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Abstract: The low solubility of cisplatin in aqueous solution limits the treatment effectiveness and the application
of cisplatin in various kinds of drug-eluting devices. Although cisplatin has a high solubility in Dimethyl sulfoxide
(DMSO0), the toxicity of cisplatin can be greatly reduced while dissolved in DMSO. In this study, the solid powder of
cisplatin-loaded albumin mesospheres (CDDP/DMSO-AMS), in a size range of 1 to 10 ym, were post-loaded with cis-
platin and showed high cisplatin content (16% w/w) and effective cytotoxicity to lung cancer cells. Cisplatin were ef-
ficiently absorbed into the albumin mesospheres (AMS) in DMSO and, most importantly, the toxicity of cisplatin was
remained at 100% after the loading process. This CODP/DMSO-AMS was designed for the intratumoral injection
through the bronchoscopic catheter or dry powder inhalation (DPI) due to its high stability in air or in solution. This
CDDP/DMSO0-AMS showed a fast cisplatin release within 24 hours. In the in vitro study, CODP/DMSO-AMS showed
high effectiveness on killing the lung cancer cells including the non-small cell lung cancer (NCL-H23 and A549),
malignant mesothelioma (CRL-2081) and the mouse lung carcinoma (Lewis lung carcinoma) cell lines. The albumin
based mesospheres provide an ideal loading matrix for cisplatin and other metal-based drugs due to the high swell-
ing degree and fast uptake rate in the organic solvents with high polarity. In addition, to investigate the effects of
polysaccharides, such as chitosan and chondroitin, on enhancing loading efficiency and lasting cytotoxicity of cis-
platin, the polysaccharide-modified albumin mesospheres were synthesized and loaded with cisplatin in this study.
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Introduction ment on 5-year survival rate of the NSCLC
patients [4].

Cisplatin, cis-diamminedichloroplatinum (Il), al-
so known as CDDP, is the first metal coordina-

tion complex to have clinical anti-tumor activity.

Cisplatin is transported across the plasma
membrane through both passive diffusion and

It is one of the most commonly used chemo-
therapeutic drugs nowadays in the treatment of
a variety of cancer tumors including lung, tes-
ticular, ovarian, lymphoma and glioma [1, 2].
Clinically, cisplatin is generally used with other
chemotherapeutic drugs as primary and sec-
ondary treatments for various cancers [3]. In a
series of adjuvant trials in patients with resect-
ed non-small cell lung cancer (NSCLC), the
combination of cisplatin with other agents,
such as doxorubicin, etoposide and various
kinds of vinca alkaloids including vinblastine,
vincristin etc., had shown a significant improve-

active transport [5]. Cisplatin is highly reactive
in biological environment and binds to many
biomolecules such as DNA, RNA, proteins and
phospholipids [6-8]. The cause of the toxicity of
cisplatin is difficult to determine since it binds
to various kinds of biomolecules. However, the
binding of cisplatin to DNA is thought as the
most critical reaction leading to the toxicity for
cancer tumors [9]. The Pt(ll) of cisplatin remains
coordinated to its chloride ligands while circu-
lated in the blood with high chloride concentra-
tion. Upon entering into cells, the chloride
ligands of cisplatin are replaced by water mole-
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cules to form a positively charged species that
can react with nucleophilic sites on DNA, RNA
and proteins to form adducts [10]. To cause cel-
lular apoptosis, cisplatin binds to the N7 atom
of guanines in DNA to form intrastrand adducts,
interstrand crosslinks or DNA-protein cross-
linkes. It has been suggested that the major
lesions produced by cisplatin are intrastrand
adducts, and the cellular resistance to cisplatin
may be associated with interstrand crosslinks
[11].

Although cisplatin is one of the most commonly
used chemotherapeutic drugs for cancer treat-
ments, some tumors acquire resistance to cis-
platin after the initial treatment and chronic
cisplatin usage results in cisplatin accumula-
tion in cancer cells and induces cisplatin resis-
tance [12]. However, the higher dose of cispla-
tin is not clinically applicable to improve its
efficiency due to the high toxicity of cisplatin.
The usage of cisplatin combines with severe
toxic side effects on cancer patients including
neurosis, nephrosis, and hematosis, along with
gastrointestinal and renal toxicity [13-17]. In
addition, it has been shown that only 10% of
the cisplatin introduced into blood stream enter
into the cells, and 90% of them are bound to
the plasma proteins outside the cells [18].

Platinol®, a FDA approved cisplatin for injec-
tion, is administered to patients as a 1 mg/ml
concentration in aqueous solution containing
0.9% of sodium chloride and 1% of mannitol
(Bristol-Myers Squibb, Princeton, NJ). It is
injected intravenously to patients in the range
of 20 to 150 mg/m? (concentration of cisplatin
in body area) for daily dosage or one cycle, and
which depends on the severity of patients.
However, since the solubility of cisplatin is low
in aqueous solution, the intravenous delivery
through aqueous solution may result in cisplat-
in aggregation and cause the concentration
uncontrollable in human body. Thus the anti-
tumor effect of cisplatin might be significantly
reduced while delivered through aqueous
environment.

Cisplatin can be easily dissolved into DMSO to
obtain an accurate solution concentration high-
er than 200 mg/ml. This has also been pub-
lished as standard methodology by the National
Cancer |Institute for studying the biological
effect of cisplatin [19]. While dissolved in
DMSO, cisplatin binds rapidly to DMSO to form
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a cisplain-DMSO adduct and which has been
reported to have reduced ability to bind to dou-
ble-stranded DNA. The combination therapy of
cisplatin and DMSO was proposed to enhance
cytotoxicity and reduce systemic side effects in
earlier studies [20, 21]; however, it has been
recently reported that cisplatin in DMSO
showed reduced toxicity to tumor cells [22-25].

