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Abstract: Oral administration of paclitaxel (PTX), a broad spectrum anticancer agent, is
challenged by its low uptake due to its poor bioavailability, efflux through P-glycoprotein,
and gastrointestinal toxicity. We synthesized PTX nanomicelles using poly(styrene-co-maleic
acid) (SMA). Oral administration of SMA-PTX micelles doubled the maximum tolerated
dose (60 mg/kg vs 30 mg/kg) compared to the commercially available PTX formulation (PTX
[Ebewe]). In a murine orthotopic colon cancer model, oral administration of SMA-PTX micelles
at doses 30 mg/kg and 60 mg/kg reduced tumor weight by 54% and 69%, respectively, as compared to the control group, while no significant reduction in tumor weight was observed with
30 mg/kg of PTX (Ebewe). In addition, toxicity of PTX was largely reduced by its encapsulation into SMA. Furthermore, examination of the tumors demonstrated a decrease in the number
of blood vessels. Thus, oral delivery of SMA-PTX micelles may provide a safe and effective
strategy for the treatment of colon cancer.
Keywords: oral delivery, anticancer nanomedicine, CT-26, enhanced permeability and retention (EPR) effect, HUVEC, antiangiogenic

Introduction
Oral administration of chemotherapeutics is a largely unmet clinical need that could
improve the quality of life for cancer patients.1 So far, there is no single anticancer
nanoformulation that is approved for oral use. In contrast to the intravenous administration, oral delivery can be tailored to maintain prolonged plasma drug concentrations,
above the therapeutic level, in cancer cells. This prolonged exposure is especially
beneficial for cell-cycle-specific chemotherapeutic agents such as paclitaxel (PTX).
PTX, a microtubule stabilizing agent, is currently approved by the US Food and Drug
Administration for its broad spectrum efficacy in advanced and refractory non-small
cell lung, ovarian, and breast cancers and Kaposi’s sarcoma.2 PTX as a single agent
administered through intravenous infusion failed to show effective antitumor efficacy
in a Phase II clinical trial for patients with colorectal adenocarcinoma.3 Many colorectal
cancers are characterized by chromosomal instability and APC mutations. However,
PTX (microtubule stabilizing agent) might be an effective anticancer agent in the subset
of colorectal cancers lacking chromosomal instability and APC mutations.4 Furthermore,
studies have shown that PTX inhibits cell migration and VEGF-induced neovascularization and has an antiproliferative effect toward activated endothelial cells.4
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The antiangiogenic activity of PTX2 was demonstrated
at low concentrations and thus it is considered a suitable
candidate for metronomic chemotherapy.
Colon tumors exhibit increased permeability of the intestinal epithelium due to tight junction modifications.5,6 Thus,
oral administration would facilitate as an effective strategy
for the chemotherapeutic agent to reach the tumor site.
However, oral administration of PTX has several limitations.
The hydrophobicity of PTX affects the bioavailability of the
drug.7,8 Additionally, PTX is a substrate of P-glycoprotein
and cytochrome P450 monooxygenase 3A4,9 which promotes its efflux and metabolism, respectively, and limits its
absorption into the systemic circulation. Furthermore, oral
administration of PTX is associated with side effects such
as nausea, vomiting, and diarrhea.8
The nanocarrier-based approach for oral drug delivery
will increase solubility of highly hydrophobic drugs, limit
toxicity to the gastrointestinal (GI) tract, reduce metabolism,10
and overall improve the bioavailability.11 Furthermore, the
nanosized carriers show an enhanced permeability and retention (EPR) effect12,13 by taking advantage of the wide fenestrations of the tumor vasculature to leak out into the surrounding
tumor tissue, and the impaired lymphatic drainage14,15 leads
to retention in the tumor tissue.
We had previously shown that poly(styrene-co-maleic
acid) (SMA) micelles can traverse the intestinal epithelium and accumulate at the tumor site following oral
administration.16 In this study, we evaluated the anticancer
activity of PTX encapsulated into SMA nanomicelles in a
murine orthotopic colon cancer model. We show that oral
administration of SMA-PTX micelles showed a significant reduction in tumor weight without any toxicity and
thus could provide an effective strategy for treatment of
colon tumors.

CA, USA). Creatinine assay kit was obtained from Cayman
Chemical (Ann Arbor, MI, USA).

Materials and methods

Lyophilized SMA-PTX micelles was solubilized in either
NaHCO3 (0.1 M, pH 7.4) to determine the size and polydispersity index (PDI) or in distilled water or 10 mM KCl to
estimate the charge. All measurements were done using the
Malvern ZEN3600 Zetasizer Nano series (Malvern Instruments, Malvern, UK). The results were obtained from three
independent experiments.

