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ABSTRACT

Aiming to address the issue of poor bioavailability of most anti-tumor medicines against colorectal
cancer, we developed a targeted anticancer nanocarrier using biocarriers able to both bind and easily
release their load in a controlled manner. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) carriers were
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obtained via the emulsification-diffusion method, loaded with 5-fluorouracil and then characterized in

terms of particle morphology and size (SEM, DLS), drug uptake and release. The cytotoxic potential of
the 5-fluorouracil-loaded polymer nanocarriers on human adenocarcinoma cells (HT-29 cell line) was
investigated. The in vitro studies clearly demonstrated that while the nanocarriers themselves slightly
alter HT-29 cell viability, when loaded with 5-fluorouracil they significantly decrease cell viability, sug-
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gesting that the polymer itself exhibits low cytotoxicity and the drug-loaded carrier acts in an efficient

manner to kill HT-29 human adenocarcinoma cells.

Introduction

Worldwide, an increasing risk for developing colorectal can-
cer is determined by aggravating factors such as, primarily,
the occurrence of inflammatory bowel disease as well as the
incidence of obesity and type 2 diabetes, all associated with
additional consumption of heavily calorie-laden and highly
processed food accompanied by the widely spread lack of
exercise (Meyerhardt et al., 2003; Jemal et al., 2008; Khalili &
Chan, 2012; Khalili et al., 2015).

Once diagnosed, colorectal cancer intervention strategies
depend on the stage of the disease. Thus, localized forms of
colon cancer, ie. stage I-lll may primarily be treated and
potentially cured by surgical resection. In addition to surgery,
therapy includes adjuvant chemo-therapy, considered stand-
ard for stage Il colorectal cancer and still under debate for
stage Il disease (Krook et al., 1991; Zaheer et al., 1998;
Lindsetmo et al., 2008; Matsuda et al., 2018).

Among several such types of cytotoxic chemotherapy, the
first to be implemented for over four decades, has been 5-
fluorouracil (5-FU) and leucovorin, leading to notable
improvement in overall survival rate as compared to control

groups. In this context, and with surgery proving less effect-
ive for metastatic colorectal cancer, chemotherapy has
become more a standard therapeutic approach (Arkenau
et al, 2003; André et al., 2004; Pardini et al.,, 2011; He et al,,
2017; Wang et al., 2017).

Characterized by nanosized dimensions and engineered
specificity, nanomedicines can be tailored to include multiple
component drugs per se combined in customized drug deliv-
ery systems addressing the complicated needs of chemother-
apy. Development of colloidal nanoparticles consisting of
polymers, dendrimers, lipids, as well as organometallic and
carbon-based materials, with sizes less than a micron for
anticancer drug targeting contemplates using carriers able to
both bind and easily release their load in a controlled man-
ner (Torchilin, 2010; Bartos et al., 2016; Quinn et al., 2017;
Hunter & Moghimi, 2017; Kuskov et al., 2017; Viard et al,
2018; Zhao & Stenzel, 2018; Taghizadehghalehjoughi et al.,
2018; Luss et al., 2018). Polymer nanocarriers, in particular,
have been at the focal point of targeted and controlled drug
delivery studies since their tunable chemistry allows to adjust
biocompatibility, toxicity, size, surface chemistry, and stability
in biological systems with the aim to improve the efficacy of
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drugs with physicochemical (e.g. poor solubility) or toxicity
barriers (Bartos et al, 2016; Jain et al, 2016; Katiyar et al,
2016). Extensive research during the recent decades has
brought several such nanomedicines into everyday clinical
practice while over twelve nanoparticles for diverse thera-
pies, cancer included, are currently under various stages of
development (Neagu et al, 2016; Piperigkou et al., 2016;
Neagu et al,, 2017; Engin et al.,, 2017).

The intracellular uptake capacity of polymeric nanove-
hicles is highly influenced by their size, shape, and surface
chemistry which are versatile and often stabilized by surfac-
tants or tuned by hydrophilic surface modification leading to
stealth-based formulations.