In view of these limitations including low effi-
cacy and severe side effects, efforts have been
taken to develop an ideal system for cisplatin
delivery to continuously provide a prolonged
high concentration of cisplatin locally on tumor
sites. To achieve this goal, many delivery sys-
tems based on polymeric liposomes, micelles
and microspheres had been designed for intra-
venous administration on the basis of the
enhanced permeability and retention (EPR)
effect [26-31]. It had been reported that the
cisplatin entrapped or complexed in polymeric
devices has improved efficacy and reduced sys-
temic toxicity [32, 33].

Recently, some acrylic polymers containing a
carboxyl group such as poly (acrylic acid) and
poly (methyl methacrylate) have attracted
attentions due to their high tolerance in vivo
and most importantly, their high reactivity to
interact with other therapeutic agents [34, 35].
The carboxyl groups on the polymer chains
have a liable complexing ability towards cispla-
tin, therefore the polymeric matrix stabilizes
cisplatin and protects it from binding to other
biomolecules in a biological environment [32].
Due to the slow exchange rate of carboxyl
groups with water molecules, the complexation
provides prolonged release of cisplatin from
the polymeric microspheres and further reduc-
es systemic toxicity. However, the activity of cis-
platin might be influenced by the complexation
between cisplatin and the carboxylate poly-
mers. It had been shown that the activity of cis-
platin was slightly reduced after release from
the cisplatin-loaded polymeric carriers [22, 32].

Among all the biocompatible and biodegrad-
able polymeric microspheres, albumin micro-
sphere has a high potential to be the ideal car-
rier for cisplatin delivery due to its abundant
functional groups [36-38]. The amino acids in
albumin provide a variety of reactive functional
groups, including abundant carboxyl groups
and other side groups on the amino acid resi-
dues, in the matrix and on the surface of micro-
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spheres. The amphiphilic nature of protein mol-
ecules allows the albumin microsphere to have
hydrophilic and hydrophobic domains in the
matrix and enables the microsphere to load
with both hydrophilic and hydrophobic drugs or
biomolecules. Furthermore, the loading effi-
ciency of metal ion containing drugs can be
greatly improved by using albumin based micro-
spheres as drug carriers due to the negatively
charged nature of albumin proteins. The poten-
tial drug release behaviors of the cisplatin load-
ed albumin microspheres in a biological system
are illustrated in Figure 1B.

The natural, biodegradable and highly biocom-
patible polysaccharides, chitosan and chon-
droitin have been proposed for use in various
kinds of biomedical applications including drug
delivery systems and tissue engineering [39-
43]. Chitosan is a cationic biopolymer which is
obtained by deacetylation of chitin. It has been
reported that the cisplatin content increased
with the increasing concentration of chitosan
and chitin added into the drug carrying micro-
spheres including chitosan-ablumin micro-
spheres [44-47]. This may be explained by the
intense ionic interaction between the negative-
ly charged chitosan and chitin molecules and
the cationic metal ions in cisplatin. Chondroitin
sulphate is an anionic sulfated glycosaminogly-
can which is obtained from mammalian con-
nective tissue. Chondroitin microspheres have
been made for various drug delivery purposes
and controllable drug release had been
achieved [43, 48].

Materials and methods

Synthesis of albumin mesospheres (AMS) and
modified AMS

To prepare the modified albumin mesospheres,
a solution of cellulose acetate butyrate (CAB) in
1,2-dichloroethane (DCE) was used as the con-
tinuous organic phase. Aqueous solution con-
taining bovine serum albumin (BSA) was dis-
persed into CAB/DCE solution to form an
emulsion solution. To prepare the chitosan and
chondroitin  modified albumin mesospheres
(chitosan-MS and chondroitin-MS), aqueous
solution containing bovine serum albumin and
chondroitin sulfate (sodium salt from shark car-
tilage, Sigma, St Louis, MO) or chitosan glycol
(MP Biomedicals, Solon, OH) was added into
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the continuous phase. The mixture solution in
the tube was vortexed at 3000 rpm for 2 mins
to create a stable emulsification. To solidify the
mesospheres, 8% w/w EM grade glutaralde-
hyde to BSA was added through DCE into the
emulsion solution. The tube was placed on
rotator for 8 hours to complete crosslinking.
Then the mesospheres were washed out by
acetone and air-dried at room temperature.
Detailed preparation and characterization of
AMS were described in previous publication.
The particle size of mesospheres used in this
study has been characterized and determined
previously [37]. The particles are majorly in the
size range of 1 to 10 ym with a mean diameter
about 5 um. The appearance of mesospheres
was investigated by using optical microscope in
this paper.

Post-loading of cisplatin (CDDP)

As illustrated in Figure 1A, the post-loading of
cisplatin into the mesospheres were performed
in aqueous solution, PBS, and the polar aprotic
organic solvent, dimethyl sulfoxide (DMSO). To
prepare the mesospheres loaded with CDDP/
PBS solution, a suspension solution containing
about 10 mg cisplatin in 200 ug PBS was made
as the loading solution. About 40 mg of meso-
spheres were dispersed in a minimal amount of
acetone in the 1.5 ml micro-centrifuge tubes.
In the mesospheres dispersion in the tubes,
200 ul of the loading solution containing cispla-
tin were added and well-dispersed by vigorous-
ly vortexing. The mesospheres dispersions
were vortexed at room temperature for 72
hours and then centrifuged to remove the
supernatant solution. The tubes containing
residual mesospheres and precipitated cispla-
tin were filled with acetone, vortexed and cen-
trifuged. The washes were repeated twice to
remove the excessive cisplatin absorbed on the
surface of mesospheres. After the last centrifu-
gation, the layer of mesospheres loaded with
cisplatin were separated from the layer of pre-
cipitated cisplatin and then collected. The col-
lected cisplatin-loaded mesospheres were air-
dried at room temperature and stored at 4°C
for later analyses.

