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Abstract: Drug delivery systems could potentially overcome low bioavailability and 

gastrointestinal toxicity, which are the major challenges for the development of oral anticancer 

drugs. Herein, we demonstrate the ability of styrene maleic acid (SMA) nanomicelles encap-

sulating epirubicin to traverse in vitro and ex vivo models of the intestinal epithelium without 

affecting the tissue integrity. Further, SMA micelles encapsulating a fluorescent dye dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) showed twofold higher accumulation in 

the liver and spleen, 15-fold higher accumulation in the tumor, and sixfold higher accumulation 

in the lung as compared with the free DiI, following oral administration in a mice xenograft 

breast cancer model. Additionally, SMA micelles showed colocalization with microfold (M)-

cells and accumulation in Peyer’s patches, which together confirms the M-cell mediated uptake 

and transport of SMA micelles. Our results indicate that SMA micelles, showing dual uptake 

by enterocytes and M-cells, are a potential tool for safe oral anticancer drug delivery.

Keywords: oral delivery, anticancer nanomedicine, enhanced permeability and retention 

effect, EPR

Introduction
Oral administration of drugs is widely preferred among patients due to its noninvasive 

nature. However, most anticancer agents are administered intravenously due to the 

narrow therapeutic index and the observed intra- and intersubject variability in bioavail-

ability upon oral administration.1 Nevertheless, development of oral chemotherapeutics 

has gained attention, mainly, to overcome complications associated with intravenous 

injections, improve the patients’ quality of life, and reduce costs associated with 

hospitalization.2 Oral drug delivery can be tailored to maintain drug plasma concentra-

tions above the therapeutic level, to ensure prolonged and effective exposure of cancer 

cells to the chemotherapeutic agent. However, the major limiting factors associated 

with oral administration of chemotherapeutic agents are their low bioavailability3 and 

severe local toxicity while traversing the gastrointestinal (GI) tract.4,5

Low bioavailability is the result of multiple factors, such as low drug stability in 

the wide pH range and enzyme-rich environment of the GI tract, poor penetration 

through the mucosal barrier, a high level of P-glycoprotein efflux, as well as presys-

temic metabolism in the liver after traversing the intestinal epithelium.6–8 Thus new 

strategies are needed to improve the oral bioavailability of anticancer drugs.

Nanosized formulations take advantage of the wide fenestrations of tumor vas-

culature and the impaired lymphatic drainage to selectively accumulate in the tumor 

tissue.9 Exploiting this enhanced permeability and retention (EPR) effect improves 
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the therapeutic efficacy and safety of these nanosized drugs. 

Apart from the above characteristics, nanoparticles are 

widely used for drug delivery due to their ability to prolong 

circulatory half-life and their flexibility in accommodating 

tumor-targeting moieties.10 Although different nanocarriers, 

such as liposomes, polymeric micelles, polymer drug conju-

gates, self-emulsifying drug delivery systems, dendrimers, 

and solid lipid nanoparticles are being examined for oral 

delivery of anticancer drugs, so far there has been no oral 

anticancer nanomedicine available for clinical use. This is 

primarily due to poor penetration through the GI mucus.2,6

The amphiphilic nature of the styrene maleic acid (SMA) 

polymer has enabled the encapsulation of wide range of 

drugs.9,11 The SMA system is especially well-suited for 

translational applications, due to the low costs of the polymer, 

simplicity of the synthetic process, and the ability to control 

the loading (up to 40% w/w) and release rate of active drugs 

in the micelle.12

We anticipated that the amphiphilic nature of SMA 

micelle could enable it to pass through the mucosal barrier 

of the GI epithelium. In this study, we synthesized SMA 

micelles encapsulating epirubicin (as a model chemothera-

peutic agent) to determine their ability to traverse through 

the in vitro and ex vivo models of the intestinal epithelium. 

Furthermore, a nontoxic fluorescent dye, dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI), 

was encapsulated in the SMA micelles to evaluate the 

biodistribution and uptake mechanism of the SMA micelles 

by the intestinal epithelium following oral administration, in 

a mouse xenograft breast cancer model.

Materials and methods
Materials
Cumene terminated poly (styrene-co-maleic anhydride) 

with a number average molecular mass (Mn) ~1,600, N-(3-

dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride 

(EDAC), fetal bovine serum, DiI, and biotin conjugated lectin 

from Ulex europaeus agglutinin (UEA-1) were obtained from 

Sigma-Aldrich Corp (St Louis, MO, USA). Antibodies were 

purchased from Cell Signaling Technology, Inc (Danvers, 

MA, USA). Antibodies used were: caveolin-1 (D46G3) XP® 

rabbit mAb #3267, clathrin heavy chain (D3C6) XP® rabbit 

mAb #4796, E-cadherin, and β-tubulin antibody #2146.

Synthesis of SMA micelles
SMA micelles were prepared as described previously.9 

Briefly, the synthesis of SMA micelles was divided into 

three steps. The first step involved preparation of the SMA 

for encapsulating epirubicin or DiI. SMA was hydrolyzed 

under alkaline conditions by dissolving SMA in 1 M NaOH, 

with constant stirring at 70°C. Once soluble under alkaline 

conditions, the pH of the hydrolyzed SMA was adjusted to 

pH 7.0 with 0.1 N HCl and then, diluted to a final concentra-

tion of 10 mg/mL.