Micro- and nanoparticles are solid colloidal systems often
stabilized by surfactants at the particle/water interface. Their
most important characteristics with high influence over intra-
cell uptake capacities are size-range, shape, and surface
chemistry while hydrophilic surface modification of such par-
ticles often leads to stealth formulation (Zhang et al., 2016).
Capsules, in particular, are vesicular systems with a typical
core-shell structure where the core can be a polymeric reser-
voir and/or an inner liquid and the shell surrounding the
core can be a polymeric membrane or coating. The drug is
usually loaded within the core by either dissolution in the
inner liquid or by dispersion in the polymeric reservoir but
may also be adsorbed on the capsule surface. Spheres, on
the other hand, have a matrix type structure comprising a
unique polymer, without inner core or surrounding shell. In
this case, the drug can be dispersed within a polymeric
matrix or adsorbed to the sphere surface (Cheng et al,, 2007;
Mora-Huertas et al., 2010).

Considering that the active substance can be either
entrapped inside or adsorbed on the surface of both types
of particles, drug loading is mostly achieved via two meth-
ods: either by incorporating the drug during particle prepar-
ation or by adsorbing the drug on the surface of preformed
particles. In the first case, the drugs are added in the poly-
mer solution or even in the reaction mixture during the poly-
merization process. In the second case, the active substances
can be loaded by incubation with the microparticle solution
(Pinto Reis et al., 2006). Apart from particle size, drug carriers
are also characterized by size distribution, surface charge,
surface adhesion, and interior porosity all affecting drug
encapsulation efficiency and stability. It has been shown that
surface charge and chemistry are also very important for the
interaction with blood components such as proteins, anti-
bodies, or small molecules, as well as for the adherence and
interaction with cell membranes (Gratton et al., 2008; Ferreira
& Trierweiler, 2009; Kumari et al., 2010). Biodegradable poly-
mers have been in the focus of state-of-art studies for
obtaining pharmaceutic polymeric nanoparticles encapsulat-
ing a variety of therapeutic substances due to their capacity
of being biodegraded by the body (Casarin et al., 2011;
Leong et al., 2018). In this direction, poly(hydroxybutyrate-
co-hydroxyvalerate) (PHBHV), a natural polyhydroxyalkanoate
produced from renewable sources by diverse microorgan-
isms, presents significant interest. PHBHV is a copolymer of
the well-studied poly(3-hydroxybutyrate) (PHB) used in
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numerous medical studies with applications such as implants
for tissue engineering due its biocompatibility and bio-
degradability. Importantly, literature reports demonstrate no
secondary reactions causing acute inflammation or tissue
necrosis in tissue adjusted to PHBHV implants. Furthermore,
PHBHV shows great potential for obtaining biomedically
important micro- and nanocarriers as it is highly soluble in
organic solvents such as chloroform or dichloromethane and
has poor solubility in all other solvents. Due to this poor
solubility in most solvents, micro- and nanoparticles can be
easily obtained via the emulsification-solvent evaporation
method, or even via the nanoprecipitation method (Pich
et al., 2006; Poletto et al., 2007). Recently, spherical PHBHV
nanoparticles were found capable of delivering Silymarin
into HT-29 colon cancer cells without cytotoxic effects or
influence on cell viability (Radu et al., 2017).

The research presented herein aimed at modeling a new
drug delivery carrier with well-defined size and morphology
for the delivery of 5-FU in colorectal adenocarcinoma cells.
We focused on the obtaining and characterizing PHBHV par-
ticles decorated with a hydrophilic polyvinyl alcohol surface
to yield core-shell structures via optimizing a well-established
emulsification-diffusion method. We report on the effect of
the solute concentrations on the diameter, size distribution
and shape morphology by dynamic light scattering (DLS)
and scanning electron microscopy (SEM) of PHBHV-PVA
nanocarriers. Based on these studies, the appropriate proto-
col to develop the desired nanocarriers was elucidated, while
5-FU was directly loaded during particle formation by dissol-
ution into the stabilizer aqueous phase. Importantly, during
drug release studies, the in vitro anticancer efficacy of 5-FU
loaded nanoparticles was evaluated against HT - 29 human
colon cancer cells after 2, 6, and 24 h.

