.5 kDa)
and then freeze-dried to obtain CAR/PAMAM G3.0@mPEG. The solution outside dialysis membrane
containing free CAR was collected for the determination of loaded drug later. The yield of mPEGylation
G3.0 synthesis was over 80%.



Biomolecules 2019, 9, 214 5 of 16

2.6. Characterizations

The chemical structures of products were examined by 1H-NMR (Bruker Advance 500 MHz,
Bruker, Billerica, MA, US) and FT-IR spectroscopy (FT-IR/NIR Spectroscopy Frontier, Perkin Elmer,
Waltham, MA, US). Samples were mixed with KBr and pressed (800 MPa) into a pellet. Gel permeation
chromatography (GPC, Agilent GPC/SEC 1100, Santa Clara, CA, USA) was used to measure the
molecular weights of G3.0 and G3.0@mPEG. NaNO3 aqueous solution of 0.1 M was the mobile phase.
The applied column was 120 Ultrahydrogel (Waters, Milford, MA, USA). The flow rate of the mobile
phase passing column was 1 mL/min. The sample volume of 100 µL was injected manually. The detector
and column temperature were 35◦C. Various PEG standards (Waters) were used to determine the
MW. The measurement acquired in a range of 4000–500 cm−1 with a resolution of 4 cm−1. Size and
morphology of the particles were imaged by TEM (JEM-1400, Japan) at an accelerating voltage of
100 kV. Zeta potential of the samples was measured by zeta potential analyzer (SZ-100, Horiba, Japan).
Sample dispersions (1 mg/mL) were sonicated for 5 min and stabilize for at least 60 min before the
measurement. The average zeta potential of each sample was obtained from 3 test runs.

2.7. CAR Loading Capacity and In Vitro CAR Release

The drug entrapment efficiency of CAR/PAMAM G3.0@mPEG was quantified using a high
performance liquid chromatography (HPLC) system (HPLC PerkinElmer Flexar, Japan) (n = 3). Drug
entrapment efficiency (%) was the weight ratio of CAR in the particles and fed CAR, in which the weight
of CAR in particles was calculated indirectly from the free CAR collected outside the dialysis bag.

The in vitro release behavior of CAR was determined using the dialysis method. Briefly, 1 mL
of CAR/PAMAM G3.0@mPEG (CAR content, 0.2 mg/mL) suspended in PBS (0.01 M, pH 7.4) were
transferred to a dialysis bag (MWCO 3.5 kDa) and immersed into a vial containing 14 mL of medium.
The vials were placed in an orbital shaker bath that can both maintain the temperature of 37◦C and
the continuously shaken at 100 rpm. At predetermined time intervals, the release medium (14 mL)
was collected, filtered (pore size = 0.22 µm), and replaced with an equal volume of fresh media.
The collected media were finally lyophilized and used to determine the release amount of CAR by
HPLC. The measurements were run in triplicate.

2.8. Cell Viability Assays

Biocompatibility of the materials was assessed by both live/dead assay and Resazurin assay against
mouse fibroblast cells L929. For live/dead assay, cells were cultured in Dulbecco’s Modified Eagle’s
medium (DMEM, Gibco, Invitrogen) supplemented with 10% FBS and 1% penicillin/streptomycin
at 37◦C, 5% CO2, and humidified condition. In a dark room, the media were removed and replace
with 25 µL of fluorescein diacetate (FDA) (10 mM) and ethidium bromide (EB) (7.5 mM). After a brief
incubation for 3 min, cells were rinsed several times with PBS and finally examined under microscope
(Eclipse Ti-E Inverted Microscope System, Nikon, Japan) equipped with a digital camera.

Cytotoxicity of synthesized products on HeLa, A549, and MCF7 cell lines was determined by
standard Resazurin assay. Briefly, cells were seeded in a 96-well plate at a density of 1.5 × 105 cells/well
and cultured for 24 h. Then, the media were withdrawn and replaced with fresh media containing
free CAR or CAR/PAMAM G3.0@mPEG with equivalent amount of loaded CAR. Wells containing
cells treated with medium only were used as control and assigned to 100% survival. After 48 h of
incubation, the solution from each well was discarded, followed by washing the cells twice with 1X
PBS. Thereafter, Resazurin solution (10 µL, 0.2 mg/mL) was added. The cells were further incubated for
4 h. The fluorescent signal was monitored at Ex/Em 560/590 nm using a micro-plate reader (Varioskan™
LUX multimode, Thermo Scientific). The percentage of cell viability was calculated by normalizing the
fluorescence intensity of samples to that of control group, presented by Equation (1):

Cell viability (%) =
([Abs]sample − [Abs]blank)

([Abs]control − [Abs]blank)
× 100 (1)
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3. Results and discussion