The next step involved encapsulating the epirubicin or 

DiI. The hydrolyzed SMA solution was adjusted to pH 5;  

epirubicin or DiI (15 mg of DiI dissolved in 300 µL of 

dimethyl sulfoxide [DMSO]) was added to the SMA solution 

under constant stirring. EDAC solubilized in distilled water 

was added to the mixture and allowed to stir for 20 minutes 

at pH 5. The solution was then adjusted to pH 11 with 0.1 N 

NaOH, and stirred for 30 minutes. The pH was readjusted 

to 7.4 with 0.1 N HCl.

Lastly, the micelle suspension was ultrafiltered four times 

using a Labscale™ ultrafiltration system with a Pellicon® 

XL filter 10 kDa (EMD Millipore, Billerica, MA, USA). The 

concentrated micelle solution was lyophilized to obtain the 

SMA-epirubicin (SMA-Epi) or SMA-DiI powder.

Characterization of SMA micelles
Loading of the SMA micelles
The loading of SMA micelles was determined by solubilizing 

SMA-Epi or SMA-DiI micelles at 1 mg/mL in DMSO and 

measuring the absorbance at 480 nm and 544 nm for epiru-

bicin and DiI, respectively, in comparison with the standard 

curve of the free drugs. The loading was expressed as weight 

% of epirubicin/DiI in the final micelle compared with the 

total weight of recovered SMA micelle.

Size, polydispersity index (PDI), and zeta potential 
determination of SMA micelles
Lyophilized SMA-Epi or SMA-DiI powder, 4 mg/mL, was 

solubilized in NaHCO
3
 (0.1 M, pH 7.4) to determine the size 

and PDI. The same amount, 4 mg/mL, of lyophilized SMA-Epi  

or SMA-DiI powder was solubilized in distilled water to esti-

mate the charge. All measurements for size distribution and 

zeta potential were carried out using the Malvern ZEN3600 

Zetasizer Nano series (Malvern Instruments Inc., Malvern, 

UK) based on dynamic light scattering (DLS). Measurements 

were obtained from three independent experiments, each 

conducted in triplicate. For transmission electron microscopy 

(TEM), 10 µL of 7.5% SMA-Epi micelles (1 mg/mL of 

SMA-Epi lyophilized powder, solubilized in distilled water) 

was placed on the grid. Then, 1% phosphotungstic acid was 

added on the grid for negative staining, and the grid was 

visualized using a Philips CM100 BioTWIN transmission 
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electron microscope (Philips/FEI Corporation, Eindhoven, 

the Netherlands).

Release rate from SMA micelles at physiological pH 
and in simulated gastric fluid (SGF)
Using a dialysis bag with a 12 kDa molecular weight cut off, 

1.5 mL of SMA-Epi solution (1 mg/mL of SMA-Epi lyo-

philized powder, solubilized in distilled water) was dialyzed 

against 15 mL of distilled water (pH 7.4) or SGF (with pepsin, 

pH 1.6). At specified time points, 2 mL of sample outside 

the dialysis bag was removed to measure the absorbance at 

480 nm and replaced with distilled water or gastric fluid, to 

measure further release at physiological pH or gastric pH, 

respectively. Percentage of release was determined by the ratio 

of absorbance between solution outside the bag at defined time 

points and that within the bag at time zero (t=0).

Cell culture
Caco-2 cells and MDA-MB-231 breast cancer cells were 

maintained in complete growth media (Dulbecco’s Modified 

Eagle’s Medium [DMEM]/ Ham’s F12, supplemented with 

10% fetal bovine serum, 2 mM l-glutamine, 100 µg/mL 

penicillin, 100 units/mL of streptomycin, and 2.2 g/L of 

NaHCO
3
) at 37°C in a humidified atmosphere of 5% CO

2
. For 

all procedures, cells were harvested using TrypLE™ Express 

(Life Technologies Corp, Carlsbad, CA, USA).

In vitro cytotoxicity of SMA micelles
To ascertain that micellar encapsulation did not abolish 

the cytotoxicity of epirubicin, MDA-MB-231 cells were 

seeded into 96-well plates. After a 24-hour incubation, cells 

were treated for 72 hours with free epirubicin, 7.5% or 18% 

SMA-Epi micelles, or equivalent amounts of SMA polymer 

at the concentrations indicated. Following the incubation, 

cells were fixed using 10% trichloro-acetic acid (TCA). 

Cytotoxicity was determined using the sulforhodamine B 

assay (SRB) as previously described.13 The concentration 

required to decrease the cell number by 50% (IC
50

) was 

determined by nonlinear regression using GraphPad Prism 

software. Treatments were performed in triplicate, and data 

represent the mean of three independent experiments.

In vitro system for evaluating the 
transport across intestinal epithelium
In order to evaluate the ability of SMA-Epi micelles to traverse 

the intestinal epithelium, Caco-2 cells, which are known to dif-

ferentiate into an enterocyte-like phenotype, were used as an 

in vitro model of the intestinal epithelium. Caco-2 cells were 

seeded at a density of 80,000 cells/cm2 onto polycarbonate 

Transwell filters (Costar®; Corning Inc, Corning, NY, USA) 

with a 0.4 μm mean pore size and diameter of 12 mm. Caco-2 

cells were maintained under standard incubation conditions 

with the media being changed every alternate day, and the cells 

were used for transport experiments 21–22 days postseeding. 

Prior to the experiments, the transepithelial electrical resistance 

(TEER) of each monolayer was measured with an epithelial 

voltohmmeter to ascertain the monolayer integrity. Mono-

layers with TEER .350 Ω/cm2 were used for assays. Cell 

monolayers were washed with Hank’s balanced salt solution 

(HBSS) buffer supplemented with 1 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES) (pH 7.4). SMA-Epi 

solution (100 μM) was added to the apical compartment. After 

incubating for 3 hours, TEER was measured, and media from 

the basolateral compartment was collected. Transport of the 

SMA-Epi was quantified by measuring absorbance of epiru-

bicin in the media of the basolateral compartment at 480 nm. 