To make the DMSO loading solution for meso-
spheres, 40 mg of cisplatin were completely
dissolved into 160 pl of DMSO and loading
solution was prepared freshly right before use.
To load mesospheres with CDDP/DMSO, about
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Figure 1. (A) Process of cisplatin loading in albumin mesospheres and (B) drug release behaviors of cisplatin loaded albumin mesospheres in biological systems.
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40 mg of mesospheres were dispersed in
acetone in the 1.5 ml centrifuge tubes and
then the loading solution above was added. The
mesospheres were well-dispersed in the
loading solution and vortexed at room tempera-
ture for minutes to hours. Then the dispersions
were centrifuged and the supernatant were
removed. The tubes containing precipitated
mesospheres were filled with acetone, vortexed
and centrifuged. The acetone washes were
repeated twice to remove the excessive cispla-
tin absorbing on the surface of mesospheres.
After wash, the cisplatin-loaded mesospheres
were air-dried at room temperature and stored
at 4°C.

Measurement of loading efficiency and cispla-
tin release

To measure the loading efficiency of cisplatin
in the mesospheres, about 1 to 2 mg of
mesospheres were placed in a 15 ml cen-
trifuge tube and then digested with at least
5 ml digest solution containing papain, prote-
ase K, ethylenediaminetetraacetic acid (EDTA)
and cysteine. The suspension solutions con-
taining mesospheres and enzymes were pla-
ced on a rotator in an incubator at 37°C for
days. After digestion, the suspension solutions
were centrifuged to precipitate the debris of
MS and the supernatants were collected for
analysis.

To determine the cisplatin release from the
mesospheres, the mesospheres loaded with
CDDP/DMSO and CDDP/PBS for a minimal
loading time (< 5 mins) were used in the study.
About 1 to 2 mg of cisplatin-loaded meso-
spheres were placed in a 10 ml centrifuge
tube and dispersed with 50 ul acetone. The
suspension solution was sonicated for 10
seconds to make the mesospheres well-dis-
persed in acetone. Then the tube was filled
with PBS to 10 ml and placed on a rotator in an
incubator at 37°C. After 24 hours of incubation,
the suspension solution was centrifuged and 5
ml supernatants were collected and stored at
4°C for future analysis. The concentrations of
cisplatin in agueous solutions were determined
by using ICP/AES, Perkin-Elmer Optima 3200
RL. The standard solutions were prepared by
diluting the platinum standard for ICP
(TraceCERT®, 1000 mg/L Pt in hydrochloric
acid, Fluka).
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Cytotoxicity of cisplatin released from cisplatin-
loaded mesospheres

A549 cells (ATCC #CCL-185; human lung ade-
nocarcinoma epithelial cell line), NCI-H23 (ATCC
#CRL-5800; human lung adenocarcinoma epi-
thelial cell line), CRL-2081 (malignant mesothe-
lioma cell line), and Lewis lung carcinoma cells
were obtained from American Type Cell
Collection (Manassas, VA). The cells were cul-
tured in RPMI-1640 medium (Sigma, St Louis,
MO) containing 10% fetal bovine serum (FBS),
penicillin (100 U/ml), streptomycin (100 pg/ml),
fungizone (100 pg/ml), 0.25% D-glucose, 0.2%
sodium bicarbonate and 1% sodium pyruvate
as reported earlier [49, 50].

To determine the toxicity of cisplatin that was
released out from the cisplatin-loaded meso-
spheres, the cisplatin released in PBS was col-
lected first and reconstitute to desired concen-
tration. About 10 mg of cisplatin-loaded
mesospheres were dispersed in 2 ml PBS at
room temperature to allow the release of cispl-
atin. After days of incubation, the dispersion
solutions were centrifuged and the supernatant
solution were collected and stored at room
temperature. The concentration of the superna-
tant solution were determined by using ICP-AES
and then diluted to 10 pg/ml using PBS. A 10
pg/ml cisplatin solution was also prepared by
directly dissolving cisplatin into PBS.

About 6,000 H-23 (human lung adenocarcino-
ma epithelial cell line) cells were seeded
into each well of the 96-well plate with 10%
FBS culture media. After 24 hours of incubation
at 37°C, PBS containing cisplatin was added
into each well to acquire a final concentration
of 10 pg/ml cisplatin in each well. After 48
hours of incubation, the proliferation of cells
incubated with and without cisplatin was deter-
mined by using WST-1 reagents (Roche,
Indianapolis, IN).

Cytotoxicity of cisplatin-loaded mesospheres

The cytotoxic effects of cisplatin-loaded meso-
spheres on lung cancer cells were determined
by using the WST-1 reagent as reported earlier
[49, 50]. About 1,500 to 3,000 cells were seed-
ed in each well of the 96-well plate and incu-
bated in media at 37°C. After 24 hours of incu-
bation, PBS containing cisplatin-loaded meso-
spheres (minimal loading time) were added into
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Table 1. Loading content and efficiency of cisplatin in AMS and modified AMS

Particles Composition of Matrix I:c))?\?el:tg tiLrZZO(“hnri) e Cogéeljrg_wglr;er me et Eff:_c(i)zgclzr;/g(%)
AMS 100% BSA DMSO 8 531 ~100%
PBS 72 72 14%
Chitosan-MS 80% BSA + 20% chitosan DMSO 8 430 86%
PBS 72 59 12%
Chondroitin MS  80% BSA + 20% chondroitin  DMSO 8 297 59%
PBS 72 86 17%

1CDDP-MS: cisplatin-loaded mesospheres.

Table 2. Loading efficiency and cytotoxicity of CDDP-MS loaded through DMSO

. Loading CDDP Content Loading Cytotoxicity of CODP  Remaining Toxicity of
Particles Time (ug per mg of Efficiency (%) Loaded.MS1 (Cell Releasgc;l CDDP?
CDDP-MS) Survival %) (Toxicity %)
CDDP/DMSO-AMS(0) <5 mins 163 33% 22% 100%
CDDP/DMSO0-AMS(1) 1 hr 223 45% 46% 96%
CDDP/DMSO0-AMS(4) 4 hrs 369 74% 69% 63%
CDDP/DMSO0-AMS(8) 8 hrs 531 ~100% 72% 46%

To determine the cytotoxicity of CDDP loaded MS, H-23 cells were incubated with 100 ug/ml CDDP loaded MS for 48 hours.
The cell proliferation were measured and compared to the untreated cells. 2H-23 cells were incubated with10 pg/ml CDDP that
were released from the CDDP loaded MS. Cell proliferation were determined after 48 hours of incubation and compared to

CDDP which was dissolved in PBS.

each cell to make the concentration of cisplat-
in-loaded mesospheres in each well to be 100
and 200 uyg/ml. The proliferation rates of the
cells incubated with cisplatin-loaded MS were
measured by using a microplate reader after
48 hours of incubation. To determine the cyto-
toxicity of cisplatin-loaded mesospheres after
wash, the mesospheres were vigorously vor-
texed in daily changed fresh PBS for days to
remove the cisplatin-loaded in matrix. Then the
mesospheres were washed by acetone and
dried at room temperature before use. Every
experiment was done in triplicates.

