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Abstract. Platinum complexes have paid much attention to develop new drugs for cancer therapy due to its inhibitory
activity against cancerous cell growth. In the study, the strategically programming cationic PAMAM G4.0 with carboxylate motifs was introduced as a delivery platform for cisplatin. Partial amino groups on the surface of PAMAM G4.0
had coupled with active carboxylate groups on polyacrylic acid (PAA) in order to reduce the remaining problem of
cationic dendrimer and improve delivery effectiveness of aquated cisplatin. Our results show that the full cationic
PAMAM G4.0 was toxic against both breast cancer (MCF7) and human dermal fibroblast (HuDF) cell lines at 100 ppm
concentration. In the contract, the PAA-conjugated PAMAM G4.0 significantly improved their cytocompatibility of the
cationic dendrimer. In addition, the modified PAMAM dendrimers G4.0 showed high affinity with the aquated cisplatin
due to the presence of abundant carboxylic groups. Notably, the aquated cisplatin-complexed PAA-G4.0 showed 2.94folded reduction in the toxicity against NCI H460 in comparison to free cisplatin drugs. Hence, the G4.0-PAA/aquated
cisplatin nano-complex may become a promising versatile strategy for improving antitumour efficacy and reducing the
side effects of platinum-based drugs.
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Introduction

Cisplatin is currently known as a highly effective antineoplastic drug [1–3]. The drug is a molecule targeting DNA
replication causing cell cycle arrest [2–4] or disputing DNA
transcription or activating the cellular apoptosis [3]. Despite
the popularity of cisplatin in cancer therapy, this drug
induces various side effects, which can cause acute and
chronic toxicity, such as nephrotoxicity [5,6], myelosuppression [6] or ototoxicity [7]. In addition, utilization of
cisplatin as potential chemotherapeutic drug is limited due
to a high dose required for achieving efficacy [1,2,5,7].
While cisplatin analogous has been developed in order to
solve the remained problem of the original one, no recommended specific cisplatin-based formula is currently
available [8,9]. In the last decade, along with the revolution
of nanotechnology, an alternative strategy has been a shift

in focus from platinum complex design to cisplatin carriers
in order to enhance anticancer activity as well as reduce its
side effects [10–16]. Among numerous cisplatin delivery
methods, cisplatin conjugated carrier is a tremendous
motivator for researchers [17]. Cisplatin can be attached
appropriately to nanocarriers containing ester [11,18],
amide linkages [19] or carboxylate connectivity [12,15,20].
These interactions can later be hydrolysed inside the cell
allowing drugs to accumulate in tumour site [10,11]. Further, the conjugation between cisplatin and carrier revealed
an improved efficacy of the platinum drug in cancer treatment compared to physical encapsulation.
Dendrimers have emerged as an efficient nanocarrier for
controlled drug/therapeutic delivery due to their exquisite
features, such as highly uniform size and shape, high density and diversity of peripheral functional groups on the
surface [1,14–16,19,21]. Despite various dendrimer
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generations, dendrimer with lower generation (G \ 5.0)
have attracted continuous scientific research in drug delivery carriers due to their size and their opened conformation
with vacuous internal cavities [14,16,22]. Notably, the
dendrimers contain a great amount of functional groups on
the surface, leading to the increased attraction of drug–
dendrimer conjugation [14,16]. Notwithstanding the
advance of dendrimers, their effectiveness in drug delivery
is unambiguous due to their problem related to biocompatibility, toxicity and immunogenicity [16,21,23–26].
Remarkably, the misadventure of the dendritic family is
almost seen as the charge of the surface groups [14].
The most strategy attracting researchers to cisplatin
delivery is the covalently conjugated poly(ethylene glycol)
(PEG) chains on the surface of the cationic dendrimer
[14,19]. In our previous study [27], tailoring fourth-generation dendrimer (G4.0) with low-molecular-weight PEG
exposed their exceptional encapsulated characterization.
The PEGylated G4.0 displayed non-toxicity and did not
impede the drug loading ability. Especially, PEGylated
dendritic evinced the sustainable release behaviour of
platinum (II) compared with unmodified dendrimer.
Although the dendrimers conjugated PEG diminished
cytotoxicity better than non-PEGlayed dendrimer, PEG, a
non-charged polymer, may alter the binding affinity of
PAMAM to the drug; hence, it primarily suppresses
attractiveness of using these dendrimers for cisplatin carriers [28]. Moreover, the study of mPEG-PAMAM-G3.0 and
mPEG-PAMAM-G4 showed that the binding of cisplatin
polymer is mainly via hydrophilic interaction of Pt cation
with amine groups of the internal cavity of dendrimer [19].
This interaction leads to reduce the release of cisplatin from
dendrimer complex; thus, reducing the applicable potency
of the system in drug delivery.
With more surface modification, carriers comprising
carboxylate acid moieties are attractive carriers for cisplatin
due to quick immobilizing activity of the drug molecule into
carriers [15,20], and sustainable release after administration
[12]. Previous studies of half-generation PAMAM dendrimer revealed that approximately 62.7% cisplatin could
be released from carboxylated dendrimer G6.5 [11]. The
hyperbranched polyglycerols increased cisplatin entrapment
from 10 to 20% w/w cisplatin by increase in the number
carboxylate groups on the surface from 113 to 348 [29].
However, the fully anionic carboxylate on the surface may
reduce the interaction with the cell membrane as compared
to cationic carriers, which makes them as perfect candidates
for cancer drug delivery [12].
The present study aims at evaluating the applicability of
partial modified cationic PAMAM G4.0 with poly(acrylic
acid) (PAA) chains, for efficient delivery of cisplatin in
comparison with full anionic dendrimer (half-generation
G2.5-G4.5) and full cationic dendrimer. In the modified
PAMAM G4.0 structure, the carboxylate groups on PAA
chains would provide active sites for the ligand exchange
reaction with aquated cisplatin; thus, contributing to
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effective delivery of cisplatin. Moreover, PAA is considered
as a biocompatible polymer with delicate pH sensitivity and
tenability [30]. In other words, PAA-modified PAMAM
dendrimer could be a potential candidate for designing pHresponsive drug delivery systems since it easily swells,
collapses or shrinks in response to the changing pH environment and delivers the drug to the desired locations.