Materials and methods

Poly(3-hydroxybutyrate-co-3-hyroxyvalerate) (PHBHV) with a
molecular weight of 67,000 g/mole containing 2% hydroxy-
valerate was obtained from Good Fellow. Polyvinyl alcohol
(PVA) with a molecular weight of 88,000 g/mole, 88% hydro-
lyzed, 5-fluorouracil (5-FU) and chloroform were provided by
Sigma-Aldrich.

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) particles
preparation and 5 - fluorouracil loading procedure

The protocol was optimized from literature methods (Casarin
et al, 2011; Leong et al., 2018) to obtain particles with full
control over their size by varying the concentrations of the
solutes in the organic and aqueous phase, containing PHBHV
and PVA, respectively. Briefly, a fixed concentration of PHBHV
solution in chloroform was prepared by stirring under reflux
at 62°C for 6h to enable better dissolution of the polymer
in the solvent (Figure 1). The homogenous polymer solution
was slowly added under vigorous stirring to a fixed concen-
tration solution of PVA in distilled water, maintaining a 1:10
v/v final ratio. The resulting suspension was subsequently
sonicated to achieve high dispersion of the polymer in the
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Figure 1. Set-up used for the preparation of particles via the emulsion-diffusion method.

aqueous phase and then transferred to distilled water to
form a 1:5 (v/v) solution from which, the organic solvent was
evaporated under reduced pressure. After centrifugation, the
recovered particles were extensively washed with ultrapure
water to remove residual PVA traces.

To study the influence of polymer (organic phase) and
stabilizer concentration (aqueous phase) on particle size and
size distribution, various concentrations of the two phases
were screened. Different formulations were prepared by vary-
ing either the polymer concentration in the range of 1-5%
w/w while the other parameters were kept constant, or by
similarly varying the stabilizer concentration in the
same range.

Considering the excellent solubility of 5-FU into the PVA
solution, the drug encapsulation was performed by directly
adding 5-FU in the stabilizer PVA solution at a final concen-
tration of 0.2 mg/ml, followed by one-day dissolution. Drug-
loaded particles were obtained by dropwise addition of
PHBHV solution into the stabilizer solution containing the
previously dissolved drug. The obtained drug-loaded nano-
particles had a final drug content of ~2mg of drug/g of the
nanoparticle. The drug encapsulation was performed only for
nanoparticles obtained from 2% polymer concentration.

Evaluation of 5-FU encapsulation efficiency and in
vitro release

The amount of 5-FU incorporated in the PHBHV particles was
investigated by UV-Vis spectrophotometry based on the 5-FU
unique absorbance peak in the UV-Vis region at 265nm. To
determine the 5-FU content, the UV-VIS absorbance was
measured at 265nm using a Shimadzu UV-Vis-NIR spectro-
photometer (Kyoto, Japan). The encapsulation efficiency (EE)
was determined using the following equation:

amount of the loaded 5 — FU

EE(%) =
(%) total amount of the 5 — FU

x 100

The release of 5-FU from PHBHV nanoparticles was
studied in phosphate buffer saline solution (PBS) for 48 h in
a controlled environment. The obtained drug-loaded par-
ticles solution was entrapped in a cellulose membrane,

immersed in 40 mL of PBS (0.01 M, pH 7.45) and incubated in
a precision water bath (orbital mixer Benchmark Scientific,
Sayreville, NJ) at 400 rpm and 37 °C. Aliquots (5mL) contain-
ing a mixture of PBS and released 5-FU were collected at
defined time points and the release medium was refreshed
with the addition of an equal amount of fresh PBS after each
withdrawal in order to maintain the total volume of the sam-
ple constant. Drug release was studied for 48 h and the ali-
quots were collected every 15min in the first hour, every
30 min in the next 3 hours and every 60 min until the end of
the predetermined time interval. The 5-FU release profile
from nanoparticles was evaluated by UV-Vis spectroscopy.

