
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/2
6/

20
26

 5
:1

0:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis of gam
aEscuela de Ingenieŕıa y Ciencias, Instituto

Monterrey, Campus Puebla 72453, Mexico.
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ma radiation-induced PEGylated
cisplatin for cancer treatment†

Maykel González Torres, ‡*ah Jorge Cerna Cortez,‡b Rodrigo Balam Muñoz Soto,c

Alfonso Ŕıos Perez,c Heriberto Pfeiffer, d Gerardo Leyva Gómez,e Joaqúın Zúñiga
Ramosf and Ana Leonor Rivera *g

The use of poly(ethylene glycol) (PEG) for the development of novel PEGylated biomolecules is playing an

increasingly meaningful role in cancer treatment. Cisplatin (CDDP), is a useful chemotherapy drug.

However, it is unclear whether PEGylated cisplatin (CDDPPEG) has potential as an alternative therapeutic

agent. Here we prepared a PEGylated cisplatin by gamma radiation-induced synthesis, for the first time.

PEGylated drugs were characterized using Raman and Fourier transform infrared spectroscopy (FTIR), as

well as scanning electron microscopy coupled with Energy Dispersive X-ray (SEM/EDX). The results show

that the cisplatin can be successfully PEGylated by this method. Furthermore, we show a proposal for

the mechanism of the PEGylation reaction. The novel product exhibits in vitro therapeutic potential

comparable to cisplatin at concentrations lower than 23 mM (Pt), causing differences in cell cycle

checkpoints, which suggest changes in the signaling pathways that control growth arrest and cause

apoptosis of A549 cells.
1. Introduction

Although the structure of poly(ethylene glycol) (PEG) is very
simple (H–(O–CH2–CH2)n–OH), the polyether compound has
a wide range and high-diversity of applications, especially in
pharmacology1–3 and biotechnology.4 The key properties of PEG
are the high hydration and exibility of the molecule, which is
non-immunogenic, nontoxic and non-antigenic.5 It is also
known as a water-soluble synthetic and amphiphilic polymer
that is commonly used as a modifying agent by covalent
Tecnológico y de Estudios Superiores de

E-mail: maykel.gonzalez@itesm.mx
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attachment to bioactive macromolecules and small substances
(PEGylation).6

The use of PEG as a crowding agent allows the modication
of peptides,7 proteins,8 oligonucleotides,9 small organic mole-
cules and drugs.10 Consequently, PEGylation is increasingly
used in research aiming at the discovery of novel bioactive
substances that might become new paradigms for specic
therapies.11,12

Therefore, the growing success of PEGylation is due to its
advantages, such as the ability to prepare PEG-biomolecule
conjugates with prolonged residence within the body (longer
half-life),13 or protein-based pharmaceuticals with improved
pharmaco-dynamics (PD) and pharmaco-kinetics (PK),
decreased degradation by proteolytic enzymes, and increased
thermal stability.14 However, the attachment of the polymer to
a protein or a small drug can also bring shortcomings such as
reductions in biological potency because of steric entanglement
aer covalent attachment.15

Early studies were focused on PEGylation of proteins,
peptides or non-peptide molecules and enzymes,16 but recent
research into PEGylated macromolecules and small drugs has
continuously increased as a means to overcome the instability,
high toxicity, untargeted biodistribution, rapid excretion or low
solubility of some pharmaceuticals.17

PEGylation has also played a signicant role in anti-cancer
therapy, since the therapeutic efficacy of low molecular weight
drugs can be improved by passive or active targeting.18 An
example of this is cisplatin, which is a chemotherapy and
cytotoxic drug widely used for the treatment of cancer.19,20
This journal is © The Royal Society of Chemistry 2018
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Nevertheless, the use of cisplatin is hampered by its short half-
life and toxicity towards healthy cells and tissues.21,22

The cisplatin therapeutic index can be increased with the
synthesis of targeted models.23 Previous studies have alluded to
the effect of surface PEG density on the loading and release of
cisplatin from nanoparticles, and to the greater antitumor
activity of cisplatin-incorporated micellar formulations.24 A star-
shaped copolymer bearing PEG was also created as a carrier of
cisplatin.25

However, a lack of research concerning the direct PEGylation
of cisplatin prompted us to perform a thorough investigation.
Two important questions are whether cisplatin can be attached
covalently to poly(ethylene glycol) and what method would be
suitable to obtain the desired product. To date, the PEGylation
of small drugs has been limited to the use of methoxy-PEG
(mPEG) and PEG derivatives26 (i.e. PEGylated polypeptides,
PEG-based hydrogels, PEG-modied liposomes), which have
many shortcomings such as the undesired presence of PEG diol,
crosslinking, and inactive aggregates.27