Cumene-terminated poly(styrene-co-maleic anhydride)
(Mn ~1,600) and N-(3-dimethylaminopropyl)-N′ethylcarbodiimide hydrochloride (EDAC) were obtained
from Sigma-Aldrich Co. (St Louis, MO, USA). The Infinity
Alanine Aminotransferase (ALT) Colorimetric Assay kit
and Roswell Park Memorial Institute (RPMI) 1640 medium
were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Diaminobenzidine (DAB) substrate kit and
antibody to CD-105 was purchased from antibodies-online
Inc. (Atlanta, GA, USA). Goat antirabbit secondary antibody
was obtained from Calbiochem (San Diego, CA, USA). PTX
was obtained from LC Laboratories (Woburn, MA, USA).
Matrigel was obtained from BD Biosciences (San Jose,
3980

Powered by TCPDF (www.tcpdf.org)

submit your manuscript | www.dovepress.com

Dovepress

Synthesis of SMA micelles
SMA micelles were prepared as described previously. 17
Briefly, SMA was hydrolyzed in 1 M NaOH at 70°C. Once
soluble, the pH was adjusted to 7.0. SMA solution (8 mL of
10 mg/mL) was adjusted to pH 5, and the volume was made up
to 50 mL using deionized water. Next, 20 mg of PTX solubilized
in 1 mL of dimethyl sulfoxide (DMSO) and EDAC solubilized
in distilled water (80 mg/mL) were added to the SMA solution
under constant stirring and left for 20 minutes at pH 5. The solution was then adjusted to pH 11 with 0.1 N NaOH and stirred
for 30 minutes to allow the formation of the SMA micelles and
encapsulation of PTX. The pH was readjusted to 7.4, and the
solution 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-PTX micelles powder.

Loading of the SMA micelles
SMA-PTX micelles were solubilized at 1 mg/mL in methanol,
and the loading was measured by high-performance liquid
chromatography (HPLC) using a BM-20Alite Prominence
HPLC system (Shimadzu Corporation, Kyoto, Japan) on
a reversed-phase Gemini 3 μm C18, 110A, 150×2 mm
column (Phenomenex Gemini-NX) with a 2×4 mm C18
guard column. The mobile phase was acetonitrile and
0.03 M phosphate buffer (pH 3; 1:1 ratio). The flow rate was
1 mL/min with an injection volume of 10 μL, and the column
temperature was set at 30°C. PTX peaks were detected at
226 nm with the retention time of 8.5 minutes.

Size, PDI, and zeta potential
determination of SMA micelles

Release rate of PTX from SMA micelles
at physiological pH and in simulated
gastric fluid
Using a dialysis bag with a 12 kDa molecular weight cutoff,
1.5 mL of SMA-PTX micelles solution in distilled water
(1 mg/mL) was dialyzed against 15 mL of distilled water
International Journal of Nanomedicine 2016:11
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(pH 7.4 or 6.8) or simulated gastric fluid (SGF; with pepsin,
pH 1.6). At specified time points, 1 mL of the solution outside
the dialysis bag was used to measure the PTX released by
HPLC (as described earlier). The percentage of release was
determined by the ratio of the amount of drug in the solution
outside the bag at defined time points and that within the bag
at t=0 minutes as follows:
% release =

Amount outside the bag
×100
Amount inside the bag at t=0 minutes



(1)

In vitro cytotoxicity of SMA micelles
CT-26.luc cells (gift from Professor Leonard W Seymour)
were maintained in RPMI medium supplemented with 10%
of fetal bovine serum, 2 mM of l-glutamine, 400 µg/mL of
geneticin, 12.5 µg/mL of puromycin, 100 U/mL of penicillin,
100 µg/mL of streptomycin, and 2.2 g/L of NaHCO3. The
cells were harvested using TrypLE Express (Thermo Fisher
Scientific). To determine the cytotoxicity, CT-26.luc cells
were seeded into 96-well plates (8,000 cells/well). After a
24-hour incubation, the cells were treated for 72 hours with
PTX or SMA-PTX micelles at the equivalent concentrations
indicated. SMA and DMSO were used as control. Following
the incubation, the cells were fixed using 10% trichloroacetic
acid solution. Cytotoxicity was determined using the sulforhodamine B assay.18 The concentration required to decrease
the cell number by 50% (IC50) was determined by nonlinear
regression using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA).

Endothelial tube formation assay

Matrigel (reduced growth factors) reduced (40 μL) was
added to each well of a 96-well plate and incubated for
45 minutes at 37°C to allow solid gelation. Human umbilical vein endothelial cells (HUVECs) (2×104 cells/well) were
seeded on the top of Matrigel matrix layer. To establish a
coculture, HUVECs (1.2×104 cells/well) and CT-26.luc
cells (1.6×104 cells/well) were seeded on Matrigel. PTX
or SMA-PTX micelles (0.1 nM or 1 nM, respectively) was
added into the wells and incubated for 20 hours at 37°C in
5% CO2 atmosphere. Representative images were taken from
HUVECs alone and coculture with CT-26.luc cells following
treatment with PTX or SMA-PTX micelles.

pathogen-free conditions at 21°C–24°C on a scheduled 12-hour
light/dark cycle, with access to sterile food (Reliance Rodent
Diet, Dunedin, New Zealand) and water ad libitum. All the animal procedures were approved and followed as per the guidelines
of the animal ethics committee of the University of Otago.