2.
2.1

Experimental
Materials

Cis-dichlorodiamminoplatinum (II) (Cisplatin, 99%),
poly(acrylic acid) (PAA, MW = 2000 g mol–1, 68 wt%),
silver nitrate (99%) and 1-ethyl-3-(3 dimethyl aminopropyl)
carbodiimide (EDC, 98%) were supplied by Sigma-Aldrich
(USA). Dialysis membranes with a molecular weight cutoff (MWCO) of 3500 and 8000 were obtained from Spectrum Laboratories Inc. (USA). Cationic terminated
PAMAM dendrimer G4.0 and anionic half-generation
PAMAM (G2.5-G4.5) were prepared as described previously [1,27,31]. The chemical agents as well as culture
medium for celal examination were purchased from Grand
Island Biological Company. Acridine orange (AO, 98%),
in vitro toxicology assay kit, sulforhodamine B based (SRB)
and ethidium bromide (EB, 95%) were ordered from SigmaAldrich (Singapore).

2.2

Synthesis of PAA-conjugated PAMAM G4.0

PAA-conjugated PAMAM G4.0 (G4.0-PAA) was synthesized using carbodiimide coupling method to form the
covalent bond between amino groups (–NH2) of PAMAM
G4.0 and carboxylate groups (–COOH) of PAA. Briefly,
PAA was dissolved into water and adjusted pH to 6.0 using
NaOH 10% (wt/v). The activated reaction was performed in
a molar ratio of EDC and PAA = 1:1 (mol/mol). After
15 min, the activated PAA was added drop-wise into
PAMAM G4.0 solution (at molar ratio = 16:1) under stirring for 24 h at room temperature. The unwanted products
were removed through dialysis method using membrane
MWCO 8000 before lyophilizing. The lyophilized product
was then stored at 4°C for further study.

2.3

Preparation of cisplatin-conjugated dendrimer carries

The ratio between cisplatin and dendrimers-based carriers
was followed as previous reports [12,17]. Briefly, cisplatin
was hydrated to replace two chloride ions by water. AgNO3
(6.6 ml 1 M) was added into 0.33 mol cisplatin (in dark)
under stirring and room temperature conditions for 24 h.
The resultant precipitate (AgCl) was separated from solution using centrifugation (10000 rpm, 25°C) following
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0.2 lm nylon filter. The aquated cisplatin solution was
gently drop-wised into 1 ml of each type dendrimer solution
under stirring and room temperature conditions for 1.5 h
following the sonication for 1 h in N2 condition. Then, this
solution was transferred into dialysis membrane (MWCO
3500) to remove the non-encapsulated cisplatin. The reaction mixture was freeze-dried to determine platinum content
by ICP-MS.
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interferences (matrix effects) were not observed; thus,
quantification of Pt was carried out by external calibration
over the working range (0–80 ppb) with 200 ppb Lu as
internal standard (IS). The correlation coefficient of the
calibration curve by least-squares linear regression analysis
was [0.9999. All the measurement was conducted with
three independent experiments performing in triplicate.

2.6
2.4

Cell lines and culture conditions

In vitro release of platinum complexes

Two buffer solutions (acetate (ABS) pH 5.5 and phosphate
saline (PBS) pH 7.4) were used as drug release medium. An
amount of 1 ml cisplatin-encapsulated dendrimers
(100 ppm in PBS buffers or ABS buffers) was sealed in
dialysis tube (MWCO 3500) and then immersed into 50 ml
buffers. These vials were gentle stirred at 37°C. At each
predetermined time, 1 ml release medium was taken out for
measurement and fresh buffer was then refiled at the same
volume. The concentrations of the platinum complexes
present in the dialysate aliquots were measured using ICPMS, and the amount of platinum species released from the
nanocarriers were expressed as an accumulative percentage
of the total platinum species available and plotted as a
function of time.