Results

Loading content and efficiency of cisplatin in
mesospheres

Table 1 shows the cisplatin content and loading
efficiency of the AMS and modified meso-
spheres loaded with CDDP/DMSO and CDDP/
PBS solutions. Among the mesospheres, AMS
showed the highest loading efficiency of cispla-
tin when loaded with CDDP/DMSO, and chon-
droitin-MS showed the lowest efficiency about
60%. The loading efficiency of cisplatin in AMS
and polysaccharide modified mesospheres
loaded with CDDP/PBS was 10 to 20%.
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The results of cisplatin content and loading effi-
ciency of the albumin mesospheres loaded
with CDDP/DMSO solution in various loading
time were shown in Table 2. By using DMSO as
the loading solvent, the loading content of cis-
platin in mesospheres increased with the incu-
bation time in DMSO. As the loading time was
minimized within seconds, the loading content
of cisplatin in AMS was around 16%. After 8
hours of incubation in DMSO, the dissolved cis-
platin in DMSO were completely absorbed into
the mesospheres. The cisplatin content was
improved to 500 ug in per milligram of cisplat-
in-loaded mesospheres and the loading effi-
ciency was close to 100%.

In vitro release of cisplatin from cisplatin-load-
ed mesospheres

The in vitro release of cisplatin at 24 hours
from the cisplatin-loaded mesospheres was
determined in PBS. In Figure 3, the meso-
spheres loaded with CDDP/DMSO in a mini-
mized loading time showed a range of cisplatin
release from 80 to 130 pg per milligram of cis-
platin loaded mesospheres. The chitosan-mod-
ified mesospheres loaded with CDDP/DMSO
solution showed highest cisplatin release. The

Am J Cancer Res 2015;5(2):603-615
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Figure 2. Optical images of stable cisplatin-loaded mesospheres. (A) CDDP/DMSO-AMS, (B) CDDP/DMSO-chitosan-
MS and (C) CDDP/PBS-chondroitin-MS as well as (D) crystalline cisplatin. Clean solid particles without excessive
cisplatin aggregation were observed under optical microscope in the mesospheres loaded in CODP/DMSO.

mesospheres loaded with CDDP/PBS showed a
release range of 2 to 20 ug per milligram of
mesospheres. In the mesospheres loaded with
CDDP/PBS, chondroitin-MS showed the high-
est cisplatin release which was up to 20 ug per
milligram of mesospheres. However, the AMS
and chitosan-MS showed a low cisplatin release
under 10 pg per milligram.

Cytotoxicity of released cisplatin

Figure 4 shows the remaining cytotoxicity of the
cisplatin released out from the CDDP/DMSO-
AMS. The CDDP/PBS solution showed high tox-
icity and reduced the cell proliferation to 6%.
The cisplatin released from the CDDP/DMSO-
AMS(0) showed the same toxicity to the cispla-
tin dissolved in PBS. After one hour of incuba-
tion in CDDP/DMSO, the cisplatin released
form CDDP/DMSO-AMS (1) showed slightly
reduced toxicity to about 95% (proliferation to
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10%) as shown in Table 1. The cytotoxicity of
cisplatin-loaded in the mesospheres decreased
to about 50% (proliferation to 64%) after 8
hours of incubation in DMSO.

In vitro cytotoxicity of cisplatin-loaded meso-
spheres

Figure 5 shows the cytotoxicity of cisplatin-
loaded AMS before and after PBS wash. The
CDDP/DMSO0-AMS(0) showed the highest toxic-
ity and reduced the cell proliferation of the lung
cancer cells to about 20%. However, the toxicity
of cisplatin-loaded AMS decreased with
increasing incubation time in DMSO during
loading process. After 4 hours of incubation in
DMSO, cisplatin-loaded AMS showed great
reduction in toxicity and the cell proliferation
was increased to 70%. For the cisplatin-loaded
AMS washed by PBS, the mesospheres without
further release of cisplatin still showed 20 to

Am J Cancer Res 2015;5(2):603-615
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Figure 4. The cytotoxicity of cisplatin released from
the cisplatin-loaded albumin mesospheres (CDDP/
DMSO-AMS). The cisplatin, which were released out
from the CDDP/DMSO-AMS prepared with different
loading time in DMSO, were used in this test. The
figure showed the percentage of remaining toxicity
of cisplatin with various loading time. Cisplatin with
loading time in 1 hour showed similar cytotoxicity
(above 90%) to cisplatin in PBS. The cytotoxicity of
cisplatin was determined by the cell death caused
by cisplatin incubation. The cytotoxicity of cisplatin in
PBS was 100%.

35% of cell death percentage. The unloaded
AMS showed no cytotoxicity to lung cancer cells
at a low concentration such as 100 pg/ml.