Determination of maximum
tolerated dose
Female BALB/c mice (4–8 weeks) were dosed by oral gavage, with either SMA-PTX micelles (in 0.1% NaHCO3) or
commercial PTX formulation (PTX [Ebewe]) or PTX solubilized in 10% DMSO (n=6 per group). A total of 25 mg/kg
equivalent dose of PTX was orally administered, and body
weight was measured for 4 days. The dose was escalated
by 25 mg/kg, until either a maximum of 150 mg/kg or body
weight loss of .10% was observed. Repeated maximum
tolerated dose (MTD) was determined using healthy female
BALB/c mice (4–8 weeks; n=4 per group). The mice were
orally administered either SMA-PTX micelles (in 0.1%
NaHCO3) or PTX (Ebewe) or PTX solubilized in DMSO.
A dose of 30 mg/kg equivalent of PTX was administered
every alternate day for 2 weeks. The dose was escalated
by 30 mg/kg until the animals showed a body weight loss
of .10%, which was deemed the repeated MTD. The animal
body weight was measured daily.

Anticancer activity of SMA-PTX micelles
following oral administration in CT-26.luc
murine orthotropic colon cancer model
Surgery for intracecal injection was carried out according to
Tseng et al.19 BALB/c mice were anesthetized to expose the
abdominal cavity through an incision in the abdominal region.
The cecum was lifted from beneath the small intestine using
forceps. CT-26.luc cells (2×105 cells suspended in 50 μL of the
RPMI medium) were injected subserosally in the cecal wall,
and the abdominal incision was sutured. The mice were subcutaneously injected with carprofen (5 mg/kg) and amphoprim
(30 mg/kg) twice daily for 3 days post-surgery. Eight days
after the surgery, the 28 mice were randomly divided into
control, SMA-PTX micelles (30 mg/kg and 60 mg/kg, po), and
PTX (30 mg/kg, po) groups (seven mice per group). The doses
were repeated every alternate day for 21 days post-surgery.
The animal weight was assessed every day.

Animal housing and care

Toxicity analysis: body and organ weight,
plasma ALT activity, and plasma creatinine
levels

BALB/c mice were purchased from the Hercus Taieri Resource
Unit (Dunedin, New Zealand). The mice were housed in

Organs such as liver, spleen, kidney, heart, and lungs were
weighed at the end of the experiment (day 24) and weight was
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expressed as the ratio of organ weight to body weight of the
mice and compared to the control group. The ALT activity in
mice plasma samples was quantified using the ALT colorimetric assay kit (Thermo Fisher Scientific). Plasma samples and
ALT reagent (37°C) were added to a 96-well plate in 1:10 ratio,
respectively. Absorbance was measured at 340 nm using a
microplate spectrophotometer at 37°C every 30 seconds for
1 minute. The ALT activity was expressed as international
units per liter (IU/L) using the following equation:
ALT activity
TV × 100 (2)
= ∆ absorbance/minute ×
(IU/L)
6.3 × SV × p 
where Δ absorbance/minute is equal to (absorbance at
t=0 minutes - absorbance at t=3 minutes)/3, TV is the total
volume/well, 6.3 is the mM coefficient of NADH, SV is the
sample volume, and p is the path length (0.3 cm).
Plasma creatinine levels were measured using a creatinine
assay kit. Either plasma samples or standards were added to
the 96-well plate. Creatinine reaction buffer and creatinine
color reagent were added to these wells. The absorbance values were measured at 490 nm at t=1 minute and t=7 minutes.
The creatinine concentration was determined by calculating
optical density (OD) using the following equation:
∆ OD = Absorbance at t=7 minutes
− absorbance at t=1 minute 

(3)

Δ OD of standard was subtracted from all readings to obtain
adjusted Δ OD.
The standard adjusted Δ OD was then plotted to fit a
linear regression. The change in absorbance was calculated
and compared to a standard curve to determine the amount
of creatinine present in the sample.
 mg  Adjusted sample ∆ OD − Y intercept
Creatinine 
=
 dL 
Slope


(4)

Immunohistochemistry of tumor sections
Tumors were embedded in the optimal cutting temperature
compound, sectioned (10 µm), and air-dried overnight. The
sections were then washed in phosphate-buffered saline,
fixed in acetone, and incubated using hydrogen peroxide
(3%) to decrease endogenous peroxidase activity. The tissue
sections were then blocked in the bovine serum albumin solution supplemented with serum (1.5%) and avidin for 1 hour
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at room temperature (RT) and then incubated overnight
with CD105 antibody with biotin at 4°C. The slides were
then rinsed with phosphate-buffered saline and incubated
with goat antirabbit secondary antibody for 30 minutes at
RT in a humidified chamber, followed by incubation with
streptavidin for 30 minutes at RT before development with
3,3′-diaminobenzidine tetrahydrochloride, followed by
counterstaining with Hematoxylin QS. Once slides were
dehydrated, DPX mounting medium and coverslips were
applied. The images were obtained using Aperio ScanScope
CS digital pathology system (Aperio, Vista, CA, USA).
The tumor sections from each mouse were analyzed.

Statistical analysis
Statistical analysis was carried out using GraphPad Prism™.
Data were assessed using either one-way or two-way ANOVA
with a Bonferroni post hoc test. The significance was set
at P,0.05.

Results
Synthesis and characterization of
SMA-PTX micelles
The SMA micelles synthesized had a recovery of 97%. The
loading was 18.2% and is expressed as weight percentage
of PTX in the final micelles compared to the total weight
of recovered SMA micelles. The mean diameter of the
SMA-PTX micelle was 195±12.3 nm as determined by
dynamic light scattering. The PDI of SMA-PTX micelles
was 0.34±0.02 and zeta potential was -0.06 mV in deionized
water and 0.02 mV in 10 mM KCl (Table 1).

