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Abstract
The main challenges in treating cancer using chemotherapeutics are insufficient dose at the tar-

get site and the development of drug resistance, while higher doses can induce side effects by

damaging nontarget tissues. Combinatorial drug therapy may overcome these limitations by per-

mitting lower doses and more specific targeting, thereby mitigating drug resistance and nontar-

get side effects. Recent reports indicate that nonsteroidal anti-inflammatory drugs (NSAIDs)

have anticancer potential and can be used together with conventional chemotherapeutics to

improve efficacy and safety. In the present study, imatinib mesylate and dexketoprofen

trometamol were selected as model drugs to develop targeted surface-modified liposome and

nanocochleate formulations for fibrosarcoma treatment. The physicochemical properties and

in vitro efficacy of various formulations were evaluated by measurement of particle size distri-

bution, polydispersity index, zeta potential, encapsulation efficiency, diffusion through Caco-2

cells, and toxicity in culture. Selected formulations were then evaluated in fibrosarcoma-bearing

model mice by histopathological observations and tyrosine kinase receptor inhibition assays.

The most effective formulation on the fibrosarcoma model was a PEGylated nanocochleate for-

mulation. These findings provide a foundation for developing more effective formulations and

chemotherapeutic strategies for the treatment of fibrosarcoma and other types of cancer.

KEYWORDS

dexketoprofen, fibrosarcoma, imatinib, liposome, nanocochleate, targeted therapy

1 | INTRODUCTION

Soft tissue sarcoma accounts for less than 1% of malignant tumors in

adults but presents treatment challenges due to considerable genotypic

and phenotypic heterogeneity. Indeed, there are about 100 different

subtypes according to genetics, pathology, anatomical location, and

clinical behavior, including gastrointestinal stromal tumors, rhabdomyo-

sarcoma, osteosarcoma, Ewing's sarcoma, leiomyosarcoma, liposarcoma,

synovial sarcoma, and fibrosarcoma (Hatcher, Benson, & Ajithkumar,

2017). Of these subtypes, fibrosarcoma, neurofibrosarcoma, and other

fibromatosis neoplasms account for 10–20% of childhood soft tissue

cancers (Berdiaki et al., 2008).

Fibrosarcoma is a malignant tumor that originates from mesenchy-

mal cells (mainly fibroblasts) around the bone or soft tissues (Behzadi,

Hosseini, Halabian, & Fooladi, 2017). The basic treatment approaches for

fibrosarcoma are surgical intervention with radiotherapy, radiation

therapy alone, and chemotherapy (Dickey & Floyd, 2016; Lehnhardt

et al., 2005). Surgical intervention with radiotherapy is the mainstay

treatment and successful results are obtained in 50 to 80% of cases

according to five-year survival rate (Lehnhardt et al., 2005). However,

radiotherapy is not preferred in children (infantile fibrosarcoma) due to

potentially severe long-term deleterious consequences (Shetty, Yu, Gard-

ner, & Warrier, 1999). Moreover, drug monotherapies are not rec-

ommended for the treatment of fibrosarcoma. Current multidrug

therapies include topoisomerase II inhibitors such as doxorubicin and

etoposide together with DNA alkylating agents such as ifosfamide

(Maswadeh, Aljarbou, Alorainy, Alsharidah, & Khan, 2015). Tyrosine

kinases are also important therapeutic targets because of their role in

regulating growth factor signaling (Cardoso, Vaz1, Carvalho, Figueira, &

Socorr, 2019; Lee et al., 2018). Imatinib mesylate (IMA) is a small-

molecule tyrosine kinase inhibitor that disrupts signaling via receptors

implicated in cell proliferation and differentiation such as platelet-derived
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growth factor receptor (PDGFR), c-Kit, fibroblast growth factor receptor

(FGFR)-1, and vascular endothelial growth factor receptor (Cardoso et al.,

2019; Lee et al., 2018. IMA is used clinically for various cancer types such

as gastrointestinal stromal tumors, dermatofibrosarcoma protuberans,

aggressive fibromatosis, malignant melanoma, and chordoma (Iqbal &

Iqbal, 2014). The solubility of IMA in water is pH dependent, with greater

aqueous solubility at pH > 5.5 (Novartis Pharmaceutical Corporation,

2017; Sodeifiana, Razmimanesha, & Sajadia, 2019).