Here we describe for the rst time a simple novel chemical
method that aims to avoid these problems by direct PEGylation
of cisplatin without the use of PEG derivatives. Our strategy
relies on the use of 60Co gamma radiation energy to covalently
attach the PEG to the drug. Small-molecule modication has
come to the fore as a novel Frontier technology.28 Gamma
radiation-induced PEGylated cisplatin structure, the rst of this
kind, to our knowledge, showed us an inventive route for the
synthesis of viable and innovative PEGylated small drugs.
Firstly, we demonstrated that PEGylated cisplatin can be
successfully obtained by the gamma radiation approach, and
structurally characterized the modied cisplatin. Finally, we
reported a proposal for the PEGylation mechanism and evalu-
ated the in vitro therapeutic potential of the drugs.

2. Experimental
2.1 Synthesis of radiation-induced PEGylated cisplatin

cis-Diammineplatinum(II) dichloride (cisplatin) was purchased
from Sigma (Lot # MKBT4784V, St Louis, MO, USA). Double-
distilled water was used to prepare a 1000 ppm solution of
cisplatin. We used glass ampoules without vacuum, which
contained approximately 2 mL of the prepared cisplatin solu-
tion and 1 mL of PEG solution. The average molecular weight of
the PEG was also varied. We prepared solutions of roughly 1.5 g
of the polymer in 80 mL of water with PEG of 400, 1000, 3500,
and 4000 Da, namely G1, G2, G3 and G4 respectively. The
synthesis of gamma radiation-induced PEGylated cisplatin was
achieved via the simultaneous irradiation method, where both
materials, cisplatin and PEG, are subjected to the source of
60Co-g-radiation in air (Gamma Beam 651 PT, Nordion Inter-
national). We used a dose rate of approximately 2 kGy h�1 and
doses of 5 (D1), 10 (D2), 15 (D3), 20 (D4) and 25 (D5) kGy
(measured with a Fricke dosimeter). Freeze–thaw cycles, con-
sisting of 15min of freezing in liquid nitrogen followed by 2 h of
thawing, were used to eliminate the air in the solutions before
radiation. The samples were labelled as M1G1D1, M1G1D2,
M1G1D3, M1G1D4, M1G1D5, M1G2D5, M1G3D5, andM1G4D5,
This journal is © The Royal Society of Chemistry 2018
where M1 is assigned to cisplatin, while G and D represent the
variations in the molecular weight of PEG and the doses,
respectively. For instance, M1G1D2 stands for cisplatin PEGy-
lated with PEG of 400 Da at 10 kGy. For biological experiments,
we used a buffer solution (pH¼ 10) prepared with 1 mgmL�1 of
cisplatin, 1mgmL�1 mannitol, and 9mgmL�1 sodium chloride
in water for injection (Blastolem RU®). 1 mL of PEG was added
to the buffer (50 mL). The sealed ampoule was treated with
a dose of 10 kGy and dose rate of approximately 1.47 kGy h�1.

2.2 Raman spectroscopy

Raman spectroscopy was performed at room temperature in
a micro-Raman spectrometer (Bruker Senterra, model 910, MA,
USA) equipped with a 785 nm laser light source. We placed the
samples on a at and clean brass plate to avoid any interference
between the support and the product signals.

2.3 Statistical analysis

The data from this work are reported as mean � standard
deviation and the statistical analyses were conducted using one-
way analysis of variance (ANOVA) and Student's t-test. P values <
0.05 were considered as statistically signicant (n ¼ 15 for cell
viability; n ¼ 10 for mechanical tests). The PEGylation of
cisplatin, characterization and drug release studies were carried
out in triplicate.

2.4 Cell culture

Cells A549 (ATCC® CCL-185™) grown to approximately 80%
conuency in Dulbecco's modied Eagle's medium (DMEM, GE
Healthcare) containing 10% fetal bovine serum and 100 mg
mL�1 of gentamicin, streptomycin and penicillin at 37 �C under
5% CO2 were used for viability analysis.

2.5 Viability analysis

For MTT [3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (Sigma Aldrich Chemicals)] reduction assay (Mos-
mann, 1983), cells (5000 cells per cm2) were seeded on 96-well
plates in 200 mL of culture media and incubated at 37 �C in 5%
CO2. Under these conditions, cell's plates did not reach
conuence in 96 h. Cells were treated with increasing concen-
trations of cisplatin and PEGylated cisplatin (0, 10, 30, 50 and 80
mM; or 0, 8, 23, 39 and 62 mM (Pt)). Culture medium was aspi-
rated aer treatment, and cells were analyzed in triplicates at
indicated times (0, 24, 48 and 72 h). Then, 40 mL of MTT labeling
mixture (0.5 mg mL�1) was added to each well, and the samples
were incubated 4 h at 37 �C in 5% CO2. An isopropanol: HCl
0.04 M solution was added to lyse the cells and to solubilize the
colored crystals. The optical density of the samples was deter-
mined at 590 nm using an ELISA plate reader Varioskan
(Thermo, USA).