SMA-PTX micellar stability
The release rate of PTX from the SMA micelle was evaluated
at physiological pH 7.4, intestinal pH 6.8, and in SGF (pH 1.6).
Table 1 Recovery, loading, size, PDI, and zeta potential of SMAPTX micelles
Micelle

SMA-PTX micelles

Recoverya
Loadingb
Size (d⋅nm)c
PDIc
Zeta potential (mV)c

97%
18.2%
195±12.3
0.34±0.02
-0.06±0.02d

Notes: aRecovery was calculated as the percentage of recovered material (lyophilized
powder) to the total starting material. bLoading of SMA-PTX micelle was determined
by quantifying amount of PTX by HPLC with UV detection at 227 nm. cThe size,
PDI, and zeta potential were determined by DLS. dZeta potential measured in
10 mM KCl. Data are presented as mean ± standard deviation.
Abbreviations: PDI, polydispersity index; SMA, poly(styrene-co-maleic acid);
PTX, paclitaxel; HPLC, high-performance liquid chromatography; UV, ultraviolet;
DLS, dynamic light scattering.
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Figure 1 In vitro release rate of PTX from SMA-PTX micelles.
Notes: In vitro release of PTX from SMA-PTX micelles was assessed over a period
of 36 hours, at physiological pH 7.4, intestinal pH 6.8, and in SGF pH 1.6, using a
dialysis method. The HPLC method was used for PTX quantification at 226 nm. Data
are expressed as mean ±  SEM (n=4). The release rate was analyzed using a two-way
ANOVA coupled with Bonferroni post hoc test. *P,0.05 versus physiological pH
and intestinal pH.
Abbreviations: PTX, paclitaxel; SMA, poly(styrene-co-maleic acid); SGF, simulated
gastric fluid; HPLC, high-performance liquid chromatography; SEM, standard error
of the mean; ANOVA, analysis of variance; h, hours.

Approximately 10% of PTX was released during the first
4 hours, at physiological pH, intestinal pH, and in SGF
(Figure 1). After 12 hours, the release at physiological pH,
intestinal pH, and in SGF increased to 24%, 19%, and 27%,
respectively. From 12 hours to 24 hours, the release at
physiological pH and intestinal pH was constant, increasing to 32% and 25%, respectively, at 36 hours. However,
the PTX released in SGF was 50% and 73% after 24 hours
and 36 hours, respectively. The time required by the SMA
micelles to transit through the stomach (pH 1.6) to the small
intestine (pH 6.8) was ~2 hours. The release rate of PTX
from SMA-PTX micelles in SGF (pH 1.6) for the initial
2 hours was less than 10% (Figure 1); thus, based on the
stability in gastric pH, SMA-PTX micelles were suitable
for oral delivery.

Cytotoxicity of SMA-PTX micelles
The cytotoxicity of SMA-PTX micelles was compared to
commercially available PTX (Ebewe) and free PTX solubilized in 0.2% DMSO using CT-26.luc mice colon cancer
cells (Figure 2A). The IC50 values for SMA-PTX micelles,
free PTX, and PTX (Ebewe) were 104.8 nM, 84.7 nM, and
101.5 nM respectively (Figure 2B). Thus, the commercially
available PTX and SMA-PTX micelles showed approximately similar cytotoxicity toward CT-26.luc cells.
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Figure 2 Cytotoxicity of SMA-PTX micelles against CT-26.luc cells.
Notes: (A) The cells were treated over a period of 72 hours with specific
concentrations of PTX and SMA-PTX micelles. The cell number was determined
using the SRB assay. (B) IC50 value determination was performed using GraphPad
Prism. Data are expressed as mean ± SEM (n=3). The change in the cell number was
analyzed using a two-way ANOVA coupled with Bonferroni post-hoc test. *P,0.05
versus PTX (in 0.2% DMSO), PTX (Ebewe), and SMA-PTX micelles.
Abbreviations: SMA, poly(styrene-co-maleic acid); PTX, paclitaxel; SRB,
sulforhodamine B; SEM, standard error of the mean; ANOVA, analysis of variance;
DMSO, dimethyl sulfoxide.

Effect of SMA-PTX micelles on
endothelial tube formation
In vitro models of angiogenesis, using HUVECs and coculture with CT-26.luc cells, were employed to ascertain if the
SMA-PTX micelles showed potential efficacy. As seen in
Figure 3A, PTX and SMA-PTX micelles (0.1 nM and 1 nM)
completely inhibited endothelial tube formation by HUVECs.
Since advanced colorectal tumors are often associated with
tumor cells exhibiting vascular mimicry,20 the effect of SMAPTX micelles was evaluated on coculture of HUVECs and
CT-26.luc cells. PTX (1 nM) moderately inhibited, while
1 nM of SMA-PTX micelles completely abolished vascular
mimicry (Figure 3B). SMA alone had no effect on endothelial
tube formation.