Ketoprofen is a nonsteroidal anti-inflammatory drug (NSAID)

that has been prescribed as an analgesic, anti-pyretic, and anti-

inflammatory agent since 1973 (Esparza-Villalpando1, Pozos-Guillén,

Masuoka-Ito, Fonseca, & Chavarría-Bolanos, 2018; Sweetman, 2003).

Dexketoprofen trometamol (DEX) is a water-soluble and partially oil-

soluble salt form and dextrorotatory enantiomer of the ketoprofen

that nonselectively inhibits both cyclooxygenase (COX) enzyme

isoforms COX-1 and COX-2 (Hanna & Moon, 2019; Sweetman,

2003). The COX-1 enzyme is expressed under normal physiological

conditions whereas COX-2 is induced by cytokines, growth factors,

and by proinflammatory and mitogenic stimuli (Heravi et al., 2011).

Therefore, prostaglandin production by COX-2 is increased in inflam-

matory and neoplastic tissues (Dannenberg et al., 2001). Further, this

enhanced COX activity appears to contribute to carcinogenesis or

tumor development, as epidemiological studies indicate that people

taking aspirin or other NSAIDs are less likely to develop or die from

colon cancer (Langman, Cheng, Gilman, & Lancashire, 2000). Moreover,

nonselective COX enzyme inhibitors such as ibuprofen, flurbiprofen,

and diclofenac have been shown to reduce tumor growth in a mouse

fibrosarcoma model (Hoferová et al., 2002).

In glioma, fibrosarcoma, and osteosarcoma, the progression of carci-

nogenesis and tumor growth is driven by co-expression of platelet-

derived growth factor and PDGFR (Raica & Cimpean, 2010), so these

neoplasms can be treated by the PDGFR inhibitor IMA. Further, given

that prostaglandin production is enhanced and appears to contribute to

tumorigenesis, COX-2 inhibitors could have a synergistic effect with

IMA. A recent study suggested that development of IMA resistance may

be related to enhanced COX-2 expression (Atari-Hajipirloo, Nikanfar,

Heydari, Noori, & Kheradmand, 2016). Therefore, co-administration of a

COX-2 inhibitor may sustain the therapeutic efficacy of IMA.

Liposomes and cochleates are promising drug delivery vehicles that

can be produced from biodegradable, and nontoxic lipids (Sankar &

Reddy, 2010). Cochleates are rod-like structures while liposomes are

vesicular. Cochleates also differ from liposomes in that they lack an

amphipathic core and exhibit water-free interior phases (Pham,

Loiseau, & Barratt, 2013). This property confers several advantages to

cochleates; for example, they release drugs slowly as the layers are

gradually opened (Ramasamy, Khandasamy, Hinabindhu, & Kona,

2009). In addition, cochleates are less susceptible to oxidation due to

their nonaqueous structure and may protect the drug molecules from

structural degradation after lyophilization (Pham et al., 2014).

Tumor targeting is critical for enhancing anticancer efficacy, while

reducing nontarget side effects. Thus, targeting is a central goal in

nanotechnologies for drug formulation. There are two approaches to

targeting, passive and active (Gmeiner & Ghosh, 2015). In active

targeting, the receptor−ligand relationship is exploited. For this purpose,

appropriate ligands are used to target receptors over-synthesized by

cancer cells (Ramzy, Nasr, Metwally, & Awad, 2017), such as folate

receptors (Zwicke, Mansoori, & Jeffery, 2012). For instance, folate-

conjugated PEGylated liposomes containing vincristine showed greater

tumor growth inhibition than standard vincristine formulations (Ramzy

et al., 2017). In addition, when these nanosystems are PEGylated, dura-

tion in the systemic circulation is increased and the therapeutic effects

can be further improved (Mishra, Nayak, & Dey, 2016).

Oral drugs are usually preferred for chronic disease treatment due

to the noninvasive nature of this administration route and easeness of

dosing (Banerjee & Mitragotri, 2017). Peyer's patches are an important

absorption pathway for oral nanosystems. The Peyer's patches in gut-

associated lymphoid tissue (GALT) are characterized by M-cells and are

mostly located in the ileum (Adeoye & Cabral-Marques, 2017; Degim

et al., 2006). Nanosized lipid-based systems can target the GALT,

thereby facilitating absorption by Peyer's patches, which prevents

P-glycoprotein efflux by intestinal epithelial cells (Beloqui, del Pozo-

Rodríguez, Isla, Rodríguez-Gascón, & Solinís, 2017). In this way, the

nanoparticles are taken up by the lymphatic system and can pass easily

into the systemic circulation and reach the target region by active

targeting (Adeoye & Cabral-Marques, 2017; Gmeiner & Ghosh, 2015).