2.6 Apoptotic, viability and cell cycle analysis by ow
cytometry

Analysis of cell death was carried out with cultures of A549
(ATCC® CCL-185™) cell line, incubated for 48 and 72 hours in
RSC Adv., 2018, 8, 34718–34725 | 34719
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the absence or in the presence of increasing concentrations of
cisplatin and PEGylated cisplatin (50 and 80 mM; or 39 and 62
mM (Pt)). Apoptotic cells were analyzed using the Muse™ Count,
Viability kit, Muse™ Caspase 3/7 kit and the Muse™ Annexin V
and Dead Cell Assay kit (Muse™ Cell Analyzer; Millipore, Bill-
erica, MA, USA). Cell cycle analysis was performed by using the
Muse™ Cell Cycle Kit according to manufacturer's instructions
at two concentrations of Cisplatin and CDDPPEG. We obtained
the percentage of viable, dead, apoptotic, G1, S and G2/M cells.
3. Results and discussion
3.1 Raman characterization

Fig. 1A shows the Raman spectrum of solid dried cisplatin (see
structure 1). We observed the amine symmetric and asymmetric
stretching vibration (n(NH)) at 3295 cm�1 and 3211 cm�1, in the
region of 3000–3500 cm�1. The group of bands at 1646 cm�1,
1539 cm�1, 1310 cm�1 is assigned to the amine in-plane bend
(d(N–H)), while the band at 813 cm�1 is ascribed to the amine
out-of-plane bend (dp(N–H)).29 Four other strong bands at
523 cm�1, 317 cm�1, 248 cm�1 and 157 cm�1, are attributed to
symmetric ns(Pt–N), asymmetric stretching vibration na(Pt–Cl),
N–Pt–N, and Cl–Pt–Cl bending vibrations respectively.30

Aqueous cisplatin (1 mg mL�1) was also surveyed by FT-Raman
(Fig. 1B) spectroscopy. As can be seen, two regions were studied,
namely, the amplied region at 200–800 cm�1, and the broad
region at 800–3000 cm�1. The amplied region revealed that the
weak bands at 222 cm�1 (d(Cl–Pt–Cl)), 286 cm�1 (d(N–Pt–N)),
and 336 cm�1 (n(Pt–Cl)) decreased in intensity with respect to
the corresponding bands of solid dried cisplatin, probably as
a consequence of the cis-DDP hydrolysis.31 The weak ns(Pt–N)
band shied to 490 cm�1 and the new band at 385 cm�1 was
associated with n(Pt–O) (see structure 2 in Fig. 1B).

We assigned the bands appearing at around 743 cm�1 to the
amine out-of-plane bend (Fig. 1B). It is also of interest to note
the new band at 1041 cm�1, which corresponded to the
stretching vibration of PtOH (n(Pt–O)).32 The most striking
difference of this spectrum is the increasing band intensity
(1332, 1515 and 1660 cm�1) which reveals that the d(N–H)
activity increases due to the changes in the structure caused by
the replacement of the outgoing ligands (Cl).33 As seen, the new
band at 2489 cm�1 is also a product of the hydrolysis and is
characteristic of new n(NH). A very broad, irregular and intense
signal of amine was detected over 3500 cm�1 (no shown).

On the other hand, the spectrum of PEG 400 is shown in
Fig. 1C (compound 3). The most striking feature is an intense
band at 2878 cm�1, which represents the stretching vibrations
of the CH2 group of polyethylene glycol.34 This symmetric
stretching is probably due to the overlapping with the anti-
symmetric stretching of the methylene group usually observed
at higher frequencies (roughly 2938 cm�1). The rest of the bands
are assigned as follows:

(a) The band at 1468 cm�1 corresponded to the antisym-
metric bending mode of the CH2–CH2 group.

(b) The bands appearing at 1284 cm�1 and 1244 cm�1 were
attributed to methylene twisting vibrations.
34720 | RSC Adv., 2018, 8, 34718–34725
(c) The bands observed at 1132 cm�1 and 1046 cm�1 were
ascribed to skeletal vibrations.