The cytotoxicity of cisplatin-loaded AMS and
modified mesospheres were tested by using
A549, CRL-2081 and LLC cells. In Figure 6, the
CDDP/DMSO-AMS showed most efficient inhib-
iting effect on the proliferation of lung cancer
cells. The CDDP/DMSO-chitosan-MS showed
similar toxicity to CODP/DMSO-AMS and CDDP/
DMSO-chondroitin-MS showed reduced toxici-
ty. However, for the mesospheres loaded with
CDDP/PBS, CDDP/PBS-chondroitin-MS showed
the most effective inhibition on the growth of
lung cancer cells. The unloaded mesospheres
including AMS and the modified mesospheres
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Figure 5. Cytotoxicity of cisplatin-loaded albumin me-
sospheres before and after PBS wash. Reduction in
toxicity of cisplatin was found with increasing loading
time in DMSO. The PBS-washed CCDP/DMSO-AMS
had almost no further cisplatin release but showed
apparent toxicity compared to unloaded AMS. The
proliferation of H-23 cells incubated with unloaded
albumin mesospheres was around 110%.

showed negligible toxicity toward the lung can-
cer cells.

Discussion

A new formulation of cisplatin, lipoplatin, has
been recently successfully administered in clin-
ical trials including mainly NSCLC [51].
Lipoplatin is the liposomal encapsulation of cis-
platin into nanoparticles and it has been report-
ed to show high efficacy and lower side effects
of cisplatin in NSCLC. However, the cisplatin-
loaded albumin microspheres introduced here
allow a different approach for lung cancer treat-
ment by different treatment strategies such as
bronchoscopic catheter injection and dry pow-
der inhalation [52, 53]. The dry powder of cispl-
atin-loaded mesospheres can be applied on
the tip of bronchoscopic catheter and directly
placed onto tumor sites to provide a localized
release of cisplatin. In addition, due to the high
stability and well-dispersion of AMS in aqueous
solution, these cisplatin-loaded mesospheres
can also be applied in solution by being dis-
persed with saturated cisplatin solution to pro-
vide a prolonged release.

To obtain a high loading efficiency of cisplatin in
the albumin mesospheres (AMS), the high solu-
bility of cisplatin and high swelling degree of
the AMS in the loading solvent are necessary.
Solid cisplatin powder can be completely dis-
solved by DMSO. Compared to the other organ-
ic solvent, the swelling degree of AMS in DMSO
is relatively high due to the high solubility of
albumin in DMSO. However, the reduction in

Am J Cancer Res 2015;5(2):603-615
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200 (black column) pg/ml of cisplatin-loaded (A) AMS, (B) Chitosan-MS and (C) chondroitin-MS. The CDDP/DMSO-
AMS and CDDP/DMSO-chitosan-MS showed high efficiency on killing lung cancer cells. Among the mesospheres
loaded through PBS, the chondroitin modified mesospheres (CDDP/PBD-chondroitin-MS) showed the highest cy-
totoxicity. All the unloaded mesospheres showed low cytotoxicity. (Proliferation percentage = cell proliferation of
mesospheres-treated cells /proliferation of untreated cells %; *P < 0.05 is considered significant when compared

with cells without treatment).

toxicity of cisplatin caused by the adduction
with DMSO has been reported. In the previous
studies, cisplatin were loaded into micro-
spheres composed of albumin, chitosan or
PLGA [45-47, 54-56]. These cisplatin-loaded
microspheres were mostly prepared in situ in
the organic solvent in which cisplatin has low
solubility, such as acetic acid, methylene chlo-
ride and dimethylformamide. Cisplatin were
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usually sonicated and mixed with matrix mole-
cules to form a dispersion solution in the dis-
continuous phase in emulsion systems. As a
result, even high contents of cisplatin in micro-
spheres up to 20% has been reported, the
aggregation of cisplatin trapped in the synthe-
sized microspheres was unavoidable. The
uneven loading of cisplatin within the micro-
spheres may cause unexpected cisplatin
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release in the body of cancer patients. However,
the post loading method by using DMSO in this
report provides a molecularly even loading of
cisplatin within albumin microspheres.

Compared to PBS, DMSO as the loading solvent
showed an extremely high efficiency loading
cisplatin into the AMS. Within seconds of load-
ing time, above 30% of loading efficiency and
160 ug of cisplatin content in per milligram of
mesospheres can be achieved. In a prolonged
loading time up to 8 hours, eventually the
CDDP/DMSO solution was completely absorbed
into the AMS. It reveals that the AMS can be an
ideal carrier for those metal based drugs which
can be soluble in DMSO.

In order to clearly investigate the interaction
between the polysaccharides and cisplatin, the
loading time was prolonged to 8 and 72 hours
for DMSO and PBS. In the modified meso-
spheres, chitosan-MS showed a similar loading
efficiency to AMS in DMSO and the chondroitin-
MS showed a significantly lower loading effi-
ciency compared to AMS. This difference in
loading efficiency in DMSO may be caused by
the lower swelling degree of the chondroitin
domain in the mesospheres. However, the
chondroitin-MS showed a higher loading effi-
ciency in PBS than AMS, whereas the chitosan-
MS showed a lower one. This implies that the
negatively charged chondroitin sulfate may be
more effective on entrapping the positively
charged cisplatin into the mesospheres in
aqueous environment.

The release of cisplatin from the albumin based
mesospheres can be influenced by the matrix
materials, crosslink density and the release
environment. In addition, the release profile of
cisplatin from the surface area of the meso-
spheres can be totally different from the
release prolife from bulk. Generally, cisplatin
are mainly loaded in the surface area of AMS
while using post-loading method with short
loading time. In the modified mesospheres,
CDDP/DMSO-chitosan-MS showed the highest
cisplatin release; even it has lower cisplatin
content. The release percentage of cisplatin
from chitosan-MS was around 35%, and that
from AMS was 23%. Thus, it reveals that chito-
san can be added into AMS for controlling the
release rate of cisplatin. In the modified meso-
spheres loaded with cisplatin through PBS,
CDDP/PBS-chondroitin-MS showed the highest
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cisplatin content and highest release rate; how-
ever in the optical image in Figure 2C, the chon-
droitin-MS showed slightly aggregation of the
mesospheres after acetone wash, and which
may hinder the release of cisplatin from
mesospheres.