In this study, IMA and DEX were selected as model drugs for the

treatment of fibrosarcoma. Liposomes and nanocochleates containing

IMA and DEX for oral administration were prepared by thin lipid film

hydration and by the trapping film method, respectively. Poly ethylene

glycol (PEG) and folic acid were conjugated to the surfaces of these parti-

cles. in vitro physicochemical, diffusion, cytotoxicity, and antitumoral

activity studies were then performed. In addition, a mouse fibrosarcoma

model was established and tumor size, histopathology, and tyrosine

kinase receptor inhibition were assessed after 14 days of treatment with

selected formulations.

2 | MATERIAL AND METHODS

2.1 | Material

Chemical reagents used in this study included (with suppliers) IMA

(Biotang, Albuquerque, NM, USA), DEX (Sigma, St. Louis, MI, USA), cal-

cium chloride dihydrate (CaCl2•2H2O, Sigma), cholesterol (Sigma, St.

Louis, MI, USA), dioctyl phosphatidylcholine (DOPS), dipalmitoyl-

phosphatidylcholine (DDPC) and 1,2-distearoyl-sn-glycero-3 phospho-

ethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt)

(DSPE-PEG2000, Avanti Polar Lipids, Alabaster, AL, USA), DSPE polyeth-

ylene glycol folic acid (DSPE-PEG2000-FA, Nanocs, Offenbach, Ger-

many), chloroform and methanol (Sigma-Aldrich, Germany), and

Dulbecco's Modified Eagle's Medium (Lonza, Belgium). All chemicals

were of analytical grade. The L-929 fibroblast cell line, WEHI 164 fibro-

sarcoma cell line (ATCC® CRL-1751™), and Caco-2 adenosarcoma line

were provided by the Food and Mouth Diseases Institute of Turkey.

Water was obtained from a Barnstead water purification system

(Thermo Scientific Barnstead NANOpure).

2.2 | Methods

2.2.1 | Preparation of liposomes

For preparation of bare liposomes, DPPC and cholesterol (1:1 M ratio)

were dissolved in a mixture of methanol and chloroform (1:1 vol/vol)

ÇOBAN ET AL. 557



in a round-bottom flask. To produce PEGylated and PEGFA liposomes,

DPPC : cholesterol:DSPE-PEG2000 and DPPC : cholesterol : DSPE-

PEG2000-FA were mixed at 1:1:0.1 M ratios. Total lipid concentration

was 4 mg/mL for all liposomes. The organic solvent was removed

using a rotary evaporator at 44�C to obtain a thin lipid layer. IMA and

DEX were dissolved separately or together in phosphate buffered

saline (PBS, pH 7.4) containing 0.5 M NaCl. The thin lipid layer was

hydrated with drug solution using a probe sonicator to form a lipo-

some suspension (IMA-DEX LIP, IMA-DEX-PEG LIP, or IMA-DEX

PEGFA LIP) (Degim et al., 2006; Özçetin, 2011). The liposome suspen-

sion was passed sequentially through membranes of 450 and 220 nm,

and then centrifuged for 20 min at 25000g (Himac CS 150GXL micro

ultracentrifuge, HITACHI GX Series, Japan). The amounts of IMA and

DEX in the supernatant were analyzed by a prevalidated ultra perfor-

mance liquid chromatography (UPLC) method, and encapsulation effi-

ciencies (EE) were calculated as described in “Section 2.2.4.3.”

2.2.2 | Preparation of nanocochleates

For preparation of bare noncochleates, DOPS and DEX were dis-

solved in a mixture of methanol and chloroform (1:5 vol/vol) in a

round-bottom flask. For preparation of PEGylated and PEGFA nano-

cochleates, DOPS : DSPE-PEG2000 and DOPS : DSPE-PEG2000-FA

were mixed at 1:0.1 M ratios. Total lipid concentration was 2 mg/mL

for all nanocochleates. The organic solvent was removed using a

rotary evaporator at 42�C to obtain a thin lipid layer. IMA was dis-

solved in pH 7.4 PBS containing 0.5 M NaCl. The lipid layer was

hydrated with drug solution under probe sonication to obtain raw

liposomes. A 6 mM CaCl2 solution was added drop-wise to the lipo-

some suspension under vortexing until reaching a 1:2 M ratio of lipo-

some:CaCl2 (Evans & Zasadzinski, 2003), which was kept refrigerated

overnight to obtain nanocochleats (IMA-DEX COH, IMA-DEX-PEG

COH, and IMA-DEX PEGFA COH). The nanocochleate suspension

was then extruded sequentially through membranes with pore diame-

ters of 450 and 220 nm, and centrifuged at 25000g for 20 min. Con-

centrations of IMA and DEX in supernatant were measured by UPLC

for calculation of EE.