2.5
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Analytical methods

The chemical structure was characterized by Fourier
transform infrared spectroscopy (FT-IR, Horiba) and
nuclear magnetic resonance spectrometry (500-MHz Bruker
NMR JCAMP-5.01). The morphology as well as size and
zeta potential (f-values) were determined through transmission electron microscopy (TEM, JEOL-JEM-1400) at an
accelerating voltage of 100 keV without staining and
dynamic light scattering (DLS, SZ-100 Nanopartica Series
Instruments (Horiba)), respectively. In the DLS measurement, water and buffer (PBS 7.4) were filtered via 0.22 lm
nylon filter and degassed to remove air bubbles. Samples
were put into water bath at the desired temperature before
measurement. All the samples was prepared at 4 mg ml–1 in
water, the dilution was taken until the correlation function
reached the zero-based line. Both size and f-values were
measured at 25°C.
The amount of cisplatin was investigated by inductively
coupled plasma mass spectrometry (ICP-MS, HORIBA
Jobin–Yvon ULTIMA 2, France). After optimization, the
final parameters for operating conditions were 1000 W
forward power, 15l min–1 plasma gas, 0.8l min–1 auxiliary
gas, 1l min–1 nebulizer gas, 40 s for sample flush, 45 s for
washing and 0.6 ms for integration time. In order to optimize precision and accuracy, internal standard was used.
Total Pt content measures were acquired in continuous
mode, monitoring m/z Pt (195) and Lu (175). Non-spectral

Human breast cancer cell lines, including MCF7 cells
(HTB-22) and NCI H460 cells (HTB-177) and human
dermal fibroblasts (HuDF) (PCS-201-012, ATCC, Manassas, VA) were used in this study. All cells were maintained
in the complete growth medium (Dulbecco’s modified
Eagle’s medium) supplied with 100 U ml–1 penicillin/
streptomycin. The cells were maintained in humidified
incubator (Memmert, Germany) at 37°C with 5% CO2.

2.7

Cytotoxicity assay

The cells were seeded in 35 mm culture dishes at a concentration of 2 9 105 cells per well and cultured for 24 h
before being incubated with testing samples. PBS 1X (pH
7.4, GibcoTM) was used as negative control since all variables were prepared with PBS 1X. Camptothecin (CPT,
Sigma-Aldrich) was used as the positive control. The cellular viability was quantitated by calculating the percentage
of dead cells when the cells were exposed to various formulations using Sulforhodamine B assay (SRB assay). After
determined time culture, trichloroacetic acid 10% (w/v) was
directly put to medium supernatant and incubated at 4°C for
2 h. All the wells were washed with slow-running water and
then let the well dry at room temperature. SRB (0.2 wt%)
was added into these wells for 60 min. Acetic acid 1% vol/
vol was used to remove unbound dye following the solubilization of protein-bound dye by Tris base 10 Mm. The
measurement was conducted using ELISA Plate Readers at
492 and 620 nm. The data are presented as the mean ± SE.
Statistical differences between the control and treated
groups were assessed using two-way analysis of variance
followed by the post-hoc test that was performed on Origin
8.5 (USA).

2.8

Apoptosis detection

In this study, dual acridine orange/ethidium bromide (AO/
EB) assay was conducted to semi-quantitatively assess
apoptosis in cancer cells (MCF-7 cells) and normal cells
(human fibroblast cells) after exposure to cationic PAMAM
G4.0, anionic PAMAM G4.5 and PAA-modified PAMAM
G4.0. Briefly, after the determined culture time, culture
media was removed from the culture dish. After washing
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with PBS 1X (pH 7.4), 1 ll of dual AO/EB was added into
each well for 30 min. Cell morphology was observed by
fluorescence microscopy and Andor Dragonfly confocal
microscope to identify apoptosis-associated changes of cell
membranes during the process of apoptosis.