3.1. Preparation of PAMAM G3.0@mPEG

Herein, mPEG having only one terminal hydroxyl group was utilized to avoid the loops and
cross-links formation on the periphery of PAMAM dendrimer. To achieve an efficient conjugation
between mPEG and PAMAM G3.0, the hydroxyl group of mPEG was activated by coupling reagent
NPC to form active intermediates (mPEG-NPC) that can readily react with G3.0’s amine groups via
stable urethane linkages. 1H-NMR and FT-IR spectroscopy were used to characterize the chemical
structures of obtained products. Figure 2a–c revealed 1H-NMR spectra of mPEG-NPC, PAMAM
G3.0, and PAMAM G3.0@mPEG, respectively. As shown in Figure 2a, several resonance signals at
2.57–2.68 ppm (peak 1), 2.73–2.93 ppm (peak 2), 2.32–2.52 ppm (peak 3), 3.25–3.33 ppm (peak 4), and
3.09–3.18 ppm (peak 5) were respectively assigned to methylene protons of -CH2-N<, -CH2-NH-,
-CH2-CO-NH-, -CO-NH-CH2-, and -CH2-NH2- groups. The presence of these signals indicated the
successful preparation of PAMAM G3.0 dendrimer. In Figure 2b, peaks appeared at 3.46 ppm (peak a)
and 3.76–4.57 ppm (peak b, c, d) and were attributed to methyl ended groups –OCH3 and protons in
repeat units of mPEG. Besides, doublet at 7.58 ppm (peak e) and 8.45 ppm (peak f) corresponding to
two typical signals of NPC in activated mPEG were also detected. In addition to resonance signals
indicating the presence of both PAMAM G3.0 dendrimer and mPEG, 1H-NMR spectra of PAMAM
G3.0@mPEG (Figure 2c) showed a complete absence of NPC’s signals and a chemical shift of protons
Hd’ from 4.57 ppm to 4.27 ppm (NHCOO-CH2-CH-) to confirm the formation of PAMAM G3.0@mPEG.
This could be explained by the substitution of NPC by urethane linkage to covalent link mPEG onto
PAMAM G3.0’s surface.

Since PAMAM dendrimer possesses a symmetric structure in which every proton in the molecules
has a theoretically identifying number, ratios of protons in PAMAM structure are equal to the integral
ratios of resonance signals in the 1H-NMR spectrum [36]. According to this property, the actual number
of mPEG conjugated on PAMAM G3.0 can be calculated using Equation (2) based on the integral
ratio of Hd’ signal (δH = 4.27 ppm) and H3 (δH = 2.44–2.59 ppm) in mPEGylated PAMAM G3.0
spectrum. Proton Hd’ represented the total linkage between mPEG and PAMAM while proton Hi acts
as representative of PAMAM G3.0. As a result, there were about 7.78 conjugated mPEG moieties per
PAMAM G3.0 molecules.
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Figure 2. Proton nuclear magnetic resonance (1H-NMR) (D2O, δ in ppm) spectra of (a) mPEG-NPC,
(b) PAMAM G3.0, (c) PAMAM G3.0@mPEG, and (d) Gel permeation chromatography (GPC)
chromatogram of G3.0 and G3.0@mPEG.

Number of conjugated mPEG =
Sum of proton at position (3) ×

∫
H (d′)

Sum of proton at position (d′) ×
∫

H (3)
(2)

In which ∫
H (d′) : Integral of proton at position (d′) (3)∫
H (3) : Integral of proton at position (3) (4)
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Figure 2d showed the MW of G3.0 and G3.0@mPEG determined from GPC technique were 6754 Da
(symbolized as MG3.0(GPC)

W ) and 38,540 Da (symbolized as MG3.0@mPEG(GPC)
W ) respectively. To find the

number of conjugated mPEG (MmPEG
W = 4000 Da), the formula was established as following:

Number of conjugated mPEG =
MG3.0@mPEG(GPC)

W −MG3.0(GPC)
W

MmPEG
W

(5)

The MW of G3.0 found by GPC was an approximate value compared to the theoretical value of
6909 Da. This result could confirm the successful synthesis of G3.0 along with the 1H-NMR spectrum.
By using Equation (3), the number of conjugated mPEG was 7.95. This value agreed with the result of
Equation (2). One more time, the mPEGylation of G3.0 was confirmed, also the mPEG moieties were
calculated relatively. In addition, the single peak was recognized in GPC techniques for each polymer
which revealed the high purity of G3.0 and G3.0@mPEG.

Furthermore, the successful modification of PAMAM G3.0 with mPEG was also evaluated by
FT-IR analysis. FT-IR patterns of mPEG-NPC, PAMAM G3.0, and PAMAM G3.0@mPEG are presented
in Figure 3. The spectrum of mPEG-NPC reveals distinctive bands at 2888 cm−1 (C-H stretching
vibration), 1550 cm−1 (-NO2), and 1111 cm−1 (C-O-C). In PAMAM G3.0@mPEG pattern, peaks assigned
at 2888 cm−1 (C-H), 1108 (C-O-) and 1556 cm−1 (N-H bending vibration) for mPEG and PAMAM G3.0,
respectively, were detectable. A shift from 1645 to 1630 cm−1 attributed to C=O stretching of urethane
linkage together with the disappearance of the band at 1550 cm−1 (-NO2) corresponded to NPC imply
that mPEG was covalently linked to amino groups on the surface of PAMAM G3.0.

Figure 3. Fourier transform infrared spectroscopy (FT-IR) patterns of (a) mPEG-NPC, (b) PAMAM
G3.0, and (c) PAMAM G3.0@mPEG.

3.2. Characterization of CAR/PAMAM G3.0@mPEG

Figure 4 shows TEM images and size distribution of unmodified PAMAM G3.0, PAMAM
G3.0@mPEG, and CAR/PAMAM G3.0@mPEG. In comparison to PAMAM G3.0 (5.9 ± 1.1 nm), there was
a remarkable increment in the particle size of PAMAM G3.0@mPEG (32.6 ± 0.9 nm). This phenomenon
indicates the presence of mPEG chains on the surface of PAMAM G3.0, further confirming the success
in PAMAM G3.0@mPEG preparation. The water-soluble and non-ionic PEG chains modified on G3.0
surfaces were to increase the hydration level of nanoparticles to avoid the adsorption of opsonins
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(serum proteins) which attracts the phagocytes [37]. Therefore, the PEGylated G3.0 could hide from the
macrophages to prolong their blood circulation time. In addition, PEGylation caused the enlargement
of nanoparticle sizes (Figure 4). This phenomenon leads to formation of steric hindrance, and then
reduction of the filtration of globular kidney membrane to extend their circulation time [38]. In fact, a
lot of studies have already proved these same advantages of PEGylation [39–41].