2.2.3 | Differential scanning calorimetry analysis

Differential scanning calorimetry (DSC, Shimadzu DSC-DTA 60, Japan)

was used to identify potential interactions between materials con-

taining in the various preparations. Briefly, formulations and single

agents were heated from 25 to 300�C at a rate of 10�C/min under a

nitrogen atmosphere to determine differences in melting point.

2.2.4 | Characterizations of liposomes and nanocochleates

Particle size, polydispersity index, and zeta potential

The samples were dispersed in distilled water at a ratio of 1:99 vol/vol

and analyzed for particle size (PS), polydispersity index (PdI), and zeta

potential (ZP) using a Zetasizer-Nano ZS-Malvern system (Germany)

based on dynamic light scattering.

Morphological analysis

The morphological properties of the formulations were characterized

using a transmission electron microscope (FEI, Tecnai™ G2 Spirit

TWIN/BioTWIN) at the central laboratories of Middle East Technical

University. The samples were applied onto a 400 mesh copper grid

coated with Holey Carbon Film and allowed to stand dry overnight.

TEM images were obtained at 120 kV.

Calculation of encapsulation efficiency

Liposomes and nanocochleates were centrifuged for 20 min at 25000g,

and the supernatants were collected and filtered through a 0.45 μm fil-

ter. A previously developed UPLC method was adopted and revalidated

for the analysis of unencapsulated (free) IMA and DEX concentrations.

Briefly, mobile phrases were a mixture of methanol : acetonitrile (80:20,

vol/vol) and 0.05 M ammonium acetate [pH 9.5] at 70:30 vol/vol.

Components were separated using a BEH C-18 column (100 × 2.1 mm,

1.7 μm PS) (Nageswari, Reddy, & Mukkanti, 2012) and UPLC system

(Waters, Acquity, Waters, Milford, MA, USA) with a PDA detector at

258 nm. The EE of formulations were calculated according to the follow-

ing equation (El-Gazayerly & Hikal, 1997; Ong, Ming, Lee, & Yuen, 2016):

EE%=
Total active substance-Free active substance

Total active substance
×100 ð1Þ

2.2.5 | Cell viability studies

The antiproliferative and cytotoxic effects of the various formulations

were assessed on L-929 cells using the methythiazol difenil tetrazo-

lium test (MTT). Cultures were incubated with IMA (0.048, 0.48, and

4.8 mg), DEX (0.045, 0.09, 0.9, and 9 mg), liposomes without active

substances (bare liposomes) (25, 50, 75, and 100%), or nanocochleates

without active substances (bare nanocochleates) (25, 50, 75, and

100%) for 24 hr. Cultures were then treated with 5 mg/mL MTT for

4 hr, followed by DMSO to dissolve formazan crystals produced by

viable cells. Viable cell number was estimated by the absorbance

at X nm.

2.2.6 | Diffusions through Caco-2 cells

Caco-2 cells (80,000 cells/mL) were seeded on semi-permeable poly-

carbonate filters (1.2-cm diameter and 0.4-μm pore size) and the fil-

ters were placed in vertical diffusion cells. The diffusion studies were

performed from the apical to the basolateral side at 37�C. Amounts of

active substances passed through the basolateral side were analyzed

by UPLC at 326 nm. Permeability coefficient (Papp) values were then

calculated. Transepithelial electrical resistance (TEER) values were also

measured with an Evom Voltmeter® at the beginning and end of the

experiment to evaluate cell membrane integrity.