Dynamic light scattering, zeta potential and scanning
electron microscopy (SEM)

The size distribution and zeta potential were investigated by
Dynamic Light Scattering (DLS) using a Zetasizer Malvern
DLS device (Malvern, United Kingdom) for particles obtained
from 2% w/v polymer concentration.

The size and size distribution of the carriers, as well as
their morphology, was evaluated by SEM using a Quanta
Inspect F Scanning Electron Microscopy (Waltham, MA)
device equipped with 1.2 resolution field emission gun (FEG)
and an X-ray energy dispersive spectrometer (EDS).

In vitro cytotoxicity assessment of PHBHV nanocarriers

Cell culture model

The HT - 29 human colon adenocarcinoma cell line (ATCC -
American Type Culture Collection) was used as a cellular
model in this study. Cells were cultured as monolayers at
37°C under a humidified atmosphere of 5% CO,, in
Dulbecco’s modified Eagles Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and a 1% antibiotic -
antimitotic formulation containing a mixture of penicillin and
streptomycin. The medium renewal was carried out 2-3
times/week. When the confluence reached 80%, cells were
routinely subcultured using enzymatic treatment with



trypsin/EDTA solution for cellular detachment from cul-
ture vessels.

To in vitro evaluate the cytotoxicity of the drug-loaded
nanocarriers, HT — 29 colon cancer cells were seeded at an
initial density of 2 x 10% cell/cm® on flat bottom 96-well
plates. These cultures were left to adhere 24 h prior treat-
ment and the cell attachment was confirmed in brightfield
microscopy using an inverted Nikon microscope (Amsterdam,
Netherlands).

Cellular viability assessment by MTT assay

The MTT assay was employed to evaluate the HT — 29 colon
cancer cells viability after exposure to drug-free PHBHV
nanoparticles or 5-FU loaded PHBHV nanoparticles. Briefly,
the HT - 29 colon cancer cells monolayers were treated for
2, 6, and 24 h with 5-FU (5 mM), drug-free and 5-FU loaded
PHBHV carriers. At each fixed experimental time point, the
culture medium was discarded, and the monolayers were
thoroughly washed with PBS. The samples were next incu-
bated for 4h at 37°C in a 1mg/ml MTT freshly prepared
solution in serum-free culture media. The formed formazan
crystals were consequently dissolved in DMSO and the
absorbance of the resulting solutions was measured at
550 nm using a FlexStation Il (Molecular Devices, San Jose,
CA) spectrophotometer. An untreated control was prepared
following the same procedure and used as a reference.

PHBHV nanocarriers cytotoxicity potential on HT - 29
Colon cancer cells

The cytotoxic potential of the 5-FU loaded PHBHV nanopar-
ticles on HT - 29 colon cancer cells was investigated by
spectrophotometric evaluation of Lactate Dehydrogenase
(LDH) activity in the culture media. Briefly, after 2, 6, and
24h of treatment with 5-FU (5mM), drug free and 5-FU
loaded PHBHV nanocarriers, the culture medium was col-
lected, mixed with the components of the In Vitro Toxicology
Assay Kit (TOX-7 kit, Sigma Aldrich, Saint Louis, MO) accord-
ing to the manufacturers instructions and incubated in dark-
ness at room temperature for 20 min. After time expired, the
absorbance of the samples was recorded at 490 nm using a
FlexStation Il (Molecular Devices) spectrophotometer. As a
control, culture medium harvested from untreated mono-
layers was used and processed under the same protocol.

Results

Preparation and morphological characterization of
PHBHYV particles (SEM)

