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Developing a Zn(II)-metallovesicle for loading and
delivering doxorubicin to kill cancer cells—a
multi-drug delivery system

Abhishek Dutta, Subhajit Ghosh and Parthasarathi Dastidar *

An amphiphilic Zn(II)-coordination polymer (CP3) was rationally

designed, successfully synthesised, and crystallographically charac-

terized. It was derived from the non-steroidal anti-inflammatory

drug (NSAID) flurbiprofen, as well as isophthalic acid and Zn(NO3)2.

CP3 was loaded with the anti-cancer drug doxorubicin, which was

delivered to multicellular spheroids of the HeLa cancer cells, thereby

making it suitable for developing a multi-drug delivery system.

Among the various supramolecular entities, vesicles are one of
the most important classes of supramolecular structures because
they play significant roles in biology, biomedical applications,
such as drug delivery and therapeutics, and material science. A
vesicle is a spherical structure composed of single or multiple
layers of a supramolecular membrane that holds liquid at its
core. Vesicles are ubiquitous in biology—a biological cell itself is
a vesicular structure enclosing cytoplasm and various organelles
within a phospholipid bilayer cell membrane. It is understand-
able that a living cell would not survive without a cell membrane
because it provides protection against various biological and
chemical attacks, allows essential nutrients to diffuse in and
wastes to diffuse out, and plays key roles in processes such as
exocytosis and endocytosis.

Scientists have drawn inspiration from the intriguing struc-
ture and function of the cell membrane and attempted to create
a synthetic mimic. Soon after the first report of a synthetic
multi-layered vesicle by Kunitake et al.,1 many synthetic vesicles
were developed from organic and inorganic molecules.2–10

However, there have been difficulties due to the complexities
involved in multi-step organic synthesis, the cytotoxicity asso-
ciated with organic precursors, and the challenges associated
with the loading of drugs and their release at the target site,
and multi-drug loading for combination therapy.

Supramolecular systems derived from metal–organic
precursors11–18 are being vigorously studied because of the fact

that they are relatively easy to synthesize and are amenable to
synthetic modulation directed by atomic level insights through
single crystal X-ray diffraction (SXRD) studies. Furthermore,
they also offer opportunities to incorporate more than one drug
(e.g., active pharmaceutical ingredients) for combination ther-
apy. One drug molecule can act as a ligand of the metal–organic
precursors, and another drug molecule can be encapsulated
within the core of the supramolecular system (vesicle).

Combination therapy (delivering more than one drug) has
become important in drug delivery research.19–21 The process
has been found to be quite effective because it appears to elude
cellular resistance through optimal performance of each drug
via different key signal transduction pathways.22–25 Such syner-
gistic effects of drugs are beneficial because they may enable
reduced dosages and side effects.26–28

The key to designing metallovesicles is to synthesize amphi-
philic 1D coordination polymer chains, wherein a hydrophobic
drug and/or its derivative can be anchored to the metal center of
the 1D chains formed due to extended coordination of a suitable
bidentate ligand with a metal center. Such an amphiphilic
coordination polymer chain is expected to self-assemble in
aqueous solvent to form metallovesicles, which can easily encap-
sulate another drug (e.g., an anti-cancer drug), thereby making it
a potential multi-drug delivery system (Scheme 1). The reaction
of two pyridyl derivatives of ibuprofen and flurbiprofen (3-pyIBU
and 4-pyFLR, respectively) with two bidentate ligands, namely di-
sodium terephthalate (Na2TA), and di-sodium isophthalate
(Na2IA) and Zn(NO3)2, readily produced crystalline products,
namely [{(3-pyIBU)2Zn(m-TA)0.5(m-TA)0.5}.0.5MeOH]N (CP1),
[{(3-pyIBU)2Zn(m-IA)2(MeOH)}�H2O]N (CP2), and [{(IA)(H2O)(4-
pyFLR)(Zn1)(m-IA)(Zn2)(H2O)(DMF)(4-pyFLR)}�(2H2O) (DMF)]N
(CP3) (Scheme 2), as revealed by SXRD (vide infra).

The close connection between inflammation and cancer29,30

prompted us to incorporate the non-steroidal anti-inflammatory
drug (NSAID) derivatives 3-pyIBU and 4-pyFLR (synthesized using
a previously reported procedure31) in the metal–organic precursor
as one of the drug molecules in the multi-drug delivery system
that we set out to develop. A redshift of the carboxylates in the
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FT-IR spectra (1583–1691 to 1549–1610 cm�1) of all the coordina-
tion polymers indicated strong metal-carboxylate coordination
(Fig. S8 and Table S1, SI).