2.2.7 | Antitumor activity

Antitumor activities of the formulations containing IMA and DEX

were investigated on WEHI 164 cells seeded at 1 × 104 per well in

96-well plates. The formulations were suspended in DMEM and then

added to the cultures. Cells were incubated at 37�C under 95%

O2/5% CO2 for 72 hr, followed by MTT assays as described in

“Section 2.2.5.” Then 10 μL of MTT (5 mg/mL) was added to the each

well and incubated for further 4 hr, followed by addition of 100 μL of

2-propanol. Absorbance was measured at 570 nm on an ELISA plate

reader. Antitumor activities of the formulations were calculated

according to the following equation (Rahman, Sahabjada, & J., 2017).
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Antitumor activity%= 1-
Absorbance of sample wells

Absorbance of controlledwells

� �
×100 ð2Þ

2.2.8 | Animal experiments

In vivo studies were performed on 30 ± 2 g fibrosarcoma-bearing

Balb-C male mice. Animals were injected subcutaneously with 1 mg

3-methylcholanthrene and observed for 6–8 weeks to assess fibrosar-

coma development (Do�gan et al., 2016). Tumor-bearing animals were

then divided into five groups (five animals per group): an untreated

control group and four drug groups receiving oral IMA-DEX solution,

IMA-DEX PEGFA LIP, IMA-DEX COH, or IMA-DEX PEG COH for

2 weeks. Doses were adjusted so that each animal received 4.8 mg

IMA and 0.09 mg DEX daily. Tumor width and length were measured

periodically by digital calipers. The total change in tumor size was

determined at the end of treatment. The animal protocols were

approved by the Animal Care and Use Ethics Committee of Gazi

University according to European Community guidelines and accepted

principles for the use of experimental animals (G.Ü.ET-13.075 and

G.Ü.ET-15.077). All animal studies were conducted according to humane

care of animal studies guidelines.

2.2.9 | Histopathological assessment and tyrosine kinase
receptor inhibition studies

After treatment, the animals were sacrificed and tumor tissues were

removed for histopathological examination and receptor inhibition

studies. Histopathological studies were conducted at the Veterinary

Faculty of Ondokuz Mayıs University. The tissues were kept in a 10%

formaldehyde solution until the study was performed. Tyrosine kinase

activity was measured using a commercial colorimetric assay kit

(#17-315, EMD Millipore, Darmstadt, Germany) according to the man-

ufacturer's instructions. The kinase activity of the untreated control

group was set as 100% and the kinase activity of tumors was deter-

mined according to the following formula Chen et al. (2013):

Tyrosine kinase receptor inhibition%=

1−
Absorbance of sample wells

Absorbance of controlledwells

� �
×100

ð3Þ

2.2.10 | Statistical analysis

GraphPad InStat software was used for all statistical analyses.

Descriptive data are presented as mean ± standard deviation with

the number of repetitions indicated in the relevant figure or table.

Group differences were assessed by one-way analysis of variance

followed by paired two-tailed Student's t-test. A p < 0.05 was accepted

as significant.

3 | RESULTS AND DISCUSSION

3.1 | Differential scanning calorimetry analysis

Any possible interactions or incompatibilities among IMA, DEX, and

excipients were investigated using DSC. There were no differences in

melting point between separate substances and their mixtures (DSC

thermograms are shown as (Da Silveira, Fiorot, Xavier, Yoshida, & de

Oliveira, 2018) indicating no interactions.

3.2 | Characterizations of liposomes and
nanocochleates

Liposomes and nanocochleates containing IMA and DEX were suc-

cessfully prepared with or without PEG or PEGFA surface modifica-

tion (Figure 1). The formulations were then examined for PS, PdI, ZP,

and EE. The TEM images are presented in Figure 2 and results summa-

rized in Table 1.

As expected, liposomes were spherical and nanocochleates rod-

shaped in TEM images. There were no differences in physical appear-

ances between bare preparations (Figure 2a,d) and corresponding

PEG-or PEGFA-coated formulations (Figure 2b,c,e and f). This is why

PEG and PEGFA may be used at very low concentrations in the formu-

lations. However, as both PEG and PEGFA are lipid (DSPE) conjugates,

they are considered to be involved in the liposome or cochleate struc-

ture. Therefore, PEG and PEGFA were added during the preparations

of formulations, not after the preparation (Nakamura et al., 2012).

Results revealed that nanocochleates had larger PS and PdI values

than liposomes (Table 1), consistent with the long cylindrical structure

of cochleates. In addition, carrier systems containing PEGFA were

more abundant than the other formulations. Similar results were

obtained in previous studies of PEGylated and PEGFA-coated lipo-

somes prepared by the same method. Further, PSs of PEGFA systems

were larger comparing to PEGylated systems, also consistent with

previous studies (Cho, Lee, & Lee, 2015). ZP values were low. A previ-

ous study reported that liposomes with similar zeta values demon-

strated long-term stability (Chen et al., 2012).