Figure 4. (a–c) Transmission electron microscope (TEM) micrographs and (d–f) size distribution
of PAMAM G3.0 (scale bar = 20 nm) (a,b), PAMAM G3.0@mPEG (scale bar = 100 nm) (c,d), and
CAR/PAMAM G3.0@mPEG (scale bar = 100 nm) (e,f).

After drug loading, the size of CAR/PAMAM G3.0@mPEG was evidently recognized in the range
of 20–50 nm, which is more favorable for the delivery of CAR than unmodified PAMAM with really
small size or other previous CAR-loaded nanoparticles (liposomes, PCL nanoparticles, carbon-based
nanocontainers) with a larger size range (~244–311 nm up to 10–30 µm) [9–11]. It was reported that
DDSs having a size of less than 10 nm will be quickly cleared from the circulatory system due to
extravasation and those with the size larger than 200 nm tend to be accumulated in the spleen or
taken up rapidly by the mononuclear phagocyte system (MPS). By contrast, nanoparticles that range
from 10–200 nm in size can be easily entrapped by endosome during endocytosis, thus facilitating the
passive targeting and accumulation of nanoparticles to tumors through EPR effect and reducing toxicity
to normal cells [26,42–45]. Moreover, the conjugation of hydrophilic mPEG on PAMAM G3.0 surface
also avoids the action of RES and reduce renal clearance [25,46]. Therefore, PAMAM G3.0@mPEG with
a desirable size range (~30–50 nm) after surface modification and drug loading serves as promising
nanocarrier to prolong the fate of CAR in blood circulation and to effectively deliver CAR to tumor cells.



Biomolecules 2019, 9, 214 10 of 16

In cancer treatment, the capacity of a DDS to effectively encapsulate chemotherapeutic agents
is very important to improve the therapeutic index of the loaded drug and the therapeutic efficacy
of the system [26,47]. Our previous studies have demonstrated that, in spite of exhibiting less
toxicity compared with higher generation PAMAM dendrimer, the small size and open structure of
low generation (G2.5-G3.5) cannot entrap the drug inside well, resulting in low drug entrapment,
particularly only 26.64–27.83% for the first generation platinum-based drug cisplatin [19,22]. In another
study, PAMAM G3.5 was developed for CAR delivery to treat murine retinoblastoma. The formulation
showed positive results; however, the efficacy of CAR loading was limited to 47.54% [48]. In this
present work, by surface functionalizing low generation PAMAM with mPEG, it was highly expected
that the amount of entrapped drug could be efficaciously enhanced. mPEG chains attached on the
PAMAM G3.0’s periphery acquired the extended conformation through the repulsion between the
adjacent chains, which makes the internal space of the dendrimer remarkable larger. It was reported
that the size of PEGylated dendrimers was way more spacious than the total of PEG and dendrimer
alone [14]. For PAMAM G3.0@mPEG, it was already examined in the above section that the increment
in size could be up to 26.7 nm. As expected, PAMAM G3.0@mPEG could entrap up to 83.98 ± 0.24%
wt/wt of CAR.

3.3. Charge-Related Cytotoxicity

Because of the positive charged amino groups on PAMAM’s periphery directly contributed to the
non-specific toxicity of unmodified PAMAM, zeta potential of modified PAMAM G3.0 dendrimers
was evaluated [29,34]. As displayed in Figure 5a, both PAMAM G3.0@mPEG and CAR/PAMAM
G3.0@mPEG showed significant reduced zeta potential (26.3 ± 0.44 mV and 0.20 ± 0.17 mV) as
compared to unmodified PAMAM G3.0 (44.63 ± 0.31 mV). This revealed that surface modification
with mPEG can effectively eliminate the strongly positive charge of PAMAM G3.0. For CAR/PAMAM
G3.0@mPEG, the charge was further neutralized after drug loading thanks to a greater shielding effect
when mPEG chains wrap around loaded CAR.

Figure 5. (a) Zeta potential showing the surface charge of PAMAM G3.0 (solid curve), PAMAM
G3.0@mPEG (dashed curve), and CAR/PAMAM G3.0@mPEG (square dotted curve), (b) Viability of
L929 mouse fibroblast cells after 48 h cultured with media (triangle), media containing PAMAM G3.0
(500 µg/mL) (square), and media containing PAMAM G3.0@mPEG (500 µg/mL) (circle).

The reduction in charge-related cytotoxicity of PAMAM G3.0 by mPEG surface modification, as a
result of its decreased positive surface charge, was examined on L929 fibroblast cells using resazurin
assay (Figure 5b). PAMAM G3.0 showed time-dependent cytotoxicity to fibroblast cells, which causes
36.8% and 63.65% cell death after 24 h and 48 h, respectively. For PAMAM G3.0@mPEG, it was basically
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non-toxic even at high concentrations (up to 500 µg/mL), with the cell viability about 98.59% after
culturing for 48 h. This result implied that the cytotoxicity of PAMAM G3.0 was nearly eliminated
within tested concentration range (≤ 500 µg/mL) after partially surface modification even though the
average conjugated mPEG moieties per PAMAM G3.0 dendrimer was only 7.78. A similar phenomenon
was observed in a study of A. D’Emanuele et al., in which above 90% of cells were alive after being
treated with a low concentration (< 0.01 mM) of PAMAM G4.0 modified with 4 PEG chains [33].