MTD of SMA-PTX micelles following
oral administration
Furthermore, to evaluate the safe doses of SMA-PTX micelles
for oral administration, an MTD study was performed. In the
single-dose study, oral administration of SMA-PTX micelles
120 mg/kg and free PTX 120 mg/kg solubilized in 10% DMSO
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Figure 3 Effect of SMA-PTX micelles on tube formation using HUVECs.
Notes: (A) HUVECs were treated with PTX or SMA-PTX micelles (0.1 nM or 1 nM) for 20 hours. (B) CT-26.luc cells cocultured with HUVECs were treated with PTX or
SMA-PTX micelles (1 nM) for 20 hours. Representative pictures were taken. The scale bar denotes 100 μm.
Abbreviations: SMA, poly(styrene-co-maleic acid); PTX, paclitaxel; HUVECs, human umbilical vein endothelial cells.

resulted in ,10% body weight loss, as observed over a period
of 4 days (Figure 4A). However, in the group of six mice
administered with PTX (Ebewe), two mice died following an
oral dose of 80 mg/kg of PTX (Ebewe) due to the neurotoxicity associated with the PTX formulation. Thus, single MTD
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in the female BALB/c mice for PTX (Ebewe) was 60 mg/kg
and 120 mg/kg for SMA-PTX micelles (Table 2). Free PTX
administered with 10% DMSO did not show any weight loss
at 120 mg/kg similar to SMA-PTX micelles. However, at this
dose, free PTX was not completely soluble in 10% DMSO. In
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Figure 4 Mice body weight changes during treatment with single and repeated MTDs of SMA-PTX micelles and PTX.
Notes: (A) The mice were administered a single dose of SMA-PTX micelles 120 mg/kg or PTX 60 mg/kg, and their body weight was monitored for 2 weeks. (B) The mice
were administered either SMA-PTX micelles 60 mg/kg or PTX 30 mg/kg every alternate day, and their body weight was monitored for 2 weeks. n=3 for all the treatment
groups. The change in weight was analyzed using a two-way ANOVA coupled with Bonferroni post hoc test with P,0.05 as the required statistical significance.
Abbreviations: MTD, maximum tolerated dose; SMA, poly(styrene-co-maleic acid); PTX, paclitaxel; ANOVA, analysis of variance.
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Table 2 MTD of PTX formulations
MTD in BALB/c mice

PTX (solubilized PTX
SMA-PTX
in DMSO)
(Ebewe) micelles

Single dosea
.120 mg/kg
Repeated dose (doses every .120 mg/kg
alternate day for 8 days)b

60 mg/kg 120 mg/kg
30 mg/kg 60 mg/kg

Notes: an=6 for single-dose study. bn=4 for repeated-dose study.
Abbreviations: MTD, maximum tolerated dose; PTX, paclitaxel; DMSO, dimethyl
sulfoxide; SMA, poly(styrene-co-maleic acid).

the repeated dose study, 30 mg/kg dose showed ,10% body
weight loss in both SMA-PTX micelles and PTX (Ebewe)
groups as observed over a period of 2 weeks. However, with
the dose of 60 mg/kg, the mice in the PTX (Ebewe) group
showed .20% body weight loss (Figure 4B). Thus, the
repeated MTD in the BALB/c mice was 60 mg/kg for SMAPTX micelles and 30 mg/kg for PTX (Ebewe; Table 2).
Furthermore, the body weights of mice treated with SMAPTX and PTX as single and repeated doses were not significantly different from the weight at day 1, suggesting that the
treatments did not have any effect on the general health of
mice (Figure 4). A single dose of 60 mg/kg PTX resulted in a
significant increase in the liver weight (7.44%±0.53% of the
body weight) and spleen weight (0.86%±0.08% of the body
weight) compared to the control liver weight (6.11%±0.33%
of the body weight) and control spleen weight (0.61%±0.08%
of the body weight; Figure S1). No significant differences in
the plasma ALT activity or creatinine levels were observed
between any of the treatment groups (Table S1). Overall, the
MTDs of SMA-PTX micelles and PTX (Ebewe) did not elicit
any significant systemic toxicity.

Antitumor efficacy and antiangiogenic
potential of SMA-PTX micelles following
oral administration in an orthotopic
colon cancer model
To determine the antitumor efficacy of orally administered
SMA-PTX micelles, an orthotopic colon cancer mouse
model was utilized. Tumor size reduction was clearly
observed following oral administration of SMA-PTX micelles
(60 mg/kg and 30 mg/kg) compared to PTX (Ebewe; 30 mg/kg;
Figure 5A and B). Furthermore, oral administration of SMAPTX micelles 30 mg/kg resulted in an average tumor weight
of 187.8±52.8 mg and SMA-PTX micelles 60 mg/kg resulted
in an average tumor weight of 126.4±27.8 mg, showing 54.8%
and 69.6% reduction, respectively in the tumor weight as
compared to the tumors of the control group (416.4±53.3 mg;
Figure 5B). Additionally, SMA-PTX micelles 60 mg/kg
resulted in 63.3% tumor weight reduction as compared to the
PTX (Ebewe) group (344.5±76.7 mg; Figure 5B), without any
International Journal of Nanomedicine 2016:11

toxic effects (Figure 5C and D). To determine if the tumor
reduction shown by SMA-PTX micelles was accompanied
with a decrease in microvessel density, tumors were stained for
the blood vessel marker CD105. As seen in Figure 6A, administration of SMA-PTX micelles (30 mg/kg and 60 mg/kg, po)
was associated with significantly decreased CD105 staining,
by 56% compared to control tumors. Furthermore, administration of SMA-PTX micelles (60 mg/kg, po) resulted in
significantly decreased CD105 staining (50%) compared to
mice treated with PTX (30 mg/kg, po; Figure 6B).