Higher EE% values were obtained for IMA, which is more hydro-

phobic than DEX, while the EE for DEX was lower in nanocochleates

than liposomes due to the absence of an aqueous inner phase.

3.3 | Cell viability studies

The IC50 values against L929 cells were 4.8 mg for IMA, 0.09 mg for

DEX, and 100% for bare liposomes or bare nanocochleates, respec-

tively, as determined by MTT assay (Figure 3).

Cytotoxicity studies were conducted on L929 cells as these have

been used as reference cells for cytotoxicity tests by the International

Organization for Standardization (ISO) (Fischer, Li, Ahlemeyer,

Krieglstein, & Kissel, 2003). Each active substance was tested at oral or

intraperitoneal doses used in mice (Deininger, Buchdunger, & Druker,

2005; Miranda, Noriega, Sierralta, & Prieto, 2011). High cell viabilities

were obtained at all concentrations tested. Previous cytotoxicity tests

have been conducted using similar methods. In such studies, a viability

above 50% is considered an acceptable cut-off for further testing

(Mutlu, De�gim, Yilmaz, Eşsiz, & Nacar, 2011; Sakaguchi et al., 2009).

A previous study on the effect of the liposome production method on

cytotoxicity reported cell viability over 80% using the thin film hydra-

tion method with organic solvents. Moreover, lipid concentration did

not have a significant impact on cell viability (Mozafari, Reed, &

Rostron, 2007). Therefore, cell viability above 80% was considered an
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FIGURE 1 Schematic illustration for the preparation of formulations

FIGURE 2 TEM images for IMA-DEX LIP (a), IMA-DEX PEG LIP (b), IMA-DEX PEGFA LIP (c), IMA-DEX COH (d), IMA-DEX PEG COH (e),

IMA-DEX PEGFA COH (f)

TABLE 1 In vitro characterizations of formulations (n = 3)

EE (%)

Formulation PS (nm) PdI ZP (mV) DEX IMA

IMA-DEX LIP 248.0 ± 40.8 0.189 ± 0.182 −16.6 ± 2.6 18.7 ± 4.0 98.8 ± 1.2

IMA-DEX PEG LIP 239.2 ± 21.0 0.105 ± 0.064 −19.1 ± 5.0 22.8 ± 6.1 99.5 ± 3.4

IMA-DEX PEGFA LIP 371.7 ± 21.6 0.165 ± 0.04 −16.4 ± 1.9 22.6 ± 0.8 97.5 ± 2.0

IMA-DEX COH 473.5 ± 35.8 0.392 ± 0.225 −12.2 ± 2.1 7.7 ± 1.8 92.4 ± 2.1

IMA-DEX PEG COH 434.8 ± 20.8 0.506 ± 0.149 −11.5 ± 1.0 6.9 ± 2.0 89.4 ± 5.7

IMA-DEX PEGFA COH 508.6 ± 9.5 0.913 ± 0.07 −12.4 ± 0.9 9.5 ± 0.9 95.6 ± 0.8
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appropriate cut-off for this study, and all doses of active substances

and ratios in the formulations were found to be acceptable.

3.4 | Diffusions through Caco-2 cells

The diffusion of active substances across biological membranes was

tested using Caco-2 cells, which have been used as a model system for

determination of absorption (Degim et al., 2006). For these studies, lipo-

somes and nanocochleates were dispersed in DMEM and cumulative

amounts of the active substances diffusing through Caco-2 cell mono-

layers were calculated over 72 hr (Figure 4). During Caco-2 cell diffusion

studies, the TEER values of the cells were also measured and Papp values

calculated using the linear part of the permeation curve. Final TEER

values and Papp values of the formulations are given in Table 2.

Both PEG-and PEGFA-containing formulations exhibited higher

diffusion rates of the active substances, with PEGFA-containing

formulations showing the highest diffusion rates. This facilitation of

diffusion is likely due to the solvent and solubilization effects of PEG,

which decrease the resistance of cells (Rastogi, Pinjari, Honrao,

Praband, & Somani, 2013). When liposomes and nanocochleates were

compared, liposomes allowed more active substance to pass through

the cell membranes due to their structural similarities with biological

membranes.

As IMA is partially water-soluble, a fraction may be dissolved in

the aqueous phase of the liposome. This fraction is expected to be

released readily from the liposome and pass through the membrane.

Nanocochleates, however, do not have an inner aqueous phase. For

this reason, IMA is not completely soluble in nanocochleates. The drug

released from the nanocochleate first dissolves in the aqueous phase

of the donor compartment and then passes through the membrane.