3.
3.1

Results and discussion
Characterization of PAMAM-derivated PAA

In this study, PAA was conjugated on the periphery of the
fourth-generation PAMAM via a carbodiimide-mediated
amide linkage by the reaction of exterior primary amino
groups of PAMAM with the carboxyl group of acrylic acid.
Chemical shifts for 1H spectra of PAMAM G4.0 was referenced to identify the successful grafting method (figure 1). The 1H NMR measurement of unmodified PAMAM
G4.0 was followed by the previous reports [27,31]. The
signal of methylenes next to the tertiary amino groups (128
H, –CH2CH2N\) was assigned at 2.6 ppm. The characteristic signal at 2.4 ppm and at 2.8 ppm was the proton
belonging to amide methylene groups (248 H, CH2CH2CO–
NH–) and methylene next to the primary amino groups (358
H, CH2CH2NH2), respectively. Together with the assignment of PAMAM G4.0 proton, the new chemical shift at
1.55 ppm (c) corresponding to methine proton (–CHCO–)
and 2.05 ppm (b) assigning to methylene protons (CHCH2–
) indicated the conjugated PAA moieties. From the integral
ratio of the proton signals at 2.05 ppm (proton of PAA) to
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those at 2.6 ppm corresponding to the protons of methylenes next to terminated amino in PAMAM branches, the
average number of PAA attached on PAMAM exterior was
15.16 per PAMAM molecule.
Transmission electron microscopy (TEM) images of
PAMAM G4.0 demonstrated the formation of uniform
spherical nanoparticles with a diameter of 4.1 ± 1.2 nm
(figure 2A), which nearly matched the hydrodynamic
diameter of 7.8 ± 2.4 nm as measured by dynamic light
scattering (DLS, figure 2B). By DLS measurement, the
hydrodynamic diameter of PAMAM G4.0 after coating with
PAA groups increased 3.6 times, which can be attributed to
the carboxylate layer of PAA on the surface of G4.0. In
addition, G4.0–PAA exhibited the potency in drug carriers,
as well dispersed with low size distribution l2/C2 of 0.003.
The morphology of G4.0-PAA was similar to PAMAM
G4.0 (smooth and spherical), except their size.
To investigate the stability of PAA-G4.0, zeta potential
values of PAA-G4.0 in different solutions (buffer pH 7.4,
DI water and buffer pH 5.5) were measured. The f-value of
PAA-G4.0 changed from -58.6 to -19.2 mV and
?7.3 mV when pH solution was 7.4, 7.0 (DI water) and 5.5,
respectively (figure 2E). The charge reversal process indicates that carboxylic and amino groups are on the surface of
PAA-G4.0. PAA-G4.0 nanoparticles have the negative
charge at pH 7.4, suggesting that PAA-G4.0 has favourable
stealth property [9,12,13]. Furthermore, the higher zeta
potential value of PAA-G4.0 dispersion in buffer pH 7.4
indicates the excellent stability of modified PAMAM G4.0
in the bloodstream. However, PAA-G4.0 is unstable in acid
condition. The lower positive zeta potential, ?7.3 mV,
reveals the most prominent increases in electric double
layer interaction resulting in flocculating. In other words,
PAA-G4.0 would promote the accumulation in tumour site.
Moreover, in acidic environment, the full protonation of
amino groups (NH2) induces the domination of positive
charge, which helps to increase cellular uptake due to
electrostatic interactions between PAA-G4.0, and cells
[14,15,24].

3.2

Figure 1. The 1H NMR spectra (400 MHz, D2O) of unmodified
PAMAM G4.0 dendrimer (top) and G4.0-PAA dendrimer
(bottom).

The cytotoxicity property of carriers in drug delivery

Modified dendrimers can be considered as excellent performance in the drug delivery system if their cytotoxicity is
improved [10,16]. According to various reports, behaviour
of both oppositely charged PAMAM dendrimers (full and
half-generation, G4.0 and G4.5, respectively) are different
depending on the interaction with cell membrane
[1,15,17,21,23]. Due to the presence of amino groups on the
surface, PAMAM G4.0 is firmly bound to the membrane
inducing the disruption of the negatively charged cell
membrane; consequently, PAMAM G4.5 shows higher biocompatibility than cationic amino-terminated G4.0. However, due to the swelling behaviour of anionic carriers at
high pH instead of acidic medium, anionic PAMAM G4.5
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Figure 2. TEM images of (A) PAMAM G4.0 and (B) particle size distribution of unmodified PAMAM G4.0, (C) PAA-G4.0 and
(D) its particle size distribution by dynamic light scattering (DLS) technique. (E) Zeta potential distribution of PAA-G4.0 in different
medium (buffer 5.5, buffer 7.4 and DI water).

has rarely been used as drug carrier in cancer treatment
[25]. Thus, the mixture of both amino groups and carboxylate groups on the surface of dendrimer was expected
to have superior properties of both full anionic PAMAM
and cationic PAMAM. In this study, the toxicity of modified
dendrimer (PAA-G4.0) was evaluated compared with
unmodified PAMAM G4.0 and half-generation PAMAM
dendrimer (G4.5) using MCF7 and human fibroblast cells.
As shown in figure 3, the cytotoxic effect of cationic
PAMAM G4.0 was remarkably higher than PAMAM G4.5.
Generally, anionic PAMAM G4.5 was relatively harmless

towards MCF7 cell lines in concentration range of
30–150 ppm. On the contrary, the percentage of inhibition
of MCF-7 cell growth increased steadily with an increase in
PAMAM G4.0 concentration (figure 3A). At 90 ppm, only
51.22 ± 1.6% of untreated cells were found to be viable. At
150 ppm, the percent survival MCF7 cells were reduced to
31.97 ± 0.8%, which was three times lower compared with
G4.5 at the same concentration. The cytotoxic profile of
PAMAM G4.0 decorated with PAA on the surface was
quite similar to G4.5 in a concentration range of
90–150 ppm (p = 0.002), whereas at the concentration
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Figure 3. (A) In vitro cytotoxic effects on MCF-7 cells’ response
to various types of carries (PAMAM G4.0, PAMAM G4.5 and
G4.0-PAA) with reference to untreated cells. (B) MCF7 cell
viability assessment in treated cells with unmodified and modified
PAMAM G4.0, PAMAM G.5 and DMEM at 100 ppm for 48 h, by
fluorescence microscopy. Dual staining (AO/EB) was applied to
determinate viable cells from those in early (E)/later (L) apoptosis
(bright green and orange/yellow, respectively) and necrosis (N,
red).