Single crystals of CP1–CP3 were subjected to SXRD (Table S2, SI).
Crystal structure analyses revealed that CP1 and CP2 displayed
similar structural features. Monoclinic crystals of CP1 and CP2
(space groups C2/c and P21/c, respectively) showed distorted tetra-
hedral and square pyramidal Zn(II) coordination geometry, respec-
tively. The coordination sites of Zn(II) in CP1 were occupied by two 3-
pyIBU and two TA. In CP2, the axial position of the square
pyramidal Zn(II) was occupied by a MeOH molecule, and the
equatorial sites were coordinated by two 3-pyIBU and two IA. In
both cases, extended coordination with Zn(II) through the carbox-
ylates produced 1D coordination polymer chain, wherein each metal
center was coordinated by two 3-pyIBU molecules. The 1D chains
were packed in a parallel fashion sustained by various hydrogen
bonding involving the amide and carboxylate moieties, and lattice-
occluded solvent molecules (MeOH and H2O, respectively).

Interestingly, there were two crystallographically independent
Zn(II) metal centres displaying distorted tetrahedral (Zn1) and octa-
hedral (Zn2) coordination geometry in CP3 (triclinic, P%1). The
coordination sphere of the tetrahedral Zn1 was coordinated by two
carboxylates (IA), one 4-pyFLR, and one water molecule, whereas that

of octahedral Zn2 was ligated by two IA, one 4-pyFLR, one DMF, and
one water molecule. Extended coordination through IA resulted in a
1D coordination polymer chain, wherein Zn1 and Zn2 were placed in
an alternating fashion (Fig. 1).

As envisaged, single crystal structures of CP1–CP3 displayed 1D
polymer chains, wherein the hydrophobic NSAID moieties were
anchored to the metal centres. Intriguingly, in CP3, only one NSAID
moiety per metal centre was present, as compared to two in CP1
and CP2. Moreover, the 4-pyFLR moieties in CP3 were oriented in
the same direction, thereby demarcating clear hydrophobic and
hydrophilic (metal centres coordinated to water, DMF, and carbox-
ylates) zones, suggesting the amphiphilic character of CP3.

Dilute suspensions (1 mg mL�1 in 5% DMSO/water) of CP3
under FEG-TEM clearly displayed spherical morphology (approxi-
mately 90 nm), whereas CP1 and CP2 showed aggregates of
nanoparticles. The spherical morphology of the same suspension
of CP3 was also evident in FE-SEM and AFM. Interestingly, the
height profile of the AFM images (100–150 nm diameter vis-à-vis a
height of 6–10 nm) indicated that the vesicular structure was most
likely flattened due to drying of the sample (Fig. 2 and Fig. S13, SI).

The data suggested that the amphiphilic CP3 was capable of self-
assembling to assume a vesicular structure in aqueous medium. To
confirm this further, dynamic light scattering (DLS) experiments
using the same suspension of CP3 were conducted. Accumulation
of particles having a hydrodynamic diameter Dh = 120� 30 nm with
a narrow size distribution over a period of 60 days further supported
the formation of vesicular aggregates. The concentration-dependent
DLS data showed that the vesicular aggregates disintegrated
into small particles upon dilution below a concentration of
0.25 mg mL�1. The percent intensity of the vesicular particles
(Dh = 120 � 30 nm) did not follow the trend (i.e., slow increase
with time) for the ‘blackberry’ vesicular structure observed for some
metal–organic polyhedra (Fig. S14 and S15, SI).32–34

The foregoing data suggested that the amphiphilic 1D
coordination polymer chain of CP3 plausibly self-assembled
to form a lamellae architecture in polar solvent as any amphi-
philic molecule would do, and further folded to produce a
vesicular structure having a hydrophilic core (Scheme 3).

To assess the accessibility of the hydrophilic core of the CP3-
vesicle, CP3 (1.0 mg) and the highly fluorescent dye calcein
(0.2 mg) were suspended in a snake-skin dialysis bag

Scheme 1 Designing a metallovesicle for multi-drug delivery.

Scheme 2 Synthesis of the coordination polymers reported herein.

Fig. 1 Crystal structure illustrations of (a) CP1, (b) CP2, and (c) CP3. (IA
and TA moieties are shown in a space-filling model; carbon atoms of 4-
pyFLR and 3-pyIBU are shown in orange; coordinated and lattice-
occluded methanol are shown in magenta; solvate water and DMF are
shown in a capped stick model).
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containing 5% DMSO/water (2 mL) and dialyzed four times, for
72 h each time, against 5% DMSO/water. A bathochromic shift
(7 nm) of the lmax of free calcein from 486 nm to 493 nm for the
content of the dialysis bag clearly suggested that the dye
experienced a confined environment that implied encapsula-
tion of calcein within the hydrophilic core of the CP3-vesicle.
Significant quenching of the emission of calcein (lem = 515 nm,
lex = 450 nm) in the aliquots of the content of the dialysis bag
clearly supported the formation of CP3-vesicles that could
encapsulate calcein. Interestingly, the green fluorescence of
calcein in CP3-vesicle@calcein under a fluorescence micro-
scope was also observed. The loading efficiency of the dye
within the CP3-vesicle was found to be 7.5%.