On the other hand, the water solubility of DEX can create a kind of

molecular competition and this may lower the diffusion. For this rea-

son, it cannot reach a saturated concentration at the aqueous phase

of liposomes, and release from the liposome to donor site will be del-

ayed. This was also reflected by the permeability coefficients. The

Papp value of IMA was higher in liposomes than nanocochleates and

higher for DEX than IMA in nanocochleates. No decrease in TEER

values was observed at the end of the experiment, indicating that

membrane integrity was maintained.

3.5 | Antitumor activity

In vivo antitumoral activities of the formulations were compared to

solutions containing the same amounts of IMA or DEX using WEHI

FIGURE 3 MTT results of imatinib mesylate (A-4.8, 0.48, 0.048 mg), dexketoprofen trometamol (B-9, 0.9, 0.09, 0.045 mg), empty liposomes (C-100,

75, 50, 25%), empty nanocochleates (D-100, 75, 50, 25%) (n = 6) (*p < 0.05, ***p < 0.001) (comparisons were made according to the control group)

FIGURE 4 Cumulative percents of the active substances diffused

through Caco-2 cell for liposomes and nanocochleates ([a] Imatinib
mesylate; [b], Dexketoprofen trometamol) (error bars represent
standard deviations, n = 3)
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164 cells, a line derived from fibroblasts stimulated with the potent

carcinogen 3-methylcholanthrene line (Figure 5).

In this study, nanocochleate formulations exhibited higher anti-

tumoral activities. Carrier systems with tubular rod-like structures such

as nanocochleates have a higher charge density at the ends and a neu-

tral center where the charges are neutralized. Drug molecules on the

surface can only leave and pass into the cell if free. When the carrier

particle is perpendicular to the cell surface, the proximal end region will

exert both cohesive and electronic effects that reduce membrane sur-

face tension. In response, the membrane bends and the carrier can

enter the cell together with the active substances. In other words, the

membrane engulfs the nanocochleate by a mechanism similar to endo-

cytosis termed the nanoneedle effect (Polishchuk, Capestrano, &

Polishchuk, 2009). Thus, active substances in nanocochleates can reach

higher levels in living cells.

The formulations with PEG or PEGFA (IMA-DEX solution, IMA-

DEX PEGFA LIP, IMA-DEX COH, IMA-DEX PEG COH) were found to

have acceptable antitumor properties and so were chosen for further

in vivo studies.

3.6 | Animal experiments

Tumor sizes were measured with caliphers and compared to the

untreated control group (Figure 6a,b).

The formulations are designed for oral administrations. Peyer's

patches are an important absorption pathway for antigenic or

lipophilic drugs as this route can be used for targeting (Aramaki et al.,

1993). In this and previous studies, the immunological properties of

lipids in liposomes and nanocochleates were utilized (De Libero, Col-

lmann, & Mori, 2009). After oral administration, drug delivery systems

utilizing this pathway can bypass the systematic circulation and reach

the tumor tissues using active and passive targeting mechanism. Only

the modest reduction in tumor volume was observed in mice treated

with PEG-free formulations (Figure 6b), while PEGylated and PEGFA

nanosystem formulations induced the greatest reductions. This

greater efficacy of PEGylation may stem from an increased duration

of the delivery system in the lymphatic circulation.

3.7 | Histopathological and tyrosine kinase receptor
inhibition studies

Tumor tissues were excised after 2 weeks of drug treatment and the

response to treatment evaluated based on the ratio of fibrotic to

necrotic tumor areas. The tissues of healthy animals were also exam-

ined for comparison. Histopathological sections are shown in Figure 7

for the healthy group (a), untreated control fibrosarcoma group (b),

IMA-DEX solution-treated group (c), IMA-DEX PEGFA LIP group (d),

IMA-DEX COH group (e), and IMA-DEX PEG COH group (f).

TABLE 2 TEER and Papp results of formulations

Papp (cm/h)

Formulation TEER (Ω.cm2)a DEX IMA

IMA-DEX LIP 99 ± 10.7 1.510 ± 0.002 1.294 ± 0.002

IMA-DEX PEG LIP 84 ± 15.4 1.474 ± 0.002 1.327 ± 0.001

IMA-DEX PEGFA LIP 78 ± 9.8 2.282 ± 0.005 1.393 ± 0.009

IMA-DEX COH 91 ± 23.6 1.670 ± 0.003 0.439 ± 0.001

IMA-DEX PEG COH 69 ± 13.1 1.886 ± 0.001 0.945 ± 0.002

IMA-DEX PEGFA COH 80 ± 6.5 1.899 ± 0.030 1.310 ± 0.009

aInitial TEER value at the beginning of the permeation studies were mea-
sured around 43 Ω.cm2 (n = 3).