For transepithelial transport in the presence of endocytosis 

inhibitors, the cell monolayers were preincubated for 1 hour 

with 100 μM of dansylcadaverine or 100 μM of genistein or 

50 μM of amiloride.

MTT (3-(4,5-dimethylthiazolyl-2)-2, 
5-diphenyltetrazolium bromide) assay
The concentrations of the endocytosis inhibitors to be used 

for the transport studies were determined by MTT assay. 

The Caco-2 cells were seeded into 96-well plates, incu-

bated for 24 hours, and then treated for 4 hours with 50 µM, 

100 µM, and 200 µM of endocytosis inhibitors. Following 

the incubation, the MTT assay was performed as previously 

described,14 and absorbance was measured at 560 nm to 

determine the cytotoxicity of the endocytosis inhibitors in 

Caco-2 cells. Treatments were performed in triplicate, and 

the data represent the mean of three independent experiments. 

The concentration that maintained the cell viability above 

80% was used for the transport studies.

Western blot analysis for caveolin and 
clathrin expression in differentiated and 
undifferentiated Caco-2 cells
Caveolin and clathrin were detected through western blot 

analysis to compare their expression in differentiated and 

undifferentiated Caco-2 cells. Western blot analysis was 

performed on cell lysates of confluent Caco-2 (5–6 days) and 

Caco-2 grown on Transwell® (21 days). Cells were lysed in 

buffer containing 50 mM Tris-HCl (pH 8), 150 mM NaCl, 

1% Triton™ X-100, 1% sodium dodecyl sulfate (SDS), 
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1 mM NaF, 200 μM sodium orthovanadate, and protease 

inhibitors (1 μg/mL leupeptin, 1 μg/mL aprotinin, and 1 mM 

PMSF). The lysates were centrifuged at 12,500 rpm for 

8 minutes, boiled in Laemmli buffer, and subjected to 10% 

polyacrylamide gel electrophoresis. Proteins were transferred 

to a polyvinylidene difluoride (PVDF) membrane, and the 

membrane was incubated overnight with primary antibodies 

against caveolin (1/2,500) and clathrin (1/2,000), β-tubulin 

(1/2,000), and E-cadherin (1/2,000) and further incubated 

with horseradish peroxide–conjugated secondary antibody.

Ex vivo system for evaluating the 
transport across intestinal epithelium
In order to evaluate the ability of SMA-Epi micelles to 

traverse the intestinal epithelium, we used the everted sac 

of rat intestinal tissue as an ex vivo model.15 The intestines 

were obtained from male Sprague-Dawley® rats, 4–6 weeks  

of age. A midline incision was made in the abdomen, 

and the entire small intestine was quickly excised and 

irrigated several times with HBSS at room temperature 

(RT), and immediately placed at 37°C in HBSS with a 5% 

CO
2
 and 95% O

2
 supply. The intestine was gently everted  

over a glass rod and divided into 5 cm sections of duo-

denum, jejunum, and ileum. These sections were ligated 

at both ends and filled with 1 mL HBSS. The sacs were 

immersed in 10 mL of SMA-Epi (100 µM) in HBSS with 

a 5% CO
2
 and 95% O

2
 supply. The transport of SMA-

Epi across the intestinal epithelium was determined after  

3 hours of incubation by measuring absorbance at 480 nm.  

The effect of the treatment on the tissue integrity was 

assessed by histology. Sections were fixed in 4% paraform-

aldehyde for 3 hours and then transferred to a 15% sucrose 

solution for overnight at 4°C, followed by 30% sucrose solu-

tion for 10 hours at 4°C. These tissue were then embedded 

in OCT gel and stored at -20°C. Sections of 10 µm were 

obtained using a Leica CM1950 cryostat (Leica Microsys-

tems, Wetzlar, Germany) and stained with Hematoxylin.  

Representative images were obtained using a Nikon Ni-E 

upright fluorescence microscope (Nikon Corporation, 

Tokyo, Japan).

All ex vivo animal protocols were approved by the Uni-

versity of Otago Animal Ethics Committee.

In vivo oral biodistribution of SMA 
micelles in a subcutaneous tumor model
Female SCID® mice (5–6 weeks old) were purchased from 

the Animal Resources Center (Canning Vale, Australia). Mice 

were injected subcutaneously into the lower rear flank with  

MDA-MB-231 breast cancer cells (2×106 cells/0.1 mL Matrigel®). 

When tumors reached an average volume of ~100 mm3, mice 

were randomly divided into three groups. The free DiI 

(15 mg/kg solubilized in 1% DMSO) and SMA-DiI (15 mg/kg 

equivalent, solubilized in D/W) were administered through oral 

gavage, while the third group received SMA-DiI (15 mg/kg 

solubilized in distilled water [D/W]) intravenously. Animals 

were euthanized in a CO
2
 chamber 8 hours posttreatment. 

For histological examination, all organs were processed as 

described above. The sections were mounted on a glass slide, 

stained with Hematoxylin, and representative images were 

obtained using the Nikon upright fluorescence microscope. 

The amount of DiI distributed in each tissue was calculated 

based on the fluorescence intensity across ten sections of the 

tissue, subtracting the background autofluorescence and nor-

malized based on the area of tissue under observation, using 

ImageJ software.