Toxicity analysis of SMA-PTX micelles in
the orthotopic colon cancer model
To determine the general health of the animal, body weight
was measured thrice weekly during the treatment period
(Figure 5D). The body weight of all four groups was not significantly different from the weight at day 1, suggesting that
the treatments did not have any effect on the general health
of mice. The liver, kidney, spleen, heart, and lungs from all
the mice were collected and evaluated for toxicity. No difference was observed in the weight of the organs between
the treatment groups (Figure 5C). To further investigate any
treatment-induced toxicity to the liver and kidney, the plasma
ALT activity and creatinine levels were measured at the end
of the treatment period. Collected blood showed no evidence
of hemolysis and the plasma was clearly separated.
No significant differences in the plasma ALT or creatinine
levels were observed between any of the treatment groups.
Additionally, plasma ALT activity and creatinine levels were
within the normal range for laboratory mice.21 Overall, the
dosing regimen for oral administration of SMA-PTX micelles
at 30 mg/kg and 60 mg/kg and PTX at 30 mg/kg elicited no
significant systemic toxicity (Table 3).

Discussion
Colon tumors exhibit increased permeability of the intestinal
epithelium due to tight junction modifications.5,6 Thus, oral
administration would be an efficient strategy for treatment
of colorectal cancer, since the chemotherapeutic agent could
effectively reach the tumor site. However, oral administration of PTX is associated with a number of limitations. PTX
is poorly absorbed by the intestinal epithelium22 and shows
oral bioavailability of ,1% in the murine model23 and ,6%
in human beings.8
Polymeric micelles are the second most commonly
studied drug delivery system in cancer therapeutics24 and
have been evaluated to deliver single or multiple chemotherapeutic agents, targeted toward the tumor tissue.25–27 However,
their use as an oral drug delivery system is limited. The use
submit your manuscript | www.dovepress.com
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Figure 5 Effect of SMA-PTX micelles in the orthotopic colon cancer model.
Notes: BALB/c mice were implanted with CT-26.luc cells, subserosally into the cecum wall. Eight days post-implantation, the mice were randomly divided into treatment
groups (control, SMA-PTX micelles 30 mg/kg, SMA-PTX micelles 60 mg/kg, and PTX 30 mg/kg) and treated every alternate day for 22 days. n=7 for all the treatment groups.
(A) Tumor images after necropsy on the 24th day. The scale bar indicates 10 mm. (B) Tumor weight distribution across all the treatment groups. Data were analyzed by twoway ANOVA coupled with Bonferroni post hoc test. All values are expressed as mean ± SEM. *P,0.05 and **P,0.01 were the required statistical significance. (C) The liver,
spleen, kidney, heart, and lung weight were described as a percent of body weight as measured after euthanization. Data were analyzed using a one-way ANOVA coupled
with Bonferroni post hoc test. All values are expressed as mean ± SEM. *P,0.05 was the required statistical significance. (D) The change in body weight was analyzed using
a two-way ANOVA coupled with Bonferroni post hoc test. Treatment days are indicated by arrows. All values are expressed as mean ± SEM.
Abbreviations: SMA, poly(styrene-co-maleic acid); PTX, paclitaxel; ANOVA, analysis of variance; SEM, standard error of the mean.
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Figure 6 Microvessel density in tumors from mice treated with oral PTX and SMA-PTX micelles.
Notes: (A) Representative pictures of CD105 staining from tumor sections of all treatment groups. The scale bar denotes 100 μm. (B) Microvessel density in tumor sections
from the treatment groups. Values are expressed as mean ± SEM. n=7 for all the treatment groups. Data were analyzed by one-way ANOVA coupled with Bonferroni post
hoc test with *P,0.05 and **P,0.01 as the required statistical significance.
Abbreviations: PTX, paclitaxel; SMA, poly(styrene-co-maleic acid); SEM, standard error of the mean; ANOVA, analysis of variance.

of amphiphilic nanocarrier systems, such as SMA micelles
allows the encapsulation of these hydrophobic drugs into the
core of the micelles with the hydrophilic carboxyl groups
of maleic acid forming the outer shell and hydrophobic
styrene rings forming the inner core, enabling the formulation to have a high aqueous solubility. Furthermore, SMA
micelles are not a substrate for P-glycoprotein, and it has been
shown that intracellular accumulation of SMA micelles is
essentially dependent on the endocytosis process and is not
subjected to membrane transporters.28 Thus, encapsulation
of PTX into SMA micelles would avoid the efflux from the
intestinal epithelium cell. The amphiphilic nature of SMA
micelles was effective in bringing about the high loading
of PTX (18%) and thus this formulation is advantageous
compared to other polymeric micellar formulations such
as pegylated poly(trimethylene carbonate) or cholesteryl
2-(5-methyl-2-oxo-1,3-dioxane-5-carboxyloyloxy)ethyl
Table 3 Plasma ALT activity and creatinine levels after treatment
with SMA-PTX micelles and PTX in an orthotopic colon cancer
model
Treatment groups

Plasma ALT
activity (U/L)a,b

Plasma creatinine
(mg/dL)a,b

Control
SMA-PTX micelles (60 mg/kg)
SMA-PTX micelles (30 mg/kg)
PTX (30 mg/kg)

13.06±3.68
12.53±5.94
13.96±3.98
10.55±4.31

1.20±0.09
0.98±0.41
0.99±0.42
1.33±0.22

Notes: aValues are expressed as mean ± SEM. bData were analyzed using a one-way
ANOVA coupled with Bonferroni post hoc test with P,0.05 as the required
statistical significance.
Abbreviations: ALT, alanine aminotransferase; SMA, poly(styrene-co-maleic acid);
PTX, paclitaxel; SEM, standard error of the mean; ANOVA, analysis of variance.