lower than 90 ppm, the non-significant difference was
observed between modified PAMAM G4.0 and non-treated
cells (p = 0.15). The inhibition percentage of MCF7 cells in
both modified PAMAM G4.0 and PAMAM G4.5 were
relative to the negative control; approximately 9% growth
inhibition was recorded at 100 mg ml–1 concentration.
Notably, the concentration of substrate that induces the
diminishing of growth of cells by 50% (IC50) was indeterminate for both anionic PAMAM G4.5 and modified
PAMAM G4.0 in the range of tested concentration
30–150 ppm and higher (100 mg ml–1). In a significant
reversal of cationic dendrimer, 92.15 ± 0.15 ppm of
PAMAM G4.0 was needed to reach the IC50 data. All
obtained results are in agreement with acridine orange and
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ethidium bromide dual staining (figure 3B). Image of MCF7
cell line taken after 48 h incubation period with cationic
PAMAM G4.0 had the orange cells with dots in the nuclei
and red cells, which were absent when culturing with
modified PAMAM G4.0, anionic PAMAM G4.5 and PBS
1X. Along with the MCF7 cells in the late apoptotic and
necrotic stage, the quality of cells in early apoptotic cells
appearing as bright green was also higher in unmodified
G4.0 than that of other samples.
We also performed cytotoxicity test on fibroblast cells for
all dendrimers at 100 ppm to investigate whether the
modified PAMAM G4.0 was suitable carrier for therapeutic
applications. At first 4 h, all variables seem to be non-toxic
for fibroblast cells (figure 4). However, after 48 h incubation with dendrimers (PAMAM G4.0, PAMAM G4.5, G4.0PAA, Camptothecin or PBS 1X) at 100 ppm, the obtained
results were consistent with the previous result of MCF7
cells. The cytotoxicity of cationic dendrimers and positive
controls were inconsequential different, while anionic
PAMAM and modified PAA-G4.0 were non-lethal effects at
all-time points. The 72 h additional incubation without
cationic dendrimers G4.0 in medium did not reduce the
dendrimer’s toxicity in fibroblast. The cell viability drastically reduced to 9.32 ± 1.07% and 100% mortality was
recorded at 168 h. It seems that PAMAM G4.0 is still active
after medium change. Contrarily, fibroblast cells in the
culture medium with PAA-G4.0 and PAMAM G4.5 were
able to maintain a good cell viability (C100%).
We then tried to investigate the mode of death (apoptosis
or necrosis) after treatment with each variables using AO/
EB dual dye. Although the PAMAM G4.0 was removed out
from the media, the apoptosis mode was observed based on
yellow-green and orange-red stained nuclei (figure 5). In
addition, the cells treated with PAMAM G4.0 had similar
level of apoptosis compared to the positive control.
Fibroblast cells incubated with PAMAM G4.0 had the

Figure 4. Percentage cell viability of human fibroblast treated
with PAMAM G4.0, PAMAM G4.5, G4.0-PAA, Camptothecin
(positive control) and PBS 1X (negative control) at the same
concentration (100 ppm). Mean ± SE; n = 5.
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Figure 5. Fluorescent images obtained from fluorescent confocal microscopy—the fibroblast cells were
stained with acridine orange (AO) and ethidium bromide (EB) at 72 h additional incubation without
PAMAM G4.0, PAMAM G4.5, G4.0-PAA, Camptothecin (positive control) and PBS 1X (negative
control).

shorter spindle-shaped, lower density as well as lower
adhesion compared to negative control. Furthermore, the
connection between fibroblast cells disappeared with
cationic G4.0 suppling in culture media. On the other hand,
fibroblast cells treated with PAMAM G4.5 or modified
surface PAMAM G4.0 had uniform morphology and displayed green fluorescence similar to negative control.
Interestingly, these fibroblast cells exposed good adhesion
as well as good connection as shown in figure 5. As it was