(d) The bands at 545 cm�1 and 276 cm�1 were identied as
C–C–O bending vibrations and skeletal deformation modes of
the studied polyether.35

None of the bands observed in the PEG spectrum showed
signals in the PEGylated cisplatin spectrum (Fig. 1D), which
suggests that all the PEG molecules reacted with the CCDP
drug. It is of note that the cisplatin band at 1332 cm�1 shied to
1367 cm�1, the band at 1515 cm�1 disappeared in CDDPPEG,
and the band at 1660 cm�1 was also shied to 1631 cm�1

probably because of the chemical reaction. We could not
observe signals associated with the presence of chloride of
unPEGylated cisplatin molecules, which suggests that all the
cisplatin had reacted and was furthermore completely hydro-
lyzed. The bands associated with the Pt–O and N–H stretching
and bending vibrations of CDDP were dramatically distorted
and disappeared from the spectrum of the PEGylated drug
(bands at 2489 cm�1, 1515 cm�1, 1041 cm�1 and 743 cm�1).

Additionally, a new broad band within the range of 2125–
1800 cm�1 was detected. This signal was associated with
hydrogen bonds related to the presence of a carbonyl group.36

The unusually high carbonyl frequency is probably owing to the
inuence of electronegative substituents in the carbon atom.
The signal was not observed at increasing doses, which indi-
cates CDDPPEG is going through complete hydrolysis. Based on
these experimental results, we have suggested a structure as
shown in Fig. 1D (compound 4), which will be hereaer dis-
cussed in the context of the proposed mechanism of the
PEGylation reaction. It was also observed that an increase in the
radiation dose tended to increase the intensity of the three
bands. However, this tendency was unclear when doses of 15
and 25 kGy were used because the bands decreased in intensity
with respect to 5 kGy sample (Fig. 1E). This indicates that the
concentration of the PEGylated molecules does not depend only
on the radiation dose, but also about the types of PEGylated
molecules that are formed. On the other hand, an increase in
the molecular weight of the PEG increased the band intensity
with respect to PEG400 (G1) (Fig. 1F). Nevertheless, the G4
molecular weight did not follow the increasing intensity trend,
probably because of radiolytic degradation of PEG.35

It was concluded that a novel CDDPPEG molecule was
successfully synthesized. The spectra of the products contain:
an overlapping contribution of Pt(OH) stretching vibrations
that reveals a wider and less intense band relative to CDDP (see
Fig. 1D); the bending vibration of the amine group d(N–H) as
a consequence of the replacement of multiple outgoing chloride
ligands; and also, a novel carbonyl group region presumably
obtained in the process of covalent attachment of PEG onto
cisplatin. We obtained additional evidence of the synthesis and
the presence of the carbonyl group from SEM, FTIR, EDX and
UV survey (Fig. S1–S4†). SEM image of the sample revealed that
clusters of small particles of roughly 50 nm in diameter were
formed (Fig. S1†). FTIR conrmed the presence of a carbonyl
stretching vibration at 1728 cm�1 (Fig. S2†).

Energy-dispersive X-ray spectroscopy corroborated the
presence of platinum, carbon, oxygen, nitrogen, and even
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (A) Raman spectrum of pure solid cisplatin in the region 3500–50 cm�1. (B) Raman spectrum of aqueous cisplatin in distilled water (1 mg
mL�1). (C) Raman spectrum of aqueous polyethylene glycol (400 Da). (D) Raman spectrum of radiation-induced PEGylated cisplatin (M1G1D1). (E)
Raman spectra of the effect of different doses on the synthesis of PEGylated cisplatin (F) Raman spectra of the effect of different PEG molecular
weights (G1, G2, G3, G4 and G5) on the synthesis of PEGylated cisplatin.
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chlorine peaks (Fig. S3†). UV analysis showed a new band at
206 nm likewise attributed to this group (Fig. S4†).37–39 It also
allowed to estimate the mean lifetime of PEGylated cisplatin.
These results provided evidence that the attachment of PEG to
the drug denes a delay in the release process in vitro31

(Fig. S5–S7†).
This journal is © The Royal Society of Chemistry 2018
3.2 Proposed mechanism of PEGylation of cisplatin

Here, we propose a mechanism for the preparation of gamma
radiation-induced PEGylated cisplatin. The synthesis is carried
out in double-distilled water; consequently, the absorption of
high-energy radiation by water is of concern. Initially, the
gamma photons ionize water molecules, which produce
RSC Adv., 2018, 8, 34718–34725 | 34721
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Fig. 2 Proposed mechanism of gamma radiation-induced PEGylated
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secondary electrons with enough energy to ionize further
molecules and thus to form clusters of ions (spurs). Then, the
ionized molecules can also undergo excitation or thermal
transfer, depending upon the amount of energy that is trans-
ferred to the solvated electron.