All in vivo procedures were approved by the Animal 

Ethics Committee of University of Otago.

Histochemistry of intestinal sections
To evaluate the in vivo uptake mechanism of SMA micelles, 

Balb/c female mice (5–6 weeks old) were administered SMA-

DiI (15 mg/mL, solubilized in D/W) by oral gavage (n=4). 

Animals were euthanized in a CO
2
 chamber 4 hours later. For 

histological examination, organs were processed as described 

above. In order to investigate the role of lymphatic transport 

of the SMA micelles, histochemistry was performed on intes-

tinal sections with UEA-1, a microfold (M)-cell marker. The 

fluorescence images of the sections were obtained to visual-

ize the distribution of SMA-DiI. These sections were then 

washed twice with phosphate-buffered saline (PBS), fixed 

in acetone, and incubated with hydrogen peroxide (0.3%) 

for 20 minutes at RT. Slides were then rinsed and further 

incubated with biotin conjugated UEA-1 for 40 minutes at 

RT. Sections were rinsed with 0.05% Tween 20 in 1× PBS 

and incubated with streptavidin–horseradish peroxidase com-

plex (Bio-Rad Laboratories, Hercules, CA, USA) at RT in a 

humidified chamber. After 30 minutes, the slides were devel-

oped with 3,30-diaminobenzidine tetrahydrochloride (DAB) 

as the chromogen and counterstained with Hematoxylin. 

Once slides were dehydrated, di-n-butyl phthalate in xylene 

(DPX) was applied as mounting medium, with coverslips. 

Five sections were analyzed from tissue obtained from each 

animal, and representative images were obtained.

For histochemistry of the lymphoid follicles of the intestinal 

tissue, the Peyer’s patches were isolated through visual exami-

nation and then frozen and sectioned as described above. These 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4657

Styrene maleic acid micelles for oral anticancer drug delivery

sections were imaged using the Nikon fluorescence microscope 

and then stained with hematoxylin and eosin (H&E).

Statistics
Groups were compared using either an unpaired t-test, one-

way analysis of variance (ANOVA) or two-way ANOVA 

using GraphPad Prism 6 software. In all cases, the ANOVA 

was coupled with a Bonferroni post hoc test. P,0.05 

was considered the minimal requirement for statistical 

significance.

Results
Characterization of SMA micelles
The SMA-Epi micelles synthesized had a recovery of 

90%–95% and loading of 7.5% and 18% of epirubicin and 

12.11% of DiI as determined by the weight ratio of the 

drug over SMA (Table 1). The mean diameter of SMA 

micelles, measured by DLS were 21.53±4.22 nm and 

80.82±10.10 nm for 7.5% and 18% loading, respectively, 

and was 134.12±2.00 nm for SMA-DiI (Table 1). The mean 

diameter of the 7.5% SMA-Epi micelle determined by TEM 

was 27.5±1.31 nm, which is in agreement with the one 

obtained by DLS (Figure S1). The PDI of SMA micelles 

were 0.26±0.03 and 0.32±0.06 for 7.5% and 18% SMA-Epi, 

respectively, and 0.33±0.07 for SMA-DiI. The zeta potential 

of the SMA-Epi micelles were -0.04 and -0.11 mV for 7.5% 

and 18% loading of epirubicin, respectively, and -0.04 mV 

for SMA-DiI micelles (Table 1).

Release rate of drug from SMA micelles
The 18% SMA-Epi micelles showed less than 1% release 

during the first 4 hours at physiological pH (Figure 1A), while 

for the same incubation period the 7.5% SMA-Epi micelle 

showed 12% release (Figure 1A). To ascertain the stability 

of SMA-Epi micelles in the high-acidic environment of the 

stomach, the release rate of epirubicin from the 18% SMA-

Epi micelle was evaluated in SGF. Although there was a burst 

release of 2% at 0 minutes, the release after 2 hours, which 

is the gastric transit time, was 12% (Figure 1B).

In vitro cytotoxicity of SMA micelles
Doxorubicin, an anthracycline drug, is the most active 

and the mainstay chemotherapeutic agent for treatment of 

metastatic breast cancer.16,17 Epirubicin, used in this study, 

is an epimerized analog of doxorubicin, which is known 

to show less cardiotoxicity compared with doxorubicin at 

equal doses.18 The cytotoxicity of 7.5% and 18% SMA-Epi 

micelles were assessed using the breast cancer cell line MDA-

MB-231 and compared with free epirubicin. The IC
50

 values 

for 7.5% and 18% SMA-Epi were 2.35 µM and 0.83 µM,  

respectively, while the IC
50

 value for free epirubicin was 

0.18 µM (Figure 2). A higher loading improved the toxicity by 

threefold; however, the encapsulation of epirubicin decreased 

its cytotoxicity in vitro in comparison with the free drug.

Transport of SMA micelles across the 
in vitro model of intestinal epithelium
Transepithelial transport of SMA-Epi micelles across the dif-

ferentiated Caco-2 monolayer was determined after 3 hours 

of incubation at 37°C. The 7.5% SMA-Epi micelles showed 

a higher transport (33.85 μM/cm2) as compared with the 18% 

SMA-Epi micelles (12.47 μM/cm2) (Figure 3A). There was 

no significant alteration of the TEER (P.0.05) measured 

after the transport experiment, ensuring the integrity of the 

monolayer. Particle size distribution in the HBSS solution 

from the lower compartment of the transwell was measured 

by DLS. The peak intensity observed was 80.25 nm which 

is similar to the size of the intact 18% SMA-Epi micelles 

(Figure S2). This proves that the 18% SMA-Epi micelles 

were transported intact as micelles.