Cytotoxicity is the most important characteris-
tic to determine the efficacy and effectiveness
of the drug loaded mesospheres. In our study,
cisplatin showed decreasing toxicity when incu-
bated with DMSO over time. However, the
remaining toxicity of the released cisplatin was
maintained above 90% within 1 hour of loading
time. In Figure 5, it shows that the cytotoxicity
of CDDP/DMSO-AMS decreased with loading
time in DMSO. However, it was also noticeable
that the CDDP/DMSO-AMS showed toxicity
even no further cisplatin release from the
mesospheres after washed by PBS. This implies
that the cisplatin conjugated on the surface of
AMS may also have some degree of ability to
Kill the cancer cells via chemical or physical
interactions.

In the modified mesospheres, the chitosan and
chondroitin did not show significant influence
on cytotoxicity of mesospheres. The unloaded
AMS, chitosan-MS and chondroitin-MS showed
low cytotoxicity and did not cause visible cell
death in the in vitro studies. In Figure 6, it
shows that the CDDP/DMSO-chitosan-MS and
CDDP/DMSO-AMS both showed high effective-
ness on killing the lung cancer cells. From the
similar toxicity of CDDP/DMSO-chitosan-MS
and -AMS, it can be assumed that the polysac-
charides in the mesospheres showed no signifi-
cant effect on stabilizing the cisplatin in DMSO
during the post-loading process. For the meso-
spheres loaded in PBS, the CDDP/PBS-
chondroitin-MS killed CRL-2081 and LLC cells
effectively, whereas the other two mesospheres
showed low toxicity to all these lung cancer cell
lines.

The CDDP/DMSO-AMS were designed to be
applied intratumorally through the broncho-
scopic needle catheter or for dry powder inhala-
tion. The highly stable mesospheres can pro-
vide a controllable release of cisplatin with the
absence of particle aggregation. While applied
in solution, high concentration of CDDP/DMSO-
AMS is convenient to be injected into the tumor
sites due to its well-dispersion in aqueous solu-
tion. The CDDP/DMSO-AMS can be dispersed
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in saline solution saturated with cisplatin to
prevent the early release of cisplatin before
injection. In addition, injecting CDDP/DMSO-
AMS with the saturated cisplatin solution may
lower cisplatin release rate and prolong the
continuous release of cisplatin. Besides, not
only cisplatin, the AMS can also be an ideal
loading matrix for the other metal-based che-
motherapeutic drugs, such as zinc protopor-
phyrin (ZnPP) and cobalt protoporphyrin (CoPP),
which have a high solubility in DMSO. The load-
ing efficiency of metal-based drugs in AMS can
usually reach almost 100% and high drug con-
tent can be obtained.

Acknowledgements

This work was supported by RC1 grant # O9KW-
08 from Florida Department of Health to
Nasreen Najmunnisa, PhD.

Disclosure of conflict of interest

The authors declare that they have no compet-
ing interests.

Abbreviations

CDDP, Cis-diamminedichloroplatinum (ll); DM-
SO, Dimethyl sulfoxide; AMS, Albumin meso-
spheres; DPI, Dry powder inhalation; NSCLC,
non-small cell lung cancer; EPR, Enhanced
permeability and retention; CAB, Cellulose
acetate butyrate; DCE, 1,2-dichloroethane;
BSA, Bovine serum albumin; EDTA, Ethylene-
diaminetetraacetic acid; ZnPP, zinc protopor-
phyrin; CoPP, cobalt protoporphyrin.

Address correspondence to: Najmunnisa Nasreen,
Department of Medicine, Division of Pulmonary,
Critical Care and Sleep Medicine, 2NF/SGVHS,
Malcom Randall VA Medical Center, University of
Florida, P. O. Box 100225, Gainesville, FL, USA. Tel:
352-376-1611 Ext. 6491; Fax: 352-392-7088;
E-mail: nnasreen@medicine.ufl.edu

References

[1] Murata T, Haisa M, Uetsuka F, Nobuhisa T, Oo-
kawa T, Tabuchi Y, Shirakawa Y, Yamatsuji T,
Matsuoka J, Nishiyama M, Tanaka N and Nao-
moto Y. Molecular mechanism of chemoresis-
tance to cisplatin in ovarian cancer cell lines.
Int J Mol Med 2004; 13: 865-868.

[2] Selvakumaran M, Pisarcik DA, Bao R, Yeung AT
and Hamilton TC. Enhanced cisplatin cytotoxic-

613

(3]

(4]

(5]

(6]

(7]

(12]

(13]

(14]

ity by disturbing the nucleotide excision repair
pathway in ovarian cancer cell lines. Cancer
Res 2003; 63: 1311-1316.

O’Dwyer PJ, Stevenson JP and Johnson SW.
Clinical Status of Cisplatin, Carboplatin, and
Other Platinum-Based Antitumor Drugs. In: B.
Lippert, Editor, Cisplatin. Chemistry and Bio-
chemistry of a Leading Anticancer Drug, Ver-
lag-CH, Basel 1999.

Molina JR1, Yang P, Cassivi SD, Schild SE, Adjei
AA. Non-Small Lung Cancer: Epidemiology,
Risk Factors, Treatment, and Survivorship.
Mayo Clin Proc 2008; 83: 584-594.

Sharp SY, Rogers PM and Kelland LR. Trans-
port of cisplatin and bis-acetato-ammine-di-
chlorocyclohexylamine Platinum(lV) (JM216) in
human ovarian carcinoma cell lines: identifica-
tion of a plasma membrane protein associated
with cisplatin resistance. Clin Cancer Res
1995; 1: 981-989.

Sherman SE and Lippard SJ. Structural as-
pects of platinum anticancer drug-interactions
with dna. Chemical Reviews 1987; 87: 1153-
1181.

Pascoe JM and Roberts JJ. Interactions be-
tween mammalian-cell dna and inorganic plat-
inum compounds. 1. DNA interstrand cross-
linking and cytotoxic properties of platinum(ii)
compounds. Biochemical Pharmacology 1974;
23: 1345-1357.