The passage of the modied electron creates well-known
species, namely a radical ion, a free sub-excited electron and
an excited water molecule (see eqn (1)–(3)), which can diffuse
and further react with other molecules (initiation reaction).

H2O ����������!gamma radiation
H2O

�þ þ e� (1)

H2O �������!gamma radiation
H2O* (2)

e� �������!gamma radiation
eac

� (3)

The radical ions of water (H2Oc
+) can dissociate and the

excited water molecules (H2O*), can dissipate their excess
energy to produce hydroxyl radicals and a hydrogen ion (eqn (4)
and (5), propagation reactions)

H2Oc+ / H+ + _OH (4)

H2O* / _H + _OH (5)

Hydrogen peroxide can be obtained by the radical coupling
reaction of hydroxyl radicals (eqn (6), termination reaction of
interest with formation of a molecular product)

2 _OH / H2O2 (6)

To summarize, the complex radiolysis of water can be rep-
resented by the following products (eqn (7)):

H2O ����������!gamma radiation
eac

�;
�

H;
�

O;
�

OH;Hac
þ;H2;H2O2 (7)

The presence of H2O2 in the radiolysis of water is of note; it is
produced mostly in the spurs. We propose the reaction of
cisplatin with hydrogen peroxide to produce diaminetetrahy-
droxyplatinate (IV)40 (as in compound 5). The latter molecule can
be excited by gamma radiation to produce a cisplatinum(IV)
diammintetrahydroxyl intermediate radical (such as precursor
7) and hydrogen. Meanwhile, PEG is probably degraded by
gamma radiation to yield PEG oligomers. The terminal
hydrogen of PEG oligomers can be removed by the hydrogen
peroxide, and consequently; a double bond is formed to yield an
aldehyde (oxidation reaction). The aldehyde hydrogen is prob-
ably abstracted by radiation to form a carbonyl radical (for
example, radical 11). We suggest a termination reaction
between the cisplatinum(IV) diammintetrahydroxyl and the
aldehyde radical via a coupling reaction to yield the diamine-
trihydroxy-1-oxo-polyoxyethylene-platinate(IV) (PEGylated
cisplatin, such as compound 4). Finally, we show how the new
structure could cleave with a nucleobase (guanine) leading to
intra-strand or inter-strand cross-linked adducts (such as 13, 14
and 15) because two hydroxyl groups must be cleaved.41 The
34722 | RSC Adv., 2018, 8, 34718–34725
proposedmechanism does not restrict the attachment of PEG to
the alpha alcohol of diaminetetrahydroxyplatinate(IV)—the four
hydroxyl groups are available for reaction, and more than one
PEG molecule can be attached with diverse molecular weights,
thus evidencing the complexity of this reaction. The oxidation
reaction of cisplatin to yield platinum(IV) tetrahydroxo
compounds is supported by the literature.42 This reaction
probably requires a certain degree of heat to obtain the desired
product. The temperature of the water is proportional to the
internal kinetic energy of the water molecules. 60Co-g-rays are
photons, which do not have a temperature, but provide enough
energy to the system to contribute towards an increase in the
temperature inside the ampoules. Excess energy is partially
used to form the spurs and is also employed in the oxidation
reactions that involve creating new bonds, as well as in the
radiolytic degradation of PEG.

PEGylation was performed with cisplatin purchased from
Sigma Aldrich (dissolved in distilled water, pH ¼ 7) and with
injectable cisplatin (pH¼ 10). An increase in the precipitate was
observed at pH ¼ 7. The results imply that pH inuences the
obtaining of PEGylated cisplatin. We propose that the presence
of the basic buffer in the injectable solution displaces the
reaction to the formation of diaminetetrahydroxyplatinate(IV)
(as in compound 5), while the absence of a basic buffer (pH# 7)
could displace the reaction to the formation of oxoplatin (see
compound 16). An alternative route of PEGylated cisplatin is
cisplatin/adduct formation (G ¼ guanine).