assumed, cationic PAMAM was the most harmful carrier
for both MCF7 and fibroblast cells. This fact should be
considered when applying this carrier in vivo, especially
using high doses. The PAA modification significantly
reduced the toxicity of cationic dendrimer G4.0. In the light
of the foregoing, the localization of a remained number of
amino groups on the PAA-modified PAMAM 4.0 dendrimers did not induce the apoptosis in MCF7 cells as well
as in normal cells. This feature supposes G4.0-PAA
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amino-terminated dendrimer was increased about 2 times
than that of G3.5-COOH. The higher encapsulation efficacy
of G4.0-PAA may be due to the presence of amino groups
on the surface [18,19,26].
In the second strategy of cisplatin-loading nanocarriers,
the molecule was hydrolysed into aquated species (cis[Pt(NH3)2(H2O)2]2?) suggesting an important role of contributors to reversible coordinate bonds to the carboxylate
groups of the dendrimers, as seen in figure 6. In this study,
full cationic PAMAM dendrimer was not examined due to
the presence of strong interaction of platinum and amino
groups. This interaction induces its stability leading to
ineffective release of the drug [19,29].
As shown in table 2, the entrapped pattern of the aquated
cisplatin is in opposite direction of non-aquated in the case
of half-generation PAMAM dendrimer (G2.5 and G4.5). The
retention of cisplatin was increased from 31.82 ± 0.21 to
34.03 ± 0.13 wt% in PAMAM generation of G2.5 and
G4.5, respectively. It is significantly higher than the first
strategy (p \ 0.05). This result reveals that the aquated form
of cisplatin could easily interact with negatively charged
carboxylate ion on the surface of PAMAM. Regarding PAAmodified PAMAM G4.0, the retention of cisplatin was
remarkable increased up to 40.44%. In comparison with
previous study, in PAMAM G4.0 modified with polycaprolactone or poly(ethylene glycol)-b-poly(e-caprolactone), the amount of cisplatin was only 2.4 and 2.5%,
respectively [30], which are considerably lower than our
results. In another study [31], cisplatin exhibited the positive
response after encapsulating in polylex micelles poly
(ethylene glycol)-poly[(N0 -dimethylmaleoyl-2-aminoethyl)
aspartamide/PAMAM G4.0; however, merely *10% Pt(IV)
was encapsulated in these polylex micelles. Moreover, stabilized polymeric aggregate (SPAs), which was prepared by
blending a poly(ethylene oxide)-block-poly(propylene
oxide)-block-poly(ethylene oxide) triblock copolymer with
a poly(acrylic acid)-block-poly(propylene oxide)-blockpoly(acrylic acid) triblock copolymer of pentaerythritol
tetraacrylate (PETA), exposed the improvement of cisplatin
entrapment (20 wt%) [32]. Also, another carrier modified

superior in comparison with unmodified PAMAM G4.0 as
well as PAMAM G4.5 in application as drug/therapy carriers for cancer treatment [23,25]. The preliminary cytotoxic results of PAA-G4.0 carriers revealed the decrease in
the toxicity on healthy cells; thus, suggesting that it is a
promising carrier for anticancer therapies or drugs.

3.3

Effectiveness of the carriers in drug-loading efficacy

In addition to cytotoxicity of carriers, the capacity to
improve solubility of drug is also vital to evaluate the
effectiveness of nanocarrier. In addition, a carrier would be
ideal if encapsulation process led to increase in the drug
accumulation. Therefore, more attention has been paid into
the form of drug to improve encapsulation efficiency
besides the selection of carriers. In this study, two forms of
cisplatin were prepared in order to improve the drug-loading efficacy with carboxylate-terminated dendrimer.
In the first strategy, dendrimers were added drop-wise
into cisplatin under assisted ultrasonication. As presented in
table 1, cisplatin binding efficiency was diminished with the
amplification
of
dendrimer
generation
with
15.89 ± 0.01 wt% for carboxylate G2.5, reducing to
5.9 ± 0.15 wt% for G4.5. This observation was similar to a
study of Kirkpatrick et al [12]. Here, the result indicated
that the higher carboxylic acid terminated PAMAM generation reduced the encapsulation of cisplatin. Although the
lower generation showed good ability of cisplatin loading, it
had been reported that their release profiles was uncomplete, resulting in high toxicity [19]. Therefore, the
diminution of loading effectiveness of higher half-generation PAMAM may be resulting from the steric hindrance of
the carboxylate groups on its surface, which are tended to
be closely packed leading to difficulty in obtaining other
cisplatin molecules.
Surprisingly, with the mixture of both amino groups and
carboxylated groups on the surface, cisplatin entrapment
efficiency was up to 19.06 ± 0.01 wt%. In case of full
cationic (G4.0), the number of platinum molecules bound to

Table 1.

Non-aquated cisplatin loaded in various dendrimer types.
Number of binding group

Sample

Loading factor

NH2

COOH

Mol dendrimer (mol)

Mol cisplatinb (mol)

0
0
0
64
46

32
64
128
0
405a

1
1
1
1
1

19.2
38.4
76.8
38.4
243

G2.5-COOH
G3.5-COOH
G4.5-COOH
G4.0-NH2
G4.0-PAA

Percentage of cisplatinc
15.89
7.9
5.9
16.95
19.06

a

Estimation via 1H-NMR.
number of binding groups
The amount of cisplatin was calculation by
 1:2.
2
The percent of cisplatin (w/w) was measured via ICP, results are expressed in units mean ± SE from three independent experiments.

b
c

±
±
±
±
±

0.01
0.05
0.15
0.21
0.01
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Figure 6.
Table 2.
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Schematic of aquated ciplatin conjugated on the surface of PAMAM G4.5 and PAA-G4.0.