New core-shell PVA-PHBHV particles were obtained by two
emulsification-diffusion steps with varying polymer phase
concentration to ensure control over particle size. A com-
parative screening of the effect of polymer and stabilizer
concentration to the morphology of the resulting nanopar-
ticles was performed to establish the optimal polymer to sta-
bilizer ratio for obtaining the appropriate-sized PHBHV
particles (not all data are shown). SEM investigation proved
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that the ratio of concentrations in the organic and aqueous
phase during particle preparation had a strong impact on
the size and shape of the obtained particles. As it can be
shown in Figure 2(a), when using a 5% w/v PHBHV solution
(50 mg/ml) and a 2% w/v PVA solution (20 mg/ml), micropar-
ticles in the range of microns (1-7 microns) with large poly-
dispersity were obtained. Additionally, their shape was found
to be irregular probably due to residual PVA that functions
both as coating and as a stabilizer agent. At higher magnifi-
cation (Figure 2(b)) it can be clearly observed that the par-
ticles are trapped in a mass that can probably be attributed
to the stabilizer and therefore several additional washing
steps need to be performed to remove the residual PVA
traces (Galindo-Rodriguez et al., 2004). Furthermore, a 5% w/
v concentration of PHBHV led to the formation of a small
relative number of particles possessing the largest size
observed under all the tested conditions, indicating that a
high polymer concentration can easily influence both size
and number of the synthesized particles.

A larger relative number of nanoparticles with a signifi-
cant decrease in size was obtained by decreasing the poly-
mer concentration. Using a 2% w/v PHBHV solution (20 mg/
ml) and a 2% w/v stabilizer (PVA) concentration, the forma-
tion of particles with sizes varying between 100 nm and 1 pum
was observed. The SEM micrographs (Figure 2(c,d)) revealed
a wide distribution for the particles possessing spherical
shape and a clean surface. More importantly, using the
above mentioned experimental conditions, a large relative
number of well-individualized particles was obtained, clearly
not entrapped in the stabilizer mass as observed at the prep-
arations using high concentrations of polymer.

To obtain smaller particles, the concentration of PHBHV
was decreased to 1% w/v (10 mg/ml), maintaining a 2% w/v
concentration for PVA. As shown in Figure 2(e/f), the particles
obtained for this set of parameters possessed narrower size
distribution of around 700 nm-1 pm. Furthermore, the micro-
graphs revealed that the obtained nanoparticles were well
individualized and possessed a round shape morphology
characterized by a clean surface. The relative number of par-
ticles and their characteristics were compared with those
obtained using a 2% concentration of PHBHV, and did not
present a decrease in size probably since the 2% w/v poly-
mer concentration represents an equilibrium concentration
and under this limit, smaller particles cannot be obtained.

To highlight the influence of the stabilizer concentration
upon the microparticles size and shape, the PVA concentra-
tion was varied between 1% and 5%. The use of a high con-
centration of 5% w/v PVA (50mg/ml) combined with a low
concentration of polymer (2% w/v) led to an increase in the
size of the synthesized particles, varying between 1 and
3 microns (microparticles). As observed in the SEM micro-
graphs (Figure 2(g,h)), under these experimental conditions
the particles lose their spherical shape and are clearly
trapped in the stabilizer mass, while the final quantity of the
obtained particles is not affected. Thus, the stabilizer concen-
tration influences only the size and shape of the particles
presumably due to the accumulation of excess PVA on the
particle surface.
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Figure 2. SEM micrographs of the PHBHV particles prepared under different experimental conditions.

Dynamic light scattering and zeta potential

To obtain better characterization and more accurate meas-
urement of the 2% PHBHV particles, the size distribution in
water was investigated by DLS. The size distribution profile
of the unloaded 2% PHBHV particles revealed one peak
(Figure 3(A)) attributed to the PHBHV nanoparticles and a

mean size of around 420+ 10 nm with a polydispersity index
(PDI) of 0.39% fitting a polydisperse unimodal model.
Moreover, the zeta potential of the PHBHV nanoparticles
was calculated since the surface charges of the particles can
offer valuable information regarding the interaction with
cells, plasma proteins or dimensional stability. The zeta
potential of the 2% PHBHV nanoparticles was estimated at
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Figure 3. (A) Size distribution by DLS for the 2% unloaded PHBHV nanoparticles; (B) Zeta potential for the 2% unloaded PHBHV particles.

—2.31mV, which is good as also supported by the SEM
micrographs showing well-individualized round nanoparticles
with no aggregates. Furthermore, nanoparticles with a close-
to-neutral zeta potential, in general, show good cellular
uptake and less nanotoxicity for cells than nanoparticles with
higher zeta potential values (Figure