Mechanism of transport of SMA micelles 
across the in vitro model of intestinal 
epithelium
To understand the mechanism of internalization of the 

SMA-Epi micelles, the differentiated Caco-2 monolayer was 

pretreated with endocytosis inhibitors at concentrations that 

maintained Caco-2 cell viability (Figure S3). Pretreatment 

with dansylcadaverine, an inhibitor for clathrin-dependent 

Table 1 Recovery, loading, size, PDI, and zeta potential of SMA micelles

Micelle Recovery Loading Size (diameter in nm) PDI Zeta potential (mV)

SMA-Epi 90% 7.50% 21.53±4.22 0.26±0.03 -0.04
SMA-Epi 92% 18.21% 80.82±10.10 0.32±0.06 -0.11
SMA-DiI 80% 12.11% 134.12±2.00 0.33±0.07 -0.04

Notes: The SMA micelles were characterized for recovery, loading, size, PDI, and zeta potential. Recovery was calculated as percentage of lyophilized powder to the total 
starting material. Loading of SMA micelles was determined by measuring the absorbance at 480 nm and 544 nm for epirubicin and DiI, respectively. Size and zeta potential 
were determined by dynamic light scattering. Data are presented as mean ± SD.
Abbreviations: DiI, dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; Epi, epirubicin; PDI, polydispersity index; SMA, styrene maleic acid.
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endocytosis, or amiloride, an inhibitor for micropinocytosis, 

resulted in a 54% and 32% reduction in transport of the 

SMA-Epi micelles, respectively (Figure 3C). However, 

genistein, an inhibitor of caveolin-dependent endocytosis, did 

not show significant reduction in transport of the SMA-Epi 

micelles, though both caveolin and clathrin are expressed in 

differentiated Caco-2 cells (Figure 3B). This indicates that 

the clathrin-mediated endocytosis mechanism and micropi-

nocytosis are both involved in transepithelial transport of 

SMA-Epi micelles across an in vitro model of the intestinal 

epithelium.

Transport of SMA micelles across the 
ex vivo model of intestinal epithelium
The everted sac system is an efficient tool for studying the 

ex vivo intestinal transport of drugs.15 The jejunum sections 

showed 10.1% transport of 7.5% SMA-Epi and 2.71% 

transport of 18% SMA-Epi, while the ileum sections showed 

Figure 1 Release rate of epirubicin from SMA-Epi micelles.
Notes: (A) Release of epirubicin from 7.5% SMA-Epi and 18% SMA-Epi was assessed over a period of 8 hours at pH 7.4. Data are expressed as mean ± SEM (n=4). (B) Release 
of epirubicin from 18% SMA-Epi at pH 7.4 and in SGF pH 1.6 over a period of 4 hours incubation. Data expressed as mean ± SEM (n=4).
Abbreviations: Epi, epirubicin; SEM, standard error of the mean; SGF, simulated gastric fluid; SMA, styrene maleic acid.

Figure 2 Cytotoxicity of SMA micelles against MDA-MB-231 cells following 72 hours of treatment.
Notes: Cell number was determined using the sulforhodamine B assay. Data are expressed as mean ± SEM (n=3). IC50 values determination was performed using GraphPad 
Prism.
Abbreviations: IC50, half-maximal inhibitory concentration; SEM, standard error of the mean; SMA, styrene maleic acid.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4659

Styrene maleic acid micelles for oral anticancer drug delivery

11.96% transport of 7.5% SMA-Epi and 4.03% transport of 

18% SMA-Epi (Figure 4A). No transport across the duodenum 

was detected within the detection limit of epirubicin absor-

bance at 480 nm. Thus, the 7.5% SMA-Epi micelles showed 

a higher transport as compared with the 18% SMA-Epi  

micelles (Figure 4A), in agreement with the differentiated 

Caco-2 monolayer. The ileum sections also showed higher 

transport as compared with the jejunum sections for both 

7.5% and 18% SMA-Epi micelles, though the difference 

was not statistically significant (Figure 4A). The rat intestinal 

tissue morphology was not altered by the SMA-Epi transport 

as shown by hematoxylin staining (Figure 4B).

In vivo oral biodistribution of SMA 
micelles
DiI, a nontoxic, fluorescent dye, was encapsulated into 

SMA micelles to evaluate its biodistribution across differ-

ent organs in a mouse xenograft breast cancer model. Liver, 

spleen, and lung sections displayed fluorescence following 

oral and intravenous administration of SMA-DiI, while 

no fluorescence was observed with oral administration of 

free DiI. The kidney sections exhibited fluorescence only 

following intravenous administration of SMA-DiI and oral 

administration of free DiI. The intestinal tissue showed 

fluorescence lining the villi following oral administration of 

SMA-DiI, while a completely diffused fluorescence pattern 

was observed with orally administered free DiI. The intestinal 

sections for intravenously administrated SMA-DiI showed 

sharp fluorescence at the center of the villi. For the myocar-

dial tissue, only the intravenously administered SMA-DiI 

showed fluorescence (Figure 5A).