Aquated cisplatin loading into various dendrimer types.
Number of binding group

Sample
G2.5-COOH
G3.5-COOH
G4.5-COOH
G4.0-PAA

Loading factor

NH2

COOH

Mol dendrimer (mol)

Mol cisplatinb (mol)

0
0
0
46

32
64
128
405a

1
1
1
1

19.2
38.4
76.8
243

Percentage cisplatinc
31.82
33.01
34.03
40.44

±
±
±
±

0.21
0.22
0.13
0.25

a

Estimation via 1H-NMR.
number of binding groups
The amount of cisplatin was calculated by
 1:2, in case of PAA-G4.0, the number of carboxylate groups was used to calculate.
2
The percent of cisplatin (w/w) was measured via ICP, results are expressed in units mean ± SE from three independent experiments.

b
c

with PAA also exhibited higher loading content of cisplatin
with 25.6 wt% [33]. In this work, the amount of entrapped
drug was efficaciously enhanced by surface functionalizing
PAMAM G4.0 with PAA. According to our result, it suggests that PAA chains attached on the PAMAM G4.0’s
periphery and acquired the extended cisplatin binding site on
the surface, leading to the higher amount of platinum
molecules bound to PAA-G4.0. Furthermore, interestingly,
the colloidal G4.0-PAA/aquated cisplatin solutions were
stable and no precipitation was observed in 1 month. Our
findings demonstrate that PAA-modified PAMAM G4.0 is a
promising carrier for cisplatin delivery.
Pre-formulation parameters of PAA-G4.0–cisplatin
complexes were studied through FT-IR spectrum (figure 7A). Comparing with pure PAA-G4.0, the spectra of
conjugated product (PAA-G4.0–cisplatin complex) exposed
some distinct features, suggesting cisplatin conjugated via
carboxylate group on the surface. As shown in figure 7A,
the spectra was shifted for asymmetric stretching of –COO–
vibration of PAA-G4.0 from 1572 to 1635 and 1564 cm–1
for cisplatin complexed product. The shifting could be
caused by the effect of platinum nuclei on carboxylate

moieties, resulting in the carboxyl carbon deshielding
[11,19,29] and finally the increment of strength and
wavenumber of carbonyl group. Furthermore, the shifting of
amino deformation mode from 3239 cm–1 to a lower frequency at 3139 cm–1 provided an evidence for an interaction of platinum cation and amino groups on the surface of
PAA-G4.0 [23]. It is well known that if cisplatin is only
conjugated via surface groups, the size of nanoparticles
must slightly decrease. In this study, the size of immobilized cisplatin in PAA-G4.0 was increased up to 90 nm,
suggesting that some cisplatin molecules were physically
trapped into internal cavities of PAA-G4.0 (figure 7B).
Therefore, the mixture of amino groups and carboxylate
groups on the surface of PAMAM dendrimer would be
advance carrier for cisplatin.

3.4

The release profile of PAA.G4.0 and G4.5 dendrimers

To be suitable for cisplatin delivery, the vehicles are not
only able to tether platinum drugs, but they also are able to
release active component so that they can react with DNA
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Figure 7. (A) FT-IR spectra of PAA-G4.0 before (black line) and after (red line) conjugated cisplatin. TEM image of cisplatinconjugated PAA-G4.0, scale 100 nm, magnification 50000X.

forming DNA lesions in cancer cells [12,18]. PAA-G4.0
was expected that they could be superior to the effectiveness of full carboxylate groups on the surface of dendrimer;
thus, the release profiles of PAA-G4.0 had collated in
respect of G4.5 in two different incubation conditions,
including PBS pH 7.4 and ABS pH 5.0. The preliminary
in vitro release examination displayed that cisplatin was
able to release from both vehicles (figure 8). Overall, both
type carriers disclosed good released behaviour in acidic
buffer. The release rate of G4.5 and PAA-G4.0 in pH 5
buffer at 72 h incubation were 55.49 ± 1.54 and
59.13 ± 2.10%, respectively. This behaviour proposes that

Figure 8. Release of platinum(II) complexes from PAMAM
G4.5/aquated cisplatin and G4.0-PAA/aquated cisplatin in PBS pH
7.4 and ABS pH 5.5, reflecting the conditions encountered in the
plasma and intracellular compartments. Values are means ± SE
from three independent experiments.