Also, the amine groups of PAMAM have been considered a major reason for hemolysis [12].
The higher amine content, depending on the concentration and/or even generation of PAMAM
dendrimers, will cause stronger hemolysis. In the case of G3.0 PAMAM, Domanski et al. reported
that 77 µM could cause 50% of released hemoglobin [49,50]. Therefore, the positive charge of G3.0
surface had to be decreased to overcome the hemolytic phenomenon [12]. Herein, G3.0 PAMAM
dendrimers were modified about 24.3 % of positive charge. Moreover, the long PEG chains could
also help to partially hide the remaining amine groups. Zhu et al. reported that the hemolysis of
PEGylated PAMAM was less than 5%. Singh et al. also demonstrated the hemolytic percentage of
folic acid-PEG-PAMAM being less than 5% which corresponded with many other studies [51,52].
Considering the good cell viability results and referring to the hemolysis results of PEGylated G3.0, it
was found that the PEGylated low PAMAM generation of G3.0 being non-toxic at tested concentrations.

The morphology of L929 cells incubated with PAMAM G3.0 and PAMAM G3.0@mPEG for 24 h
and 48 h is further visualized in Figure 6. As compared to the control, PAMAM G3.0@mPEG showed a
negligible toxic effect to L929 cells. Approximately 98% of cells were viable and well proliferated after
long incubation time (24 h and 48 h) with a high concentration of PAMAM G3.0@mPEG (500 µg/mL).
On the contrary, unmodified PAMAM G3.0 exhibited dramatic cytotoxicity to the cells, which was
also observed in other work [53]. The fluorescent images of cell morphology were closely consistent
with the resazurin result, in which the discrepancy may be due to the differences in assay principle.
These results indicated that PAMAM G3.0 dendrimer modified mPEG overcomes its charge-associated
cytotoxicity, paving the way for being applied as DDS in cancer treatment with great cytocompatibility.

Figure 6. Fluorescent image of live/dead staining of L929 cells after culturing for 24 h and 48 h with
media (control), PAMAM G3.0 (500 µg/mL) and PAMAM G3.0@mPEG (500 µg/mL). Scale bar = 100 µm.
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3.4. Release Behavior of CAR

In vitro release behavior of CAR from PAMAM G3.0@mPEG was evaluated (Figure 7). The release
of free CAR with an equivalent amount to CAR that entrapped in PAMAM G3.0@mPEG was performed
as a control. From the dialysis membrane, free CAR showed an initial burst phenomenon with an
amount accounting for 62.49% of loaded drug within the first hour whereas PAMAM G3.0@mPEG
can maintain merely 94% of CAR in its dendritic structure in the same time interval. After 6 h, nearly
complete free CAR (80.55%) was released; however, only 17.66% loaded CAR was cumulatively
detected in the medium. Thereafter, CAR continuously released from PAMAM G3.0@mPEG in a
controlled and sustained manner and reached 41.23% released at 24 h, which is just half of the released
free CAR. This behavior is beneficial for the delivery of the drug to the target site with minimum
loss, especially with the drug that has strong side effects and fast renal clearance like CAR (90% of
administered dose is excreted within 24 h) [8]. In addition, PEG is well known as a cilia molecular.
Thus, nanoparticles modified PEG chains contained flexible tails that can insert into the mucus layer
through a diffusion mechanism. Mucus is a sticky gel coating on the cell membranes to eliminate
foreign factors. The PEG chains covering PEGylated nanoparticles support them to easily penetrate
through the mucus layer and accumulate in cells. Then the loaded drugs will be released locally at
a high amount [54]. For all results, a sustainable and accumulative amount of loaded drugs will be
achieved for PEGylated G3.0 formula.

Figure 7. Release profiles of CAR from PAMAM G3.0@mPEG (triangle). The release of free CAR with
equal amount to that loaded in PAMAM G3.0@mPEG was carried out as a control (round).

3.5. In Vitro Activities of CAR/PAMAM G3.0@mPEG against Various Types of Cancer Cells

The anticancer activities of free CAR and CAR/PAMAM G3.0@mPEG, containing an equivalent
amount of CAR, were further studied in HeLa, A549, and MCF7 cell lines using standard Resazurin
assay (Figure 8A–C). Cells treated with medium only were used as the control and assigned to 100%
survival. As shown in Figure 8D–F, the anticancer effects of free CAR and CAR/PAMAM G3.0@mPEG
were dependent on cell types and the therapeutic dose. By treating with an increased concentration of
samples (10–100 µg/mL), a corresponding decrease in the cell viability of all samples was observed
in three cell lines after 48 h of incubation. For HeLa cells (Figure 8B), free CAR at 50 µg/mL caused
severe cytotoxicity leading to nearly 50% of tumor cells being killed, whilst CAR/PAMAM G3.0@mPEG
started to exert their anticancer activity and made the cell viability drop to around 71.43% at the same
concentration. At higher concentrations (75–100 µg/mL), CAR/PAMAM G3.0@mPEG was as active as
free CAR. Similarly, the difference between inhibition degree of A549 cell proliferation of CAR/PAMAM



Biomolecules 2019, 9, 214 13 of 16

G3.0@mPEG and that of free CAR at all tested concentrations was not much (Figure 8E), considering
that PAMAM G3.0@mPEG nanocarriers were cytocompatible to the cells. Interestingly, HeLa cells
were more sensitive than A549 and MCF7 cells, upon being given the same dose of samples (free CAR
and encapsulated CAR), especially at higher doses. At 100 µg/mL, only 19.1% and 10.3% of MCF7 cells
were respectively killed by free CAR and CAR/PAMAM G3.0@mPEG while that of HeLa cells were
63.4% and 61.8%. Taken together, these results indicated that CAR/PAMAM G3.0@mPEG could fully
retain the bioactivity of released CAR to suppress the proliferation of various types of cancer cells.
Further in vitro and in vivo research is recommended to obtain more details about the therapeutic
efficacy of developed CAR/PAMAM G3.0@mPEG formulations.