This journal is © The Royal Society of Chemistry 2018
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proposed in Fig. 2, which involves the formation of an excited
state of oxoplatin (such as precursor 17), to yield a cisplatinu-
m(IV) diammin-dichloro-dihydroxyl intermediate radical. The
intermediate reacts with radical 11 to obtain diamine-1-oxo-
polyoxyethylene-2,3-dichloro-4-hydroxy-platinate(IV) (PEGylated
cisplatin, such as compound 19). As seen, the proposed struc-
ture (compound 18) can only be PEGylated at the alpha and
delta positions because the beta and gamma positions are
occupied by the chlorine ligands (in acidic media). The
proposed alternative route of synthesis of prodrug oxoplatin as
precursor to obtain the conjugate PEGylated cisplatin is sup-
ported by extensive research.43–47
Fig. 3 CDDPPEG does not reduce cell proliferation rates over 30 mM
(or 23 mM (Pt)). A549 cells (4000 cells per cm2; seeded 24 h before the
treatment starting point) were treated as indicated: NT-non-treated,
(a) CDDP from 10 to 80 mM (or 62 mM (Pt)). and (b) CDDPPEG, same
concentration range. Cell viability was determined by a MTT assay.
Absorbance values from non-treated cells at time zero (NT) were set as
100% for comparison purposes. Proliferation rates were measured
after 24, 48, and 72 h. Mean values and standard error (�S.E.) from at
least three independent experiments performed in triplicates are
shown. *P > 0.05 between non-treated and treated cells.
3.3 Analysis of viability and cell cycle of PEGylated cisplatin

Fig. 3A and B show the mean viability percentage following
cisplatin and the PEGylated drug treatment at different
concentrations versus time. For cisplatin, the viability decreased
with increasing concentration compared to the untreated
samples. As can be seen, it was also reduced with increasing
incubation time. PEGylated cisplatin samples followed the
same trend in the range 10–30 mM (or 8–23 mM (Pt)), with
similar growth inhibition. It is of note that, for 48 h (10 mM (or 8
mM (Pt)), the viability is higher in cisplatin compared with
PEGylated samples, which indicates that CDDPPEG can be
more efficient at certain concentrations and incubation times.
However, over 30 mM (or 23 mM (Pt)) some inconsistencies are
observed for CDDPPEG and even for CDDP, although on a lesser
scale. We concluded that the modied cisplatin exhibits in vitro
therapeutic potential comparable to cisplatin at low concen-
trations, while at higher concentration (>30 mM (or >23 mM
(Pt))), the new substance did not alter the viability. The changes
observed in CDDPPEG are probably attributed to the molecular
crowding on the self-entanglement of PEGylation and served to
reaffirm indirectly the synthesis.

Cell viability (%) of the drugs for 48 h at different concen-
trations was examined. The rst notable feature is the decrease
of the DNA content index in CDDP at a dose of 50 and 80 mM (or
39 and 62 mM (Pt)) respect to the control sample (Fig. 4).
However, this trend was not observed for CDDPPEG. That is, the
decrease of percentage of live cells was more important for 30
mM (or 23 mM (Pt)). This result implies that the modied
cisplatin requires low concentrations for therapeutic use. It is of
note that the in vitro activity of CDDPPEG is not a good predictor
of their potential effectiveness in vivo.48 In addition, the cell-
cycle analyses of control, cisplatin and PEGylated cisplatin
samples for different concentrations of the drugs at 48 hours of
treatment are shown in Fig. 5. The drugs present notable
changes in the cell cycle checkpoints by comparison with
control sample. It is well-known that in a rst step, cisplatin
induces a transient S-phase arrest and further cause the inhi-
bition of Cdc2–cyclin A or B kinase, also affecting G2/M arrest. A
decrease of G0/G1 values is observed from 20.0 (control) to 2.3–
2.4 and the effect in G2/M by the increase from 23.5 to 40.8 for
CDDP. PEGylated cisplatin samples show a different trend, rst;
the analysis depended upon the concentration of the drug,
second; the G2/M arrest was similar to that shown by the control
This journal is © The Royal Society of Chemistry 2018
sample. Besides, G0/G1 values varied randomly from 20.0
(control) to 16.2; 35.8; and 13.1 and also affected on a smaller
scale S-phase arrest. The results evidence that PEGylated
cisplatin mechanism of cleavage with DNA is different to that of
cisplatin. The variations of G0/G1 arrest inuence the cytotox-
icity of PEGylated samples, but their relationship still needed to
be deciphered.49
3.4 The proposed mechanism of cellular uptake

First, the water molecule attacks the cisplatin, which releases
the chloride ligand (Cl�). In this step a diaquo intermediate is
formed. However, due to the action of gamma radiations, and
RSC Adv., 2018, 8, 34718–34725 | 34723
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Fig. 4 Cell viability profile obtained by treating A549 cells with CDDP
and CDDPPEG at different concentrations (30, 50 and 80 mM) (or 23,
39 and 62 mM (Pt)) for 48 h.

Fig. 5 Cell cycle analysis obtained by treating A549 cells with CDDP
and CDDPPEG at different concentrations (30, 50 and 80 mM) (23, 39
and 62 mM (Pt)) for 48 h.
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the presence of peroxide, the tetrahedral conformation of
cisplatin is transformed into an octahedron conformation. This
reaction is likeliest in basic medium (buffer). The lower pH
inhibits the release of the chloride ligands and increase the
yields of oxoplatin in the mechanism of PEGylation.