Speelmans G, Sips WH, Grisel RJ, Staffhorst
RW, Fichtinger-Schepman AM, Reedijk J, de
Kruijff B. The interaction of the anti-cancer
drug cisplatin with phospholipids is specific for
negatively charged phospholipids and takes
place at low chloride ion concentration. Bio-
chim Biophys Acta 1996; 1283: 60-66.
Zamble DB and Lippard SJ. Cisplatin and DNA
repair in cancer chemotherapy. Trends Bio-
chem Sci 1995; 20: 435-439.

Kartalou M and Essigmann JM. Mechanisms
of resistance to cisplatin. Mutat Res 2001;
478: 23-43.

Zhen W, Link CJ Jr, 0’'Connor PM, Reed E, Park-
er R, Howell SB, Bohr VA. Increased gene-spe-
cific repair of cisplatin interstrand cross-links
in cisplatin-resistant human ovarian cancer
cell lines. Mol Cell Biol 1992; 12: 3689-3698.
Reedijk J. New clues for platinum antitumor
chemistry: Kinetically controlled metal binding
to DNA. Proc Natl Acad Sci U S A 2003; 100:
3611-3616.

Garattini S and La Vecchia C. Perspectives in
cancer chemotherapy. Eur J Cancer 2001 37:
S128-S147.

Lebwohl D and Canetta R. Clinical develop-
ment of platinum complexes in cancer thera-
py: an historical perspective and an update.
Eur J Cancer 1998; 34: 1522-1534.

Am J Cancer Res 2015;5(2):603-615


mailto:nnasreen@medicine.ufl.edu

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

614

Cisplatin and lung cancer

Ferguson LR and Pearson AE. The clinical use
of mutagenic anticancer drugs. Mutat Res
1996; 355: 1-12.

Ekborn A, Laurell G, Johnstrom P, Wallin |, Eks-
borg S and Ehrsson H. D-Methionine and cis-
platin ototoxicity in the guinea pig: D-methio-
nine influences cisplatin pharmacokinetics.
Hear Res 2002; 165: 53-61.

Decatris MP, Sundar S and O’Byrne KJ. Plati-
num-based chemotherapy in metastatic breast
cancer: current status. Cancer Treat Rev 2004;
30: 53-81.

Deconti RC, Toftness BR, Lange RC and
Creasey WA. Clinical and pharmacological
studies with cis-diamminedichloroplatinum
(). Cancer Res 1973; 33: 1310-1315.

Stern ST and Potter TM. LLC-PKA kidney apop-
tosis assay. Nanotechnology Characterization
Laboratory 2005; 1-8.

Mickey DD, Carvalho L and Foulkes K. Conven-
tional chemotherapeutic agents combined
with DMSO or DFMO in treatment of rat pros-
tate carcinoma. Prostate 1989; 15: 221-232.
Jones MM, Basinger MA, Field L and Holscher
MA. Coadministration of dimethyl sulfoxide re-
duces cisplatin nephrotoxicity. Anticancer Res
1991; 11: 1939-1942.

Casolaro M, Cini R, Del Bello B, Ferrali M and
Maellaro E. Cisplatin/hydrogel complex in can-
cer therapy. Biomacromolecules 2009; 10:
944-949.

Fischer SJ, Benson LM, Fauq A, Naylor S and
Windebank AJ. Cisplatin and dimethyl sulfox-
ide react to form an adducted compound with
reduced cytotoxicity and neurotoxicity. Neuro-
toxicology 2008; 29: 444-452.

Dernell WS, Straw RC, Withrow SJ, Powers BE,
Fujita SM, Yewey GS, Joseph KF, Dunn RL,
Whitman SL and Southard GL. Apparent inter-
action of dimethyl sulfoxide with cisplatin re-
leased from polymer delivery devices injected
subcutaneously in dogs. J Drug Target 1998;
5: 391-396.

Uno Y and Morita M. Mutagenic activity of
some platinum and palladium complexes. Mu-
tat Res 1993; 298: 269-275.

Maeda H, Wu J, Sawa T, Matsumura Y and Hori
K. Tumor vascular permeability and the EPR ef-
fect in macromolecular therapeutics: a review.
J Control Release 2000; 65: 271-284.

Sasaki H, Niimi S, Akiyama M, Tanaka T, Haza-
to A, Kurozumi S, Fnkushima S and Fukushima
M. Antitumor activity of 13,14-dihydro-15-de-
oxy-Delta(7)-prostaglandin-A(1)-methyl  ester
integrated into lipid microspheres against hu-
man ovarian carcinoma cells resistant to cis-
platin in vivo. Cancer Research 1999; 59:
3919-3922.

Araki H, Tani T and Kodama M. Antitumor ef-
fect of cisplatin incorporated into polylactic

[29]

[30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

[39]

[40]

acid microcapsules. Artif Organs 1999; 23:
161-168.

Itoi K, Tabata CY, Ike O, Shimizu Y, Kuwabara
M, Kyo M, Hyon SH and lkada Y. In vivo sup-
pressive effects of copoly(glycolic/L-lactic acid)
microspheres containing CDDP on murine tu-
mor cells. Journal of Controlled Release 1996;
42: 175-184.

Tokuda K, Natsugoe S, Shimada M, Kumano-
hoso T, Baba M, Takao S, Nakamura K, Yama-
da K, Yoshizawa H, Hatate Y and Aikou T. De-
sign and testing of a new cisplatin form using a
base material by combining poly-D,L-lactic acid
and polyethylene glycol acid against peritoneal
metastasis. Int J Cancer 1998; 76: 709-712.
Mizumura Y, Matsumura Y, Hamaguchi T,
Nishiyama N, Kataoka K, Kawaguchi T, Hrush-
esky WJM, Moriyasu F and Kakizoe T. Cisplatin-
incorporated polymeric micelles eliminate
nephrotoxicity, while maintaining antitumor
activity. Japanese Journal of Cancer Research
2001; 92: 328-336.

Yan XL and Gemeinhart RA. Cisplatin delivery
from poly(acrylic acid-co-methyl methacrylate)
microparticles. J Control Release 2005; 106:
198-208.

Yapp DT, Lloyd DK, Zhu J and Lehnert SM. Cis-
platin delivery by biodegradable polymer im-
plant is superior to systemic delivery by osmot-
ic pump or ip injection in tumor-bearing mice.
Anticancer Drugs 1998; 9: 791-796.

Park H and Robinson JR. Mechanisms of mu-
coadhesion of poly(acrylic acid) hydrogels.
Pharm Res 1987; 4: 457-464.

Fournier E, Passirani C, Montero-Menei CN and
Benoit JP. Biocompatibility of implantable syn-
thetic polymeric drug carriers: focus on brain
biocompatibility. Biomaterials 2003; 24: 3311-
3331.

Longo WE, Iwata H, Lindheimer TA, Goldberg
EP. Preparation of hydrophilic albumin micro-
spheres using polymeric dispersing agents. J
Pharm Sci 1982; 71: 1323-1328.

Lee HY, Mohammed KA, Peruvemba S, Gold-
berg EP and Nasreen N. Targeted lung cancer
therapy using ephrinAl-loaded albumin micro-
spheres. J Pharm Pharmacol 2011; 63: 1401-
1410.

Lee HY, Mohammed KA, Goldberg EP and Nas-
reen N. Arginine-conjugated albumin micro-
spheres inhibits proliferation and migration in
lung cancer cells. Am J Cancer Res 2013; 3:
266-277.

Sinha VR, Singla AK, Wadhawan S, Kaushik R,
Kumria R, Bansal K and Dhawan S. Chitosan
microspheres as a potential carrier for drugs.
Int J Pharm 2004; 274: 1-33.

Thanoo BC, Sunny MC and Jayakrishnan A.
Cross-linked chitosan microspheres: prepara-

Am J Cancer Res 2015;5(2):603-615



[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

615

Cisplatin and lung cancer

tion and evaluation as a matrix for the con-
trolled release of pharmaceuticals. J Pharm
Pharmacol 1992; 44: 283-286.

Sintov A, Dicapua N and Rubinstein A. Cross-
linked chondroitin sulphate: characterization
for drug delivery purposes. Biomaterials 1995;
16: 473-478.

Hari PR, Chandy T and Sharma CP. Chitosan/
calcium alginate microcapsules for intestinal
delivery of nitrofurantoin. J Microencapsul
1996; 13: 319-329.

Ganza-Gonzalez A, Anguiano-lgea S, Otero-Es-
pinar FJ and Mendez JB. Chitosan and chon-
droitin microspheres for oral-administration
controlled release of metoclopramide. Eur J
Pharm Biopharm 1999; 48: 149-155.
Nishioka Y, Kyotani S, Masui H, Okamura M,
Miyazaki M, Okazaki K, Ohnishi S, Yamamoto Y
and Ito K. Preparation and release characteris-
tics of cisplatin albumin microspheres contain-
ing chitin and treated with chitosan. Chem
Pharm Bull (Tokyo) 1989; 37: 3074-3077.
Nishioka Y, Kyotani S, Okamura M, Miyazaki M,
Okazaki K, Ohnishi S, Yamamoto Y and Ito K.
Release Characteristics of Cisplatin Chitosan
Microspheres and Effect of Containing Chitin.
Chem Pharm Bull (Tokyo) 1990; 38: 2871-
2873.

Wang YM, Sato H, Adachi | and Horikoshi I. Op-
timization of the formulation design of chito-
san microspheres containing cisplatin. J
Pharm Sci 1996; 85: 1204-1210.

Akbuga J and Bergisadi N. Effect of formula-
tion variables on cis-platin loaded chitosan mi-
crosphere properties. J Microencapsul 1999;
16: 697-703.

Rubinstein A, Nakar D and Sintov A. Chondroi-
tin sulfate- a potential biodegradable carrier
for colon-specific drug delivery. International
Journal of Pharmaceutics 1992; 84: 141-150.

[49]

(50]

(51]

[52]

(53]

[54]

[55]

[56]

Lee HY, Mohammed KA, Kaye F, Sharma P,
Moudgil BM, Clapp WL and Nasreen N. Target-
ed delivery of let-7a microRNA encapsulated
ephrin-Al conjugated liposomal nanoparticles
inhibit tumor growth in lung cancer. Int J Nano-
medicine 2013; 8: 4481-4494.

Lee HY, Mohammed KA, Goldberg EP and Nas-
reen N. Arginine-conjugated albumin micro-
spheres inhibits proliferation and migration in
lung cancer cells. Am J Cancer Res 2013; 3:
266-277.

Stathopoulos GP and Boulikas T. Lipoplatin
Formulation Review Article. J Drug Deliv 2012;
2012:

Celikoglua F, Celikoglua SI and Goldberg EP.
Bronchoscopic intratumoral chemotherapy of
lung cancer. Lang Cancer 2008; 61: 1-12.
Zeng XM, Martin GP and Marriott C. Prepara-
tion and in vitro evaluation of tetrandrine-en-
trapped albumin microspheres as an inhaled
drug delivery system. European Journal of
Pharmaceutical Sciences 1995; 3: 87-93.
Tamura T, Imai J, Tanimoto M, Matsumoto A,
Suzuki A, Horikiri J, Suzuki T and Yoshino H.
Relation between dissolution profiles and tox-
icity of cisplatin-loaded microspheres. Eur J
Pharm Biopharm 2002; 53: 241-247.

Nishioka Y, Kyotani S, Masui H, Okamura M,
Miyazaki M, Okazaki K, Ohnishi S, Yamamoto Y
and Ito K. Preparation and Release of Cisplatin
Albumin Microspheres Containing Chitin and
Treated with Chitosa. Chem Pharm Bull (Tokyo)
1989; 37: 3074-3077.

Kyo M, Hyon SH and lkada Y. Effects of prepa-
ration conditions of cisplatin-loaded micro-
spheres on the in-vitro release. Journal of Con-
trolled Release 1995; 35: 73-82.

Am J Cancer Res 2015;5(2):603-615