sustainable release should occur inside endosomes at lower
pH [19,21,25]. The mode of release is probably similar to
that observed for other classic platinum drugs, in which the
labile ligands are carboxylate groups. However, the released
profiles in PBS 7.4 were out of expectation. The presence of
chloride ions in the PBS buffer facilitates the ligand
exchange of cisplatin complex in conjugated products with
chloride ions, thus releasing cisplatin [34]. The accumulation of platinum drugs from PAA-G4.0 was gradually
increased from 11.42 ± 0.75 to 33.02 ± 0.9% over 72 h
incubation in PBS 7.4. In case of G4.5, the active platinum
compounds were steadily released over a period of 24 h
(43.48 ± 0.20%) and finally reached the stationary phase.
The cumulative cisplatin in buffer pH 7.4 (49.19 ± 1.54%)
was nearly similar as in buffer pH 5.5 at 72 h, whereas the
cisplatin from PAA-G4.0 in buffer pH 7.4 was
33.02 ± 0.90%, which was two times lower than in buffer
pH 5.5 at the same period. The action of two carriers may
accord to the amount of the functional groups on the surface
inducing the different trends of the release of G4.5 and
G4.0-PAA.
The remaining amino groups on the surface of PAA-G4.0
were partially swollen in higher pH, whereas the full carboxylate would be preferred to swell. As a result, the higher
cisplatin was released from G4.5 than that of PAA-G4.0 in
pH 7.4. The loss of labile ligand in pH 7.4 revealed a sustainable release pattern of cisplatin from PAA-G4.0 as
compared with G4.5. The profile of PAA-G4.0 propounds
the idea of a tunable vector of cisplatin delivery considering
the fact that tumour ascites has acidic pH. Despite
the unaccomplished release due to the amino residues on
the surface on G4.0PAA, active platinum molecules are
releasable in both buffers. It may be caused by the superior
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Figure 9. Anti-cancer effect of (A) free cisplatin and (B) G4.0-PAA/aquated cisplatin complex on NCI H460. Data are expressed as
means ± SE from at least three independent experiments performed in triplicate.

number carboxylate over amino groups on PAA-G4.0; thus
reducing the probability of amine binding. Regarding further incubation of these cisplatin complexes, the amount of
cisplatin was upon the immediate addition time of up to
72 h in both pH buffers. Altogether, results revealed that
PAA-G4.0 could be effectively transformed into active
cisplatin form inside the cells, providing predictability of
the pharmacological properties.

3.5

In vitro effectiveness of anticancer cell growth

Concentration-dependent cytotoxicity of free cisplatin and
G4.0-PAA/aquated cisplatin nano-complex were evaluated
in detail. In vitro cytotoxicity of free cisplatin and G4.0PAA/aquated cisplatin nano-complex against NCI H460
cells (human lung cancer cells) was evaluated by SRB
assay, and their corresponding IC50 values were calculated
from the dose–response curves using non-linear regression
analysis. The cells were incubated for 5 h at pH 7.4 in the
presence of varying samples for cellular uptake, followed
by a further 48 h incubation to allow the affected cells to
undergo apoptosis because the release of platinum is slow
from the dendrimers. The percent of NCI H460 survival at
100 mg ml–1 of modified PAMAM G4.0 dendrimers was
115.40 ± 3.57%, considering the non-toxicity to the cultured cells. Therefore, anti-proliferation of NCI H460 was
mainly induced by the cisplatin.
The cytotoxicity of cisplatin to NCI H460 cells were
evaluated, and the half-maximal inhibitory concentrations
(IC50) was determined to be 0.98 ± 0.09 ppm (figure 9A).
This result indicates the high cisplatin drug-sensitive
property of NCI H460 cells. As shown in figure 9B, it was
proven that the immobilization of cisplatin in PAA-G4.0
induced the increase of IC50 values. The IC50 of the cisplatin complex was 2.94-folded higher than that of free

cisplatin. At higher concentrations, the differences between
the sufficient levels of free vs. platinum-loading PAA-G4.0
were less prominent.
Interestingly, the anticancer property of the PAA-G4.0
cisplatin complex was significantly improved compared
with the G4.5–cisplatin complex (IC50 [ 10 ppm, data not
shown). The remaining amino groups on the surface of
PAA-G4.0 may help to increase the probability of the
interaction between cell membrane and carriers through the
electrostatic forces; thus, improving the cellular internalization. These results indicate that the potency of PAAmodified PAMAM dendrimers is a worthwhile strategy for
cisplatin.

4.

Conclusion

A detailed study of poly(acrylic acid)-conjugated PAMAM
G4.0 dendrimer proved its applicability for cisplatin delivery. PAMAM G4.0 induced the mortality in both cancerous
cells and non-cancerous cells. However, PAA-modified
cationic G4.0 dendrimer was found to be non-toxic for both
cancerous and non-cancerous cells. Therefore, PAA-G4.0
could be suitable for therapeutic applications. Notably, the
functionalized shell containing PAA determines the highloading efficiency, 40.44 ± 0.25 wt% cisplatin, as compared to full anionic dendrimer G4.5. Interestingly, G4.0PAA/aquated cisplatin complex exposed the sustained
manner of cisplatin release. The accumulative release of
platinum moieties from PAA-G4.0 was significantly higher
in acidic medium rather than in the normal tissue medium
(pH 7.4). The profile of PAA-G4.0 propounds the idea of a
tunable vector of cisplatin delivery considering the fact that
tumour ascites has acidic pH. The established lower cytotoxicity for the G4.0-PAA/aquated cisplatin complex as
compared to free drug is consistent with the sustained
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manner of drug release from the carrier. With the interested
performance, the aquated cisplatin-complexed PAA-G4.0
nanocarriers could be a promising candidate for cancer
treatment.
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