Therefore, in a basic medium, the diaminetetrahydrox-
yplatinate(IV) has four hydroxyl groups to produce a tetraaquo
molecule that can react with DNA. The [Pt(NH3)2(OH)2]

4+ active
specie, which has four positive charges, is attracted by the
phosphate groups of DNA strands, causing an approximation of
platinum and the nitrogenous base. The platinum is linked to
the nitrogen 7 of guanine, which act as a nucleophile interact-
ing with the hydroxyl group. Two water molecules are released
for each attack, and a covalent bond between Pt and two atoms
of nitrogen produce an adduct. The formation of adducts
produce the inhibition of replication and transcription, causing
the apoptosis of the cells.50

On the other hand, in an acid medium, the oxoplatin
produces the PEGylated cisplatin as shown in structure 19. The
PEGylated oxoplatin cannot react with DNA by the same above
34724 | RSC Adv., 2018, 8, 34718–34725
described mechanism because it lacks two hydroxyl groups.
Nevertheless, Zhang et al. proved that some of the cellular
glutathione (GSH) molecules are oxidized into glutathione
disulde (GSSG), which results in the decrease of their chelating
interaction, in this case with PEGylated cisplatin. As a result, the
detoxifying effect on Pt(II) is attenuated. Therefore, gamma
radiation-induced PEGylated cisplatin may have an advantage
for overcoming the tumor resistance compared to the un-
PEGylated drug. This mechanism enables the PEGylated drug
to dissociate in the bio-reducing tumor intracellular environ-
ment with further induction of cell apoptosis by the liberated of
pharmacologically active Pt(II).47

4. Conclusion

So far, PEGylation of small drugs such as cisplatin has been
limited to the use of mPEG and PEG derivatives. Thus, we could
not nd reports about direct PEGylation of cisplatin that could
avoid the shortcomings of these methods. Here, we address this
issue in an innovative way through the study of 60Co-g-
radiation-induced PEGylation of cisplatin. The results show
that it is possible to covalently attach PEG to the drug using this
method. Raman analysis suggested that cisplatin reacted with
the polymer and was completely hydrolyzed. The presence of
signals of carbonyl groups prompted us to suggest a probable
structure. Nano-particles obtained in the PEGylation were
analyzed by SEM coupled to EDX, which supported our struc-
ture proposal. FTIR and UV also helped to elucidate the pres-
ence of a carbonyl group in the new product. We also estimated
the in vitro mean life before and aer PEGylation to show that
the attachment of PEG delays the release prole. This result
indicates that PEGylated drug increased the bioavailability
respect to cisplatin. With sufficient evidence in hand, a mecha-
nism for the PEGylation reaction was proposed. Finally, we
surveyed the cell viability and the comparative cytotoxicity of
A549 cells towards the non-PEGylated and PEGylated drug. It
seems that our approach is a feasible strategy for the direct
attachment of PEG onto cisplatin and the novel drug appears to
have similar therapeutic potential compared to the original
compound in the range of 10–30 mM (or 8–23 mM (Pt)). However,
changes obtained in the affected signaling pathways pointed to
variations in the mechanism of inhibition of cell viability.
Notwithstanding, PEGylated cisplatin appears to be well suited
as a potential novel drug for cancer treatment. Future studies on
the newly developed drug should include investigations in vivo
assessing their clinical efficacy, tolerance, side effects, as well as
pharmaco-dynamics and pharmaco-kinetics proles.
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IV100116 and Cátedras Conacyt.

References

1 P. Grossen, D. Witzigmann, S. Sieber and J. Huwyler, J.
Controlled Release, 2017, 260, 46–60.

2 K. Knop, R. Hoogenboom, D. Fischer and U. S. Schubert,
Angew., Chem. Int. Ed., 2010, 49(36), 6288–6308.

3 Y. Su, P. Burnouf, K. Chuang, B. Chen, T. Cheng and
S. R. Roffler, Nat. Commun., 2017, 8, 1–12.

4 A. Kolate, D. Baradia, S. Patil, I. Vhora, G. Kore and A. Misra,
J. Controlled Release, 2014, 192, 67–81.

5 S. Zalipsky and J. M. Harris, ACS Symp. Ser., 1997, 680, 1–13.
6 G. Pasut and F. M. Veronese, J. Controlled Release, 2012, 161,
461–472.