International Journal of Nanomedicine 2016:11

carbamate, which require hydrophobic modifications to
achieve higher loading of the drugs.29 The currently available commercial PTX formulations in Cremophor EL and
dehydrated ethanol (1:1) induce hypersensitivity reactions
attributed to the Cremophor. Additionally, the amount of
Cremophor necessary to solubilize the therapeutic doses of
PTX is significantly higher than that of any other marketed
drug.30 SMA-PTX micelles formulation showed good aqueous solubility and no toxicity or hypersensitivity associated
with the copolymer and therefore could be advantageous over
the commercially available PTX formulations.
The nanosize of the SMA-PTX micelles (195 nm) would
favor the tumor accumulation due to the EPR effect and
evasion of renal clearance (size .7 nm of the glomerular
slits).31 The SMA-PTX micelles showed PDI of 0.34, thereby
suggesting that SMA micelles had low aggregation.32 The
SMA micelles displayed near-neutral surface charge. Carboxylated poly(styrene) nanoparticles show a significantly
decreased affinity to intestinal epithelia, compared to positively charged and uncharged poly(styrene) nanoparticles.33
However, negatively charged poly(anhydride) copolymers
of fumaric and sebacic acids were detected in paracellular
spaces, enterocytes, and Peyer’s patches and showed a twofold increase in the absorption rates of dicoumarol.34 Thus,
the near-neutral charge of SMA micelles is beneficial for
increased affinity toward the intestinal epithelium as well
as accumulation in Peyer’s patches.
The SMA micelles are stable at physiological pH and
intestinal pH. However, at gastric pH, there is a steady rise
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in the release rate of the drug from the micelles. The relatively higher release rate under acidic conditions could be
attributed to the protonation of the maleate component of
the SMA copolymer, 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.35 This effect could result in the
release of PTX that is not in hydrophobic interaction with
the styrene core, resulting in burst release. The acidic pH
of the stomach can impede the stability of polymeric drug
delivery systems.36 However, SMA micelles showed a release
of ,12% of PTX in SGF for the initial 2 hours, which is the
time required for gastric transit. PEG2000-DSPE TPGS1000
and dequalinium micelles encapsulating PTX showed 60%
and 50% release in gastric fluid and at physiological pH,
respectively, at 24 hours.37 Thus, SMA-PTX micelles display
higher stability with 50% and 20% release in gastric fluid
and at physiological pH, respectively at this time point.
Furthermore, PAH-PAA-PTX-layersomes encapsulating
PTX showed 70% release at physiological pH at 24 hours.38
These lipid-based formulations display poor stability to
aggregation of the constituent phospholipids10,36,39 and require
surface modifications for maintaining stability under gastric
conditions.40 This indicates an advantage of SMA micelles
over other lipid-based nanoformulations.
The encapsulation of PTX into SMA micelles did not
alter the cytotoxic effect of PTX. SMA-PTX micelles showed
comparable IC50 values as compared to the free PTX and
PTX (Ebewe) in CT-26.luc colon cancer cells. Furthermore,
the SMA copolymer did not affect the cell viability at the
mentioned concentrations, which is in agreement with the
previous study41 and supports the inert nature of SMA copolymer previously described.42 PTX exhibits antiangiogenic
properties that were shown by the reduction of proliferation,
mobility, and cord formation of endothelial cells. Additionally, PTX was shown to inhibit VEGF-induced neovascularization and in vivo angiogenesis.43,44 SMA-PTX micelles
showed similar antiangiogenic potential as PTX by inhibiting
the ability of HUVECs to form tube-like networks.
Colorectal cancers usually show no phenotypic symptoms
at early stages45 and thus are often detected at advanced stages
due to lack of screening and relevant biomarkers. Liu et al
identified the presence of vascular mimicry in 19.2% of colorectal cancer patients, which was associated with induction
of epithelial mesenchymal transition by zinc finger E-box
binding homeobox 1.46 Baeten et al showed a correlation
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between vascular mimicry and cancer stage and that the
incidence of vascular mimicry is associated with the shortened survival time within the intermediate cancer stages.20
Thus, vascular mimicry is an important target in current
antiangiogenic therapies for colorectal cancers. In our study,
in a coculture model of HUVECs and CT-26.luc cells, the
ability of PTX to inhibit formation of tube-like network was
reduced, which could be attributed to the interaction with the
cancer cells. However, the interaction of CT-26.luc cells with
HUVECs was significantly reduced by the treatment with
SMA-PTX micelles, which inhibits the tube-like formation
exhibiting the antiangiogenic effect of SMA-PTX micelles
by targeting vascular mimicry. Furthermore, in a murine
orthotopic colon cancer model, a significant reduction of
microvessel density was observed in SMA-PTX micellestreated tumor sections as compared to PTX (Ebewe)-treated
tumor sections exhibiting improved antiangiogenic effect of
SMA-PTX micelles.
The single and repeated MTDs of SMA-PTX micelles
(120 mg/kg and 60 mg/kg, respectively) following oral delivery showed a twofold increase in the therapeutic window as
compared to that of the commercially available PTX (Ebewe;
60 mg/kg and 30 mg/kg, respectively). In contrast, the free
PTX group showed no toxic effect at 120 mg/kg since PTX
is not soluble at such a high dose2 and thus is less likely to be
absorbed by the intestinal epithelium. In a Phase II clinical
trial for patients with colorectal adenocarcinoma, PTX as a
single agent administered through intravenous infusion failed
to show effective antitumor efficacy.3 However, since PTX
is a microtubule-stabilizing agent, it might be an effective
anticancer agent in the subset of colorectal cancers lacking
chromosomal instability and APC mutations. In this study,
the CT-26.luc colon carcinoma model was chosen since
it does not show APC mutations (although it can exhibit
chromosomal instability)47 and because it shows sensitivity
toward PTX.48 Oral administration of SMA-PTX micelles
at 30 mg/kg and 60 mg/kg led to 54% and 69% reduction in
the tumor weight, respectively, as compared to the control
group, while no significant reduction in tumor weight was
observed with administration of 30 mg/kg of PTX (Ebewe).
There are two possible routes by which SMA-PTX micelles
would reach the tumors following oral administration. First,
SMA-PTX micelles could be absorbed through the small
intestinal epithelium, and reaching the systemic circulation,
would accumulate at the tumor site of the cecum due to
the EPR effect. The second mechanism is associated with
the histology of the intestinal epithelium of colon tumors.
Since the colon tumors can exhibit increased permeability of
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the intestinal epithelium due to tight junction modifications,5,6
SMA-PTX micelles can pass paracellularly due to the
modified tight junctions and reach the tumor site beneath the
epithelium. Thus, together these pathways could contribute
to the enhanced uptake of SMA-PTX micelles by the colon
tumors, resulting in a greater therapeutic effect.
Abraxane (PTX nanoformulation) is under Phase II
clinical trial for the treatment of metastatic colorectal cancer through intravenous delivery.49 However, Abraxane,
which is an albumin-bound PTX nanoformulation, shows
instability in the GI tract50 and thus is unfavorable for oral
administration. Other oral PTX formulations, such as BMS275183, in a Phase I clinical trial showed grade 1 and grade
2 liver-associated toxicity51 in four out of 20 patients with
nonhematologic malignancy, when administered with an oral
dose of 6 mg/m2/d of BMS-275183.52 Compared to these data,
SMA-PTX micelles did not elevate plasma ALT levels or
creatinine levels, suggesting that these SMA-PTX micelles
are a safer system for oral PTX delivery.