FIGURE 6 Alterations in tumor areas (%) for solutions and

formulations compared to the control group (error bars represent
standard deviations, n = 5)

FIGURE 5 Antitumoral activies of solutions and formulations (error bars represent standard deviations, n = 6) (*p < 0.05, **p < 0.01,

***p < 0.001) (comparisons were made according to the IMA-DEX solution)
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Cellular level examinations are more meaningful for drug efficacy

and mechanistic evaluations than gross morphology (i.e., tumor size)

(Ayers et al., 2010). Histological evaluations revealed that tumors

were generally in the form of fibrosarcoma or rhabdomyosarcoma.

The neuronal cell division observed in the tumor stroma of the control

group was not observed in the IMA-DEX PEG COH group. In addition,

no lymphocytic infiltration or necrotic area was found in the tissues.

The greatest reduction in tumor volume was observed following IMA-

DEX PEG treatment. However, at the cellular level, the percentage of

healing was highest in the PEGylated nanocochleate group (Table 3).

This higher efficacy of nanocochleates may be attributed to greater

penetration due to the nanoneedle effect. In turn, greater penetration

would allow for more effective synergy between IMA and DEX.

The IMA-DEX PEG groups demonstrated the greatest tyrosine

kinase receptor inhibition, consistent with the histopathological

results (Table 4). The highest level of inactivation was observed for

PEGylated nanocochleate. The lower effectiveness of the PEGFA-

conjugated formulation in vivo may be due to the FA, which has been

FIGURE 7 Results of histopathological studies. (a) Skin tissue of healthy mice (HEx4); (b) control group (HEx40, anaplastic tumor cells [long

arrows]) which were infiltrated muscle tissue (short arrows); (c) IMA-DEX solution (HEx20, arrows: Multi-nucleated giant cells resembling strap-
like, regenerated striated muscle cells with eosinophilic cytoplasm in tumor stroma); (d) IMA-DEX PEGFA LIP (HEx20, short arrows: Multi-
nucleated tumor giant cells with abundant and eosinophilic cytoplasm, long arrows: Necrotic area); (e) IMA-DEX COH (HEx20, arrows: Abnormal
multi-core giant cells in tumor stroma); (f) IMA-DEX PEG COH (HEx20, arrows: Multi-nucleated, strap-like cells in tumor stroma)

TABLE 3 Healing effects of formulations (n = 3)

Formulation Sarcoma final score Percentage of healinga

IMA-DEX solution 6.2 ± 0.6 11.4 ± 0.8

IMA-DEX PEGFA LIP 7.0 ± 0.0 0.0 ± 0.0

IMA-DEX COH 5.8 ± 0.1 17.1 ± 1.4

IMA-DEX PEG COH 3.8 ± 0.3 45.7 ± 3.6

aThe percentage of healing was calculated according to the sarcoma final
score of the controlgroup. The sarcoma final score of the control group
was seven, and the percent healing of the formulations was calculated by
assuming the tumor percentage of the control group as 100.

TABLE 4 Inhibition effect on tyrosine kinase receptor (n = 3)

Formulation
Percentage of tyrosine kinase
receptor inhibition

IMA-DEX solution 68.4 ± 0.814

IMA-DEX PEGFA LIP 58.3 ± 1.61

IMA-DEX COH 18.2 ± 0.840

IMA-DEX PEG COH 78.3 ± 0.330
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shown to interfere with the carrier system−cellular interaction in solid

tumors (Wang, Feng, Yang, Wang, & Lu, 2013).

4 | CONCLUSIONS

Although nanocochleates containing IMA and DEX showed lower

release rates of active substances in vitro than IMA-and DEX-

containing liposomes, they were more effective against tumors

in vivo. The IMA-DEX PEG COH formulation in particular was highly

effective, likely by most strongly facilitating the synergistic effects of

IMA and DEX. Addition of PEG to the formulation was found to

enhance drug release and duration in the circulation, resulting in

higher efficacy. Collectively, these results identify a promising combi-

natorial chemotherapeutic drug delivery system for the treatment of

fibrosarcoma. Further in vivo studies are warranted to investigate che-

motherapy resistance and survival rates.
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