Similar experiments with the anti-cancer drug doxorubicin
(DOX) displayed a significant bathochromic shift of 23 nm for
free DOX (lmax = 480 nm) vis-à-vis CP3-vesicle@DOX (lmax =
503 nm), indicating entrapment of DOX within the hydrophilic core
of the CP3-vesicle, with a loading efficiency of 3% (0.8 mg mL�1).
Emission of DOX was significantly quenched in CP3-vesicle@DOX,
similar to that observed for calcein. Interestingly, red fluorescence
of CP3-vesicle@DOX was observed by fluorescence microscopy
(Fig. S16 and S17, SI). The data presented thus far clearly estab-
lishes that the amphiphilic CP3 successfully formed vesicles, and
the hydrophilic core of which was accessible for drug loading.

The cytotoxicity of CP3-vesicle@DOX against human
embryonic kidney (HEK 293) cells was 250 mg mL�1 (IC50) with
no such haemolytic activity, whereas more than 50% of human
cervical carcinoma cells (HeLa) could be killed at a much lower
concentration (60–125 mg mL�1) (Fig. S18 and S19, SI). The
multi-drug combination effect of CP3-vesicle@DOX was also

assessed using CompuSyn software,36 and the results validated
the synergistic effect from CP3 and DOX (Fig. S18 and S20, SI).

We performed a drug release experiment at pH 7.4 (PBS),
and found that DOX was not released to the media (Fig. S21).
Interestingly, when we performed the same experiment at pH
5.4, we observed a significant release of DOX to the media with
time (up to 24 h) (Fig. S21). This is intriguing because the
results indicate that the drug is released at a lower pH, i.e.,
under acidic conditions. The ability of CP3-vesicle@DOX to kill
cancer cells indicates that it is first internalized and then
releases the drug at a low pH, likely in the lysosome.

To confirm that, and show colocalization of fluorescence of CP3-
vesicle@DOX (red fluorescence of DOX), we carried out experiments
with LysoTrackert Green using confocal microscopy on HeLa cells.
Fig. S21 clearly shows the colocalization of red and green fluores-
cence (yellow). The images clearly establish that CP3-vesicle@DOX
was internalized and released DOX through the lysosome.

The delivery of DOX from CP3-vesicle@DOX to HeLa cells
was also demonstrated by a cell migration assay.35 It quantified
the speed of migration of cancer cells in the presence of a
potential anti-cancer agent. The slower the speed, the greater
the efficiency of the anti-cancer agent. It was observed that the
migration speed (22 mm h�1) during control experiments was
significantly reduced (2 mm h�1) in treated cells with CP3-
vesicle@DOX. Although the CP3-vesicle and DOX also reduced
the speed (10 mm h�1 and 11 mm h�1, respectively) of cell
migration, it was not as low as 2 mm h�1, indicating the
successful and synergistic effect of CP3-vesicle@DOX (Fig. 3).

A growth-delay experiment was performed on a 3D multi-
cellular spheroid generated from HeLa cells treated with CP3-
vesicle@DOX (0.1 mg mL�1 in water), CP3 vesicles (0.1 mg mL�1

in 5% DMSO-water), and DOX (0.4 mg mL�1 in water) and
compared with that of untreated cells. It was clear from the
images that the size of the spheroids gradually increased in non-
treated cells, whereas significant inhibition of growth of the
spheroids was observed in treated cells. This demonstrated that
CP3-vesicle@DOX was also significantly active against multi-
cellular spheroids of HeLa cancer cells (Fig. 4 and Fig. S22, SI).

The results presented in this study clearly demonstrate that
an amphiphilic coordination polymer, CP3, could indeed be
accessed through rational design and synthesis. The formation
of CP3-vesicles was established through various experiments
(TEM, SEM, AFM, DLS), which corroborated well with the
structural features revealed by the SXRD of CP3. The ability of
CP3-vesicle@DOX to kill cancer cells (HeLa) in vitro (MTT,
scratch assay) and multicellular spheroids was also demon-
strated. Thus, formation of metallovesicles (CP3-vesicle) con-
taining an NSAID derivative (4-pyFLR) as a part of the metal–
organic system and its ability to load and deliver the anti-cancer
drug DOX to HeLa cells clearly demonstrated that CP3-
vesicle@DOX can indeed work as a multi-drug delivery system.

A. D. synthesized and characterized all the CPs. Biological
studies were carried out by A. D. and S. G. under the super-
vision of S. G.; P. D. conceptualized and supervised the project,
analysed the results, and co-wrote the manuscript with input
from all the co-authors.

Fig. 2 Images of metallovesicles derived from CP3 suspensions. (a) TEM
image (scale bar = 200 nm) (enlarged TEM image in inset), (b) SEM image
(scale bar = 100 nm), (c) AFM image (scale bar = 150 nm), (d) height profile
of AFM image of the selected green-marked vesicle.

Scheme 3 Plausible model for metallovesicle formation using CP3.
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Fig. 3 Cell migration assay using HeLa cells (scale bar = 100 mm).

Fig. 4 Delivery of DOX by CP3-vesicle@DOX to multicellular spheroids of
HeLa cells (scale bar = 100 mm).
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