Figure 8. (A) Image of Hela cells, (B) A549 cells, and (C) MCF7 cells incubated with free CAR and
CAR/PAMAM G3.0@mPEG at different concentration observed under microscope for 48 h. (D) Viability
of HeLa cells, (E) A549 cells, and (F) MCF7 cells incubated with free CAR (black) and CAR/PAMAM
G3.0@mPEG (diagonal) at various doses (10–100 µg/mL) for 48 h, determined by Resazurin assay. Data
are expressed as mean ± SD (n = 3).

4. Conclusions

A partial surface modification of PAMAM G3.0 dendrimer with mPEG to form PAMAM
G3.0@mPEG as a promising platform for CAR delivery has been developed. The resulting PAMAM
G3.0@mPEG has successfully improved the drawback related to the size and loading capacity of
previous CAR-loaded DDSs, having a desirable size range (~30–50 nm) and high entrapment efficiency.
The release profile of CAR/PAMAM G3.0@mPEG showed controlled and sustained release without any
initial burst phenomenon. Additionally, cell viability assays revealed that PAMAM G3.0@mPEG could
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be safely used and fully retain the anticancer activity of released CAR to suppress the proliferation of
various cancer cell lines.

Author Contributions: Conceptualization, D.H.N.; methodology, D.H.N.; investigation, D.H.N., L.G.B., V.D.C.,
T.N.Q.N., T.T.H.L., and T.T.T.; resources, L.G.B.; writing—original draft preparation, D.H.N. and D.-H.N.T.;
writing—review and editing, D.-H.N.T. and D.H.N.; visualization, D.H.N. and D.-H.N.T.; supervision, T.T.H.T.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Marques, M.P.M. Platinum and palladium polyamine complexes as anticancer agents: The structural factor.
ISRN Spectrosc. 2013, 2013, 1–29. [CrossRef]

2. Johnstone, T.C.; Park, G.Y.; Lippard, S.J. Understanding and improving platinum anticancer
drugs–phenanthriplatin. Anticancer Res. 2014, 34, 471–476.

3. Vu, M.T.; Bach, L.G.; Nguyen, D.C.; Ho, M.N.; Nguyen, N.H.; Tran, N.Q.; Nguyen, D.H.; Nguyen, C.K.;
Hoang, T.T.T. Modified carboxyl-terminated PAMAM dendrimers as great cytocompatible nano-based drug
delivery system. Int. J. Mol. Sci. 2019, 20, 2016. [CrossRef]

4. Xiao, H.; Yan, L.; Dempsey, E.M.; Song, W.; Qi, R.; Li, W.; Chen, X. Recent progress in polymer-based platinum
drug delivery systems. Progr. Polym. Sci. 2018, 87, 70–106. [CrossRef]

5. Dasari, S.; Tchounwou, P.B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J. Pharmacol.
2014, 740, 364–378. [CrossRef]

6. Dilruba, S.; Kalayda, G.V. Platinum-based drugs: Past, present and future. Cancer Chemother. Pharmacol.
2016, 77, 1103–1124. [CrossRef]

7. Zalba, S.; Garrido, M.J. Liposomes, a promising strategy for clinical application of platinum derivatives. Exp.
Opin. Drug Deliv. 2013, 10, 829–844. [CrossRef]

8. North, S.M.; Banks, T.A. Small Animal Oncology E-Book: An Introduction; Elsevier Health Sciences: Amsterdam,
The Netherlands, 2009.

9. Ebrahimifar, M.; Nili-Ahmadabadi, A.; Akbarzadeh, A.; Shahemabadi, H.E.; Hasanzadegan, M.;
Moradi-Sardareh, H.; Madadizadeh, H.; Rezaee-diyan, J. Preparation, characterization and cytotoxic
effects of pegylated nanoliposomal containing carboplatin on ovarian cancer cell lines. Indian J. Clin. Biochem.
2017, 32, 230–234. [CrossRef]

10. Arlt, M.; Haase, D.; Hampel, S.; Oswald, S.; Bachmatiuk, A.; Klingeler, R.; Büchner, B. Delivery of carboplatin
by carbon-based nanocontainers mediates increased cancer cell death. Nanotechnology 2010, 21, 335101.
[CrossRef]

11. Alex, A.T.; Joseph, A.; Shavi, G.; Rao, J.V.; Udupa, N. Development and evaluation of carboplatin-loaded
PCL nanoparticles for intranasal delivery. Drug Deliv. 2016, 23, 2144–2153. [CrossRef]

12. Luong, D.; Kesharwani, P.; Deshmukh, R.; Amin, M.C.I.M.; Gupta, U.; Greish, K.; Iyer, A.K. PEGylated
PAMAM dendrimers: Enhancing efficacy and mitigating toxicity for effective anticancer drug and gene
delivery. Acta Biomater. 2016, 43, 14–29. [CrossRef] [PubMed]

13. Tomalia, D.A.; Christensen, J.B.; Boas, U. The Past, Present, and Future for Dendrons and Dendrimers; Cambridge
University Press: Cambridge, UK, 2012; pp. 378–406. [CrossRef]

14. Jiang, Y.Y.; Tang, G.T.; Zhang, L.H.; Kong, S.Y.; Zhu, S.J.; Pei, Y.Y. PEGylated PAMAM dendrimers as a
potential drug delivery carrier: In vitro and in vivo comparative evaluation of covalently conjugated drug
and noncovalent drug inclusion complex. J. Drug Target. 2010, 18, 389–403. [CrossRef] [PubMed]

15. Liao, H.; Liu, H.; Li, Y.; Zhang, M.; Tomás, H.; Shen, M.; Shi, X. Antitumor efficacy of doxorubicin encapsulated
within PEGylated poly (amidoamine) dendrimers. J. Appl. Polym. Sci. 2014, 131, 40358. [CrossRef]