Conclusion
SMA micellar formulations may provide an effective strategy
for oral delivery of PTX with no liver or kidney toxicities.
In a murine orthotopic colon cancer model, oral administration of SMA-PTX micelles showed significantly higher
antitumor efficacy as compared to commercial PTX formulation. Furthermore, SMA-PTX micelles formulations show
antiangiogenic effect associated with inhibiting vascular
mimicry. Thus, oral administration of SMA-PTX micelles
formulations could be an improved approach for colorectal
cancer treatment.
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Figure S1 The organ weight of the mice after treatment with MTDs of SMA-PTX micelles and PTX (Ebewe).
Notes: For the single-dose toxicity, the mice were administered a single dose of SMA-PTX micelles 120 mg/kg or PTX 60 mg/kg. For the repeated-dose toxicity, the mice
were administered either SMA-PTX micelles 60 mg/kg or PTX 30 mg/kg every alternate day for 15 days. The (A) liver, (B) spleen, (C) kidney, (D) heart, and (E) lung weights
were described as a percent of body weight. n=3 for all the treatment groups. The organ weight was analyzed using a one-way ANOVA coupled with Bonferroni post hoc
test with *P,0.05 as the required statistical significance.
Abbreviations: MTD, maximum tolerated dose; SMA, poly(styrene-co-maleic acid); PTX, paclitaxel; ANOVA, analysis of variance.

Table S1 Plasma ALT activity and creatinine levels after treatment with single and repeated MTDs of SMA-PTX micelles and PTX
Treatment groups

Plasma ALT activity (IU/L)a,b

Plasma creatinine (mg/dL)a,b

Control
SMA-PTX micelles (120 mg/kg)
PTX (60 mg/kg)
SMA-PTX micelles (60 mg/kg)
PTX (30 mg/kg)

13.32±3.90
12.31±2.90
15.13±2.36
12.28±1.79
12.41±2.71

1.06±0.24
1.04±0.32
1.24±0.36
1.04±0.36
1.25±0.16

Notes: aValues are expressed as mean ± SEM. bData were analyzed using a one-way ANOVA coupled with Bonferroni post hoc test with P,0.05 as the required statistical
significance.
Abbreviations: ALT, alanine aminotransferase; MTD, maximum tolerated dose; SMA, poly(styrene-co-maleic acid); PTX, paclitaxel; SEM, standard error of the mean;
ANOVA, analysis of variance.
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