The biodistribution of SMA micelles after oral admin-

istration followed a similar pattern to that after intravenous 

administration of SMA micelles, with a high accumula-

tion in liver, spleen, and lung compared with other organs 

(Figure 5B). In comparison with oral administration of free 

DiI, the oral administration of SMA-DiI showed approxi-

mately twofold higher accumulation in liver and spleen, 

Figure 3 Transport of SMA-Epi Micelles across an in vitro model of intestinal epithelium.
Notes: (A) The transport of 7.5% SMA-Epi and 18% SMA-Epi across an in vitro model of intestinal epithelium after 3 hours of treatment. (B) Clathrin, caveolin, E-cadherin 
(marker for differentiated Caco-2 cells), and β-tubulin (loading control) expression in differentiated and undifferentiated Caco-2 cells by western blotting. (C) Transport 
of SMA micelles across differentiated Caco-2 monolayer after 1-hour pretreatment with caveolin inhibitor, clathrin inhibitor, micropinocytosis inhibitor, and without any 
inhibitor, followed by 3-hour incubation with 18% SMA-Epi. Data are expressed as mean ± SEM (n=4). *P,0.05.
Abbreviations: Epi, epirubicin; SEM, standard error of the mean; SMA, styrene maleic acid; ns, not significant.
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and six- and 15-fold higher accumulation in the lung and 

tumor, respectively.

In vivo uptake mechanism of SMA 
micelles through intestinal epithelium
The histochemistry of the intestinal sections showed that the 

fluorescence of SMA-DiI overlapped the M-cells stained with 

UEA-1, though the DiI fluorescence was not restricted to 

M-cells (Figure 6). This indicated the involvement of M-cells 

in the uptake of SMA-DiI through the lining of intestinal villi. 

Also, accumulation of SMA-DiI was observed underneath the 

epithelial lining of Peyer’s patches isolated from the intestinal 

tissue and stained with Hematoxylin (Figure 7).

Discussion
Oral delivery of anticancer drugs is advantageous compared 

with intravenous infusions as it reduces patient discomfort, 

improves patient quality of life, and could maintain thera-

peutic plasma drug concentrations for extended durations.2,6 

The use of nanocarriers to orally deliver anticancer drugs 

can protect the drug from the harsh GI environment, reduce 

local toxicity, and enhance the oral bioavailability of the 

drug. Many nanoformulations have proved beneficial in 

improving the bioavailability and reducing toxicity of the 

anticancer agents.19–22 However, so far, no oral anticancer 

nanomedicine has been approved for clinical use.

Previously, SMA micellar formulations encapsulating 

doxorubicin, administered intravenously in the S-180 sar-

coma mouse model have shown elevenfold higher tumor 

accumulation along with a significant reduction in cardiac 

and bone marrow toxicity as compared with the free drug.9 

In the current study, we evaluated the potential of SMA 

micelles as a nanocarrier system for oral anticancer drug 

delivery. The SMA-Epi micelles had the appropriate size 

and charge to evade renal clearance.23,24 The release rate of 

epirubicin from SMA micelles demonstrated that the 18% 

SMA-Epi micelles were more stable as compared with 7.5% 

SMA-Epi micelles at the physiological pH, which is likely 

Figure 4 Transport of SMA-Epi micelles across an ex vivo model of intestinal epithelium.
Notes: (A) Transport of 7.5% SMA-Epi through ileum and jejunum, and 18% SMA-Epi though ileum and jejunum, after 3 hours of treatment. Data are expressed as 
mean ± SEM (n=5). *P,0.05. (B) The intestinal tissue histology post–everted sac experiment was observed by Hematoxylin QS staining.
Abbreviations: Epi, epirubicin; SEM, standard error of the mean; SMA, styrene maleic acid.
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Figure 5 In vivo oral biodistribution of SMA-DiI.
Notes: (A) Sections of organs from mice following oral administration of SMA-DiI and free DiI and intravenous administration of SMA-DiI were all stained with Hematoxylin 
QS and observed under a fluorescence microscope. The black scale bar indicates 50 µm on all sections. (B) The distribution of SMA micelles and free dye across different 
organs was obtained by measuring the total fluorescence intensity of DiI. Data are expressed as mean ± SEM (n=10). *P,0.05.
Abbreviations: DiI, dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; IV, intravenous; SEM, standard error of the mean; SMA, styrene maleic acid.
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Figure 6 Histochemistry of intestinal sections.
Note: UEA-1 staining for M-cells and DiI fluorescence in the intestinal villi sections (20×), obtained from mice following oral gavage with SMA-DiI for 4 hours.
Abbreviations: DiI, dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; M-cell, microfold cell; SMA, styrene maleic acid; UEA-1, biotin conjugated lectin from 
Ulex europaeus agglutinin.

Figure 7 Histochemistry of Peyer’s patches.
Note: Peyer’s patches isolated from ileum sections of the intestine, obtained from mice following oral gavage with SMA-DiI for 4 hours, where H&E stained and observed 
under a fluorescence microscope.
Abbreviations: DiI, dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; H&E, hematoxylin and eosin; SMA, styrene maleic acid.
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a result of formation of a stronger hydrophobic core, due to 