16. Ho, M.N.; Bach, L.G.; Nguyen, T.H.; Ho, M.H.; Nguyen, D.H.; Nguyen, C.K.; Nguyen, C.H.; Nguyen, N.V.;
Thi, T.T.H. PEGylated poly (amidoamine) dendrimers-based drug loading vehicles for delivering carboplatin
in treatment of various cancerous cells. J. Nanopart. Res. 2019, 21, 43. [CrossRef]

17. Ly, T.U.; Tran, N.Q.; Hoang, T.K.D.; Phan, K.N.; Truong, H.N.; Nguyen, C.K. Pegylated dendrimer and its
effect in fluorouracil loading and release for enhancing antitumor activity. J. Biomed. Nanotechnol. 2013, 9,
213–220. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2013/287353
http://dx.doi.org/10.3390/ijms20082016
http://dx.doi.org/10.1016/j.progpolymsci.2018.07.004
http://dx.doi.org/10.1016/j.ejphar.2014.07.025
http://dx.doi.org/10.1007/s00280-016-2976-z
http://dx.doi.org/10.1517/17425247.2013.778240
http://dx.doi.org/10.1007/s12291-016-0596-3
http://dx.doi.org/10.1088/0957-4484/21/33/335101
http://dx.doi.org/10.3109/10717544.2014.948643
http://dx.doi.org/10.1016/j.actbio.2016.07.015
http://www.ncbi.nlm.nih.gov/pubmed/27422195
http://dx.doi.org/10.3109/10611860903494203
http://dx.doi.org/10.3109/10611860903494203
http://www.ncbi.nlm.nih.gov/pubmed/20055559
http://dx.doi.org/10.1002/app.40358
http://dx.doi.org/10.1007/s11051-019-4486-5
http://dx.doi.org/10.1166/jbn.2013.1479
http://www.ncbi.nlm.nih.gov/pubmed/23627047


Biomolecules 2019, 9, 214 15 of 16

18. Nguyen, T.L.; Nguyen, T.H.; Nguyen, C.K.; Nguyen, D.H. Redox and pH responsive poly (amidoamine)
dendrimer-heparin conjugates via disulfide linkages for letrozole delivery. BioMed. Res. Int. 2017, 2017, 1–7.
[CrossRef]

19. Tran, N.Q.; Nguyen, C.K.; Nguyen, T.P. Dendrimer-based nanocarriers demonstrating a high efficiency for
loading and releasing anticancer drugs against cancer cells in vitro and in vivo. Adv. Nat. Sci. Nanosci.
Nanotechnol. 2013, 4, 045013. [CrossRef]

20. Nguyen, D.T.D.; Bach, L.G.; Nguyen, T.H.; Ho, M.H.; Ho, M.N.; Nguyen, D.H.; Nguyen, C.K.; Thi, T.T.H.
Preparation and characterization of oxaliplatin drug delivery vehicle based on PEGylated half-generation
PAMAM dendrimer. J. Polym. Res. 2019, 26, 116. [CrossRef]

21. Ho, M.N.; Bach, L.G.; Nguyen, D.H.; Nguyen, C.H.; Nguyen, C.K.; Tran, N.Q.; Nguyen, N.V.; Thi, T.T.H.
PEGylated PAMAM dendrimers loading oxaliplatin with prolonged release and high payload without burst
effect. Biopolymers 2019, e23272. [CrossRef]

22. Nguyen, H.; Nguyen, N.H.; Tran, N.Q.; Nguyen, C.K. Improved method for preparing cisplatin-dendrimer
nanocomplex and its behavior against NCI-H460 lung cancer cell. J. Nanosci. Nanotechnol. 2015, 15, 4106–4110.
[CrossRef]

23. Pan, D.; Guo, C.; Luo, K.; Yi, Q.; Gu, Z. PEGylated dendritic diaminocyclohexyl-platinum (II) conjugates as
pH-responsive drug delivery vehicles with enhanced tumor accumulation and antitumor efficacy. Biomaterials
2014, 35, 10080–10092. [CrossRef]

24. Karthikeyan, R.; Koushik, O.S.; Kumar, V.P. Surface modification of cationic dendrimers eases drug delivery
of anticancer drugs. Nanosci. Nanotechnol. 2016, 10, 108.

25. Kim, Y.; Klutz, A.M.; Jacobson, K.A. Systematic investigation of polyamidoamine dendrimers
surface-modified with poly (ethylene glycol) for drug delivery applications: Synthesis, characterization, and
evaluation of cytotoxicity. Bioconjug. Chem. 2008, 19, 1660–1672. [CrossRef] [PubMed]

26. Nguyen, D.H.; Lee, J.S.; Choi, J.H.; Park, K.M.; Lee, Y.; Park, K.D. Hierarchical self-assembly of magnetic
nanoclusters for theranostics: Tunable size, enhanced magnetic resonance imagability, and controlled and
targeted drug delivery. Acta Biomater. 2016, 35, 109–117. [CrossRef] [PubMed]

27. Bao, B.Q.; Le, N.H.; Nguyen, D.H.T.; Tran, T.V.; Pham, L.P.T.; Bach, L.G.; Nguyen, T.H.; Nguyen, D.H.
Evolution and present scenario of multifunctionalized mesoporous nanosilica platform: A mini review.
Mater. Sci. Eng. C 2018, 91, 912–928. [CrossRef] [PubMed]

28. Nguyen, A.K.; Nguyen, T.H.; Bao, B.Q.; Bach, L.G.; Nguyen, D.H. Efficient Self-assembly of mpeg end-capped
porous silica as a redox-sensitive nanocarrier for controlled doxorubicin delivery. Int. J. Biomater. 2018, 2018,
1–8. [CrossRef] [PubMed]