7 M. J. Roberts, M. D. Bentley and J. M. Harris, Adv. Drug
Delivery Rev., 2012, 64, 116–127.

8 G. Cattani, L. Vogeley and P. B. Crowley, Nat. Chem., 2015, 7,
823–828.

9 N. Shokrzadeh, A. M. Winkler, M. Dirin and J. Winkler,
Bioorg. Med. Chem. Lett., 2014, 24, 5758–5761.

10 G. Pasut and F. M. Veronese, Prog. Polym. Sci., 2007, 32, 933–
961.

11 M. Wu, X. Guo, F. Zhao and B. Zeng, Sci. Rep., 2017, 1–11.
12 M. Babaei, M. Ardjmand, A. Akbarzadeh and A. Seyordi,

Tissue Eng. Regener. Med., 2014, 11, 350–354.
13 I. W. Hamley, Biomacromolecules, 2014, 15, 1543–1559.
14 P. Glue, J. W. S. Fang, R. Rouzier-Panis, C. Raffanel, R. Sabo,

S. K. Gupta, M. Sal and S. Jacobs, Clin. Pharmacol. Ther.,
2000, 68, 556–567.

15 S. Freitas, A. Mero and G. Pasut, Bioconjugate Chem., 2013,
24, 456–463.

16 F. M. Veronese and G. Pasut, Drug Discovery Today, 2005, 10,
1451–1458.

17 P. L. Turecek, M. J. Bossard, F. Schoetens and I. A. Ivens, J.
Pharm. Sci., 2016, 105, 460–475.

18 M. S. Newman, G. T. Colbern, P. K. Working, C. Engbers and
M. A. Amantea, Cancer Chemother. Pharmacol., 1999, 43, 1–7.

19 K. Liu, L. Dai, C. Li, J. Liu, L. Wang and J. Lei, Sci. Rep., 2016,
6, 29461.

20 S. Dasari and P. Bernard Tchounwou, Eur. J. Pharmacol.,
2014, 740, 364–378.

21 Reactions Weekly, 1981, 24, 11–12.
22 A. Rajeswaran, A. Trojan, B. Burnand and M. Giannelli, Lung

Cancer, 2008, 59, 1–11.
23 G. E. Craig, S. D. Brown, D. A. Lamprou, D. Graham and

N. J. Wheate, Inorg. Chem., 2012, 51, 3490–3497.
24 R. Plummer, R. H. Wilson, H. Calvert, A. V Boddy, M. Griffin,

J. Sludden, M. J. Tilby, M. Eatock, D. G. Pearson, C. J. Ottley,
Y. Matsumura, K. Kataoka and T. Nishiya, Br. J. Cancer, 2011,
104, 593–598.
This journal is © The Royal Society of Chemistry 2018
25 E. Stoyanova, V. Mitova, P. Shestakova, A. Kowalczuk,
G. Momekov, D. Momekova, A. Marcinkowski and
N. Koseva, J. Inorg. Biochem., 2013, 120, 54–62.

26 J. M. Harris and R. B. Chess, Nat. Rev. Drug Discovery, 2003, 2,
214–221.

27 J. M. Dust, Z. Fang and J. M. Harris, Macromolecules, 1990,
1500, 3742–3746.

28 W. Li, P. Zhan, E. De Clercq, H. Lou and X. Liu, Prog. Polym.
Sci., 2013, 38, 421–444.

29 H. A. Tajmir-Riahi and T. Theophanides, Can. J. Chem., 1984,
62, 1429–1440.

30 M. Malik and D. Michalska, Spectrochim. Acta, Part A, 2014,
125, 431–439.
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32 D. Michalska and R. Wysokiński, Chem. Phys. Lett., 2005,
403, 211–217.

33 J. D. R. P. J. S. Susan, J. Berners-Price, T. A. Frenkiel and
U. Frey, J. Chem. Soc., Chem. Commun., 1992, 3–5.

34 M. Christensen, O. F. Nielsen, P. Jensen and U. Schnell, J.
Mol. Struct., 2005, 735–736, 267–270.

35 J. Koenig and A. Angood, J. Polym. Sci., Part B: Polym. Phys.,
1970, 8, 1787–1796.

36 P. Larkin, Infrared and Raman Spectroscopy, Principles and
Spectral Interpretation, Elsevier, Oxford, 1st edn, 2011.

37 R. Raghavan, M. Burchett, J. A. Mulligan and A. Park, Drug
Dev. Ind. Pharm., 2000, 26, 429–440.

38 Z. Tao, Y. Xie, J. Goodisman and T. Asefa, Langmuir, 2010, 26,
8914–8924.

39 D. Dupeyrón, M. Kawakami, A. M. Ferreira, P. R. Cáceres,
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