the interactions between the styrene moiety and epirubicin.9 

Similar observations were reported for self-assembled nano-

particles of epirubicin.25 This can prove advantageous in 

tailoring the release rate of the drug from the SMA micelles, 

based on the quantity of the drug encapsulated into the 

micelle.12 The relatively higher release rate of epirubicin in 

the acidic conditions of gastric fluid could be attributed to the 

protonation of the maleate component of the SMA polymer, 

which plays a critical role in micellar stability. At alkaline 

pH, the micelle becomes slowly ionized, which increases its 

hydrodynamic volume, possibly due to the repulsive force 

between negative COO- groups. At acidic pH, the unionized 

maleic acid leads to a smaller hydrodynamic volume of the 

micelle.26 This effect could result in the release of epirubi-

cin that is not in hydrophobic interaction with the styrene 

core, resulting in burst release. Another factor could be the 

protonation of the amine group of epirubicin, resulting in 

the escape of the ionized (NH
3
+) drug from the hydrophobic 

micellar core at acidic pH. At neutral pH, there could exist 

an electrostatic interaction between the NH
3

+ of epirubicin 

and COO- of SMA. This probable electrostatic interaction 

can be neutralized under highly acidic conditions, resulting 

in an increased release rate of epirubicin from the SMA 

micelle. The acidic pH of stomach can hamper the stability 

of polymeric drug delivery systems.27 However, our synthe-

sized SMA micelles, showed a release of less than 12% in 

SGF for the initial 2 hours, which is the time required for 

gastric transit. This indicates an advantage of SMA micelles 

over other nanocarriers, such as liposomes, which display 

poor stability in highly acidic pH due to aggregation of 

the constituent phospholipids, which leads to reduced oral 

bioavailability.6,28,29 Surface modifications are thus required 

for these lipid nanocarriers to retain their stability.30

Epirubicin encapsulated in the SMA micelles retained its 

cytotoxic effect in MDA-MB-231 breast cancer cells. Epiru-

bicin, like other anthracyclines, enters the cell through active 

transportation by SLC22A16 or via diffusion.31,32 However, 

drugs encapsulated in SMA micelles rely on a time- and 

energy-dependent endocytosis process for uptake of drugs 

into the cell,33 thus limiting the uptake as compared with that 

of the free drug, in turn often leading to a higher IC
50

 value 

as compared with the free drug. Conversely, under in vivo 

circumstances, the SMA micelles would exhibit higher accu-

mulation in tumor tissue compared with free drug, due to the 

EPR effect.9 Thus, SMA encapsulated drug would have better 

in vivo efficacy than would free drug as observed in other 

anthracycline nanomedicines.34 For example, Doxil®, a Food 

and Drug Administration (FDA)-approved doxorubicin 

nanomedicine, was shown to have an IC
50

 value of 2.5 µg/

mL as compared with free doxorubicin having an IC
50

 value 

of 0.1 µg/mL, in vitro.35 Nevertheless, in vivo evaluation 

showed that mice had 50% larger tumors when treated with 

free doxorubicin as compared with mice treated with the 

equivalent dose of Doxil.36 Among the two micellar formula-

tions, the 7.5% SMA-Epi micelle showed lower cytotoxicity 

as compared with the 18% SMA-Epi micelle. The uptake of 

18% SMA-Epi micelles through endocytosis would lead to 

higher accumulation of the drug in the cells as compared with 

the drug accumulation through uptake of the 7.5% SMA-Epi 

micelle. Thus, even though the 7.5% SMA-Epi micelles show 

higher release of drug compared with that of 18% SMA-Epi 

micelle, the cytotoxic effect of the 18% SMA-Epi may be 

higher due to higher accumulation of drug in the cells, through 

uptake of the higher loading 18% SMA-Epi micelles.

The SMA-Epi micelles, which showed appropriate 

physiochemical characteristics, were further evaluated for 

their ability to traverse the intestinal epithelium. The SMA 

micelles synthesized with 7.5% and 18% loading showed 

efficient transport across the in vitro intestinal epithelium 

model, indicating uptake of SMA micelles by enterocyte-

resembling cells. The higher transport of 7.5% SMA-Epi 

micelles could be attributed to the cumulative transport of 

the faster released drug from the 7.5% loaded SMA micelle, 

which can diffuse through the cells of the monolayer.37 In 

contrast, the 18% SMA-Epi micelle is transported across the 

Caco-2 monolayer as an intact micelle. This is supported by 

the size distribution of the transported particles from 18% 

SMA-Epi micelles, which showed that the population of 

particles with maximum intensity were of the same size as 

the size of 18% SMA-Epi micelles. However, the transport 

levels shown by both SMA micelles were higher than the 

transport reported in the literature for other nanoformula-

tions encapsulating epirubicin. For example, PSC 833 

liposomes show transport of 2.5 nM/cm2 of epirubicin.38 

while dipalmitoyl phosphatidylcholine liposomes show 

transport of 2.25 nM/cm2 of epirubicin,39 both of which 

are lower than the transport shown by SMA micelles. In 

the ex vivo model of the intestinal epithelium, the 7.5% 

SMA-Epi micelles showed higher transport as compared 

with the 18% SMA-Epi micelles, a result that is consistent 

with the in vitro model of the intestinal epithelium. SMA 

micelles showed two- and tenfold higher transport across the 

ex vivo model of intestinal epithelium compared with other 

nanoformulations, such as chitosan encapsulating docetaxel 

nanoparticles (molecular weight of 20,000 g/mol), which 
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have a diameter of 153±9.0 nm,40 and mannosamine HCl 

liposomes encapsulating acyclovir, which have a diameter of 

371±7 nm.41 Notably, the intestinal tissue morphology was 

intact after the transport of the SMA micelles, demonstrating 

that the transportation of SMA micelles was not related to 

alteration of the tissue integrity.