29. Hu, W.; Qiu, L.; Cheng, L.; Hu, Q.; Liu, Y.; Hu, Z.; Cheng, L. Redox and pH dual responsive poly (amidoamine)
dendrimer-poly (ethylene glycol) conjugates for intracellular delivery of doxorubicin. Acta Biomater. 2016,
36, 241–253. [CrossRef] [PubMed]

30. Zeng, Y.; Kurokawa, Y.; Win-Shwe, T.T.; Zeng, Q.; Hirano, S.; Zhang, Z.; Sone, H. Effects of PAMAM
dendrimers with various surface functional groups and multiple generations on cytotoxicity and neuronal
differentiation using human neural progenitor cells. J. Toxicol. Sci. 2016, 41, 351–370. [CrossRef] [PubMed]

31. Kumar, P.D.; Kumar, P.V.; Selvam, T.P.a.; Rao, K.S. Prolonged drug delivery system of PEGylated PAMAM
dendrimers with a anti-HIV drug. Res. Pharm. 2015, 3, 8–17.

32. Li, Y.; He, H.; Lu, W.; Jia, X. A poly (amidoamine) dendrimer-based drug carrier for delivering DOX to
gliomas cells. RSC Adv. 2017, 7, 15475–15481. [CrossRef]

33. Jevprasesphant, R.; Penny, J.; Jalal, R.; Attwood, D.; McKeown, N.B.; D’emanuele, A. The influence of surface
modification on the cytotoxicity of PAMAM dendrimers. Int. J. Pharmaceut. 2003, 252, 263–266. [CrossRef]

34. Thanh, V.M.; Nguyen, T.H.; Tran, T.V.; Ngoc, U.T.P.; Ho, M.N.; Nguyen, T.T.; Nguyen, D.H. Low systemic
toxicity nanocarriers fabricated from heparin-mPEG and PAMAM dendrimers for controlled drug release.
Mater. Sci. Eng. C 2018, 82, 291–298. [CrossRef]

35. Hoang, D.Q.; Tran, T.V.; Tran, N.Q.; Nguyen, C.K.; Nguyen, T.H.; Truong, M.D.; Nguyen, D.H.
Functionalization of Fe3O4 nanoparticles with biodegradable chitosan-grafted-mPEG for paclitaxel delivery.
Green Process. Synth. 2016, 5, 459–466. [CrossRef]

36. Tong, N.A.N.; Nguyen, T.H.; Nguyen, D.H.; Nguyen, C.K.; Tran, N.Q. Preparation of the cationic
dendrimer-based hydrogels for controlled heparin release. J. Macromol. Sci. Part A 2015, 52, 830–837.
[CrossRef]

http://dx.doi.org/10.1155/2017/8589212
http://dx.doi.org/10.1088/2043-6262/4/4/045013
http://dx.doi.org/10.1007/s10965-019-1779-4
http://dx.doi.org/10.1002/bip.23272
http://dx.doi.org/10.1166/jnn.2015.9808
http://dx.doi.org/10.1016/j.biomaterials.2014.09.006
http://dx.doi.org/10.1021/bc700483s
http://www.ncbi.nlm.nih.gov/pubmed/18610944
http://dx.doi.org/10.1016/j.actbio.2016.02.020
http://www.ncbi.nlm.nih.gov/pubmed/26884278
http://dx.doi.org/10.1016/j.msec.2018.07.008
http://www.ncbi.nlm.nih.gov/pubmed/30033325
http://dx.doi.org/10.1155/2018/1575438
http://www.ncbi.nlm.nih.gov/pubmed/29686706
http://dx.doi.org/10.1016/j.actbio.2016.03.027
http://www.ncbi.nlm.nih.gov/pubmed/26995505
http://dx.doi.org/10.2131/jts.41.351
http://www.ncbi.nlm.nih.gov/pubmed/27193728
http://dx.doi.org/10.1039/C7RA00713B
http://dx.doi.org/10.1016/S0378-5173(02)00623-3
http://dx.doi.org/10.1016/j.msec.2017.07.051
http://dx.doi.org/10.1515/gps-2016-0093
http://dx.doi.org/10.1080/10601325.2015.1067043


Biomolecules 2019, 9, 214 16 of 16

37. Mishra, P.; Nayak, B.; Dey, R.K. PEGylation in anti-cancer therapy: An overview. Asian J. Pharmaceut. Sci.
2016, 11, 337–348. [CrossRef]

38. Mori, A.; Klibanov, A.L.; Torchilin, V.P.; Huang, L. Influence of the steric barrier activity of amphipathic
poly(ethyleneglycol) and ganglioside GM1 on the circulation time of liposomes and on the target binding of
immunoliposomes in vivo. FEBS Lett. 1991, 284, 263–266. [CrossRef]

39. Matsushima, A.; Kodera, Y.; Hiroto, M.; Nishimura, H.; Inada, Y. Bioconjugates of proteins and polyethylene
glycol: Potent tools in biotechnological processes. J. Mol. Catal. B Enzym. 1996, 2, 1–17. [CrossRef]

40. Immordino, M.L.; Dosio, F.; Cattel, L. Stealth liposomes: Review of the basic science, rationale, and clinical
applications, existing and potential. Int. J. Nanomed. 2006, 1, 297–315.

41. Giorgi, M.E.; Agusti, R.; de Lederkremer, R.M. Carbohydrate PEGylation, an approach to improve
pharmacological potency. Beilstein J. Organic Chem. 2014, 10, 1433–1444. [CrossRef]

42. Thi, T.N.L.; Nguyen, T.H.; Hoang, D.Q.; Tran, T.V.; Nguyen, N.T.; Nguyen, D.H. Development of new
magnetic nanoparticles: Oligochitosan obtained by γ-rays and–coated Fe3O4 nanoparticles. App. Surf. Sci.
2017, 422, 863–868. [CrossRef]

43. Nguyen, D.H.; Choi, J.H.; Joung, Y.K.; Park, K.D. Disulfide-crosslinked heparin-pluronic nanogels as a
redox-sensitive nanocarrier for intracellular protein delivery. J. Bioactive Comp. Polym. 2011, 26, 287–300.
[CrossRef]

44. Tran, D.H.N.; Nguyen, T.H.; Vo, T.N.N.; Pham, L.P.T.; Vo, D.M.H.; Nguyen, C.K.; Bach, L.G.; Nguyen, D.H.
Self-assembled poly (ethylene glycol) methyl ether-grafted gelatin nanogels for efficient delivery of curcumin
in cancer treatment. J. Appl. Polym. Sci. 2019, 136, 47544. [CrossRef]

45. Thi, T.T.H.; Tran, D.H.N.; Bach, L.G.; Vu, Q.H.; Nguyen, D.C.; Park, K.D.; Nguyen, D.H. Functional magnetic
core-shell system-based iron oxide nanoparticle coated with biocompatible copolymer for anticancer drug
delivery. Pharmaceutics 2019, 11, 120.

46. Tripathy, S.; Das, M.K. Dendrimers and their applications as novel drug delivery carriers. J. Appl. Pharmaceut.
Sci. 2013, 3, 142–149.

47. Nguyen, D.H.; Bae, J.W.; Choi, J.H.; Lee, J.S.; Park, K.D. Bioreducible cross-linked Pluronic micelles:
pH-triggered release of doxorubicin and folate-mediated cellular uptake. J. Bioactive Compat. Polym. 2013, 28,
341–354. [CrossRef]

48. Kang, S.J.; Durairaj, C.; Kompella, U.B.; O’Brien, J.M.; Grossniklaus, H.E. Subconjunctival nanoparticle
carboplatin in the treatment of murine retinoblastoma. Archiv. Ophthalmol. 2009, 127, 1043–1047. [CrossRef]
[PubMed]

49. Domanski, D.M.; Klajnert, B.; Bryszewska, M. Influence of PAMAM dendrimers on human red blood cells.
Bioelectrochemistry 2004, 63, 189–191. [CrossRef] [PubMed]

50. Malik, N.; Klopsch, R.; Lorenz, K.; Frey, H.; Weener, J.W.; Meijer, E.W.; Paulus, W.; Duncan, R. Dendrimers:
Relationship between structure and biocompatibility in vitro, and preliminary studies on the biodistribution
of 125I-labelled polyamidoamine dendrimers in vivo. J. Controll. Release 2000, 65, 133–148.

51. Zhu, S.; Hong, M.; Tang, G.; Qian, L.; Lin, J.; Jiang, Y.; Pei, Y. Partly PEGylated polyamidoamine dendrimer
for tumor-selective targeting of doxorubicin: The effects of PEGylation degree and drug conjugation style.
Biomaterials 2010, 31, 1360–1371. [CrossRef]

52. Bhadra, D.; Bhadra, S.; Jain, S.; Jain, N.K. A PEGylated dendritic nanoparticulate carrier of fluorouracil. Int.
J. Pharmaceut. 2003, 257, 111–124. [CrossRef]

53. Yang, H.; Lopina, S.T.; DiPersio, L.P.; Schmidt, S.P. Stealth dendrimers for drug delivery: Correlation between
PEGylation, cytocompatibility, and drug payload. J. Mater. Sci. Mater. Med. 2008, 19, 1991–1997. [CrossRef]
[PubMed]

54. Huckaby, J.T.; Lai, S.K. PEGylation for enhancing nanoparticle diffusion in mucus. Adv. Drug Deliv. Rev.
2018, 124, 125–139. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ajps.2015.08.011
http://dx.doi.org/10.1016/0014-5793(91)80699-4
http://dx.doi.org/10.1016/1381-1177(96)00003-3
http://dx.doi.org/10.3762/bjoc.10.147
http://dx.doi.org/10.1016/j.apsusc.2017.06.115
http://dx.doi.org/10.1177/0883911511406031
http://dx.doi.org/10.1002/app.47544
http://dx.doi.org/10.1177/0883911513491642
http://dx.doi.org/10.1001/archophthalmol.2009.185
http://www.ncbi.nlm.nih.gov/pubmed/19667343
http://dx.doi.org/10.1016/j.bioelechem.2003.09.023
http://www.ncbi.nlm.nih.gov/pubmed/15110271
http://dx.doi.org/10.1016/j.biomaterials.2009.10.044
http://dx.doi.org/10.1016/S0378-5173(03)00132-7
http://dx.doi.org/10.1007/s10856-007-3278-0
http://www.ncbi.nlm.nih.gov/pubmed/17952565
http://dx.doi.org/10.1016/j.addr.2017.08.010
http://www.ncbi.nlm.nih.gov/pubmed/28882703
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of PAMAM G3.0 Dendrimer 
	Preparation of Activated mPEG-NPC 
	Preparation of mPEG-Modified PAMAM G3.0 Dendrimer (PAMAM G3.0@mPEG) 
	Preparation of CAR/PAMAM G3.0@mPEG 
	Characterizations 
	CAR Loading Capacity and In Vitro CAR Release 
	Cell Viability Assays 

	Results and discussion 
	Preparation of PAMAM G3.0@mPEG 
	Characterization of CAR/PAMAM G3.0@mPEG 
	Charge-Related Cytotoxicity 
	Release Behavior of CAR 
	In Vitro Activities of CAR/PAMAM G3.0@mPEG against Various Types of Cancer Cells 

	Conclusions 
	References