Particles sized between 50 and 200 nm are generally 

internalized through clathrin-mediated endocytosis,42,43 and 

this was true for the SMA-Epi micelles. However, the process 

of internalization of nanoparticles is dependent to a great 

extent on the cell type.44 In polarized differentiated Caco-2 

cells, although both caveolin and clathrin are expressed, the 

expression of caveolin is more pronounced on the basolateral 

side.45 Thus, SMA micelles traversed the intestinal epithelium 

through a transcellular route mediated by clathrin-dependent 

endocytosis and micropinocytosis. Certain nanoformulations, 

such as dendrimers with molecular weight 3,256 Da and 

chitosan polymer drug conjugates with molecular weight 

31 and 170 kDa, exploit the paracellular route for traversing 

the intestinal epithelium.46 Chitosan nanoparticles interact 

with the filamentous (F)-actin present in the intestinal lamina, 

leading to depolarization of ZO-1 protein, which is an integral 

part of tight junctions.47 Paracellular transport of nanopar-

ticles across the intestinal epithelium through tight junction 

modulation can disrupt the barrier function of the intestinal 

epithelium between gut flora and the intestinal immune sys-

tem, leading to undesirable inflammatory reactions.48 In this 

respect, the SMA micelles could be a safer oral drug delivery 

system than other systems.

Following oral administration, a notable difference in 

biodistribution of free DiI and SMA-DiI was observed. 

SMA-DiI showed higher accumulation in tissues with wide 

vasculatures, such as the liver, spleen, and tumor as compared 

with free DiI, which was similar that in previous studies on 

SMA doxorubicin micelles administered intravenously.9 

This difference in biodistribution of free DiI and SMA-DiI 

indicates that the SMA-DiI was transported across the intes-

tinal epithelium as an intact micelle. The micellar system, 

due to its large size, would accumulate in liver and spleen 

sinusoids, which is a common phenomenon for most nano-

sized constructs. This could also be true for hydrophobic 

DiI dye reaching the circulation, which may possibly be 

transported through interaction with a carrier lipid or protein 

molecule. In this case, the liver and spleen sinusoids would 

allow extravasation of this large-sized dye associated with 

the lipid or protein carrier. The observed accumulation in 

the kidney could be due to entrapment of large molecular 

sized particles in the acute angles between the specialized 

renal vessels.49

Interestingly, a significantly high accumulation of SMA-

DiI was observed in the lung tissue as compared with the 

free DiI. Nanoparticles that enter the lymphatic system of 

the intestine are carried through the thoracic duct and the 

right lymphatic duct into the subclavian vein, which drains 

the deoxygenated blood to right atrium.50 The pulmonary 

artery then carries the deoxygenated blood along with the 

nanoparticles to the lung lobes. The nanoparticles, which are 

not retained in the lung, enter the systemic circulation for 

further distribution, eventually accumulating in the tumor, 

liver, and spleen. The lymphatic uptake of SMA micelles 

has the advantage of evading first-pass metabolism by the 

liver.51

To further confirm the lymphatic uptake of SMA 

micelles, the intestinal sections were stained with an M-cell 

marker, UEA-1 lectin, which binds to α-fucose residues on 

the surface of M-cells.51 M-cells are specialized cells that 

take up foreign particles and transfer them to the lymphoid 

follicles underneath the intestinal epithelium. The SMA 

micelles showed colocalization with M-cells stained with 

UEA-1 lectin. These M-cells are known to show transcy-

tosis of microparticles to the underlying lymphoid tissue.52 

Microscopic observation of the Peyer’s patches isolated 

from the intestinal tissue showed accumulation of SMA-DiI 

fluorescence beneath the epithelial lining of these Peyer’s 

patches, confirming the uptake and transport of the SMA 

micelles through the M-cells to the underlying lymphoid 

tissue. Ileum sections are known to have large numbers of 

Peyer’s patches as compared with jejunum and duodenum 

sections.53 The higher transport of SMA micelles through 

the ileum sections as compared with other sections of the 

intestine further emphasize SMA micellar uptake through 

the M-cells along with the enterocytes. The M-cell uptake 

of SMA micelles reduces the lysosomal degradation of the 

nanoparticles, as M-cells have fewer lysosomes compared 

with enterocytes.51 This transport pathway can favor the use 

of SMA delivery for oral vaccine delivery.54

Conclusion
This study demonstrates that SMA micelles can traverse 

in vitro and ex vivo models of intestinal epithelium without 

affecting tissue integrity, thus reducing the possibility of 

any toxicity toward the intestinal epithelium. The transport 

of SMA micelles was found to be mediated through M-cell 

uptake along with enterocytes, which could potentiate 

increased bioavailability of the drug encapsulated in the 

micelles. Altogether our data confirms the advantages of 
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the use of SMA micelles as a nanocarrier system for oral 

drug delivery.
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Supplementary materials

Figure S1 Size distribution of 7.5% SMA-Epi was determined by TEM at 
concentration of 1 mg/mL in water with 1% phosphotungstic acid for staining.
Notes: Boxes indicate a single SMA micellar particle. The size of 7.5% SMA-Epi by 
TEM is calculated as the average of the four particles labeled in the figure.
Abbreviations: Epi, epirubicin; SMA, styrene maleic acid; TEM, transmission 
electron microscope.

Figure S2 The particle size distribution in the media from the lower compartment 
after a 3-hour incubation with 18% SMA-Epi micelles (green) and 18% SMA-Epi 
micelle in 0.1 M NaHCO3 (red) was determined using a Malvern Zetasizer.
Abbreviations: Epi, epirubicin; SMA, styrene maleic acid.

Figure S3 Cytotoxicity of endocytosis inhibitors against Caco-2 cells, evaluated through MTT assay. The cytotoxicity of endocytosis inhibitors was assessed over 4 hours 
using MTT assay. Data expressed as mean ± SEM (n=4).
Abbreviations: MTT, (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide); SEM, standard error of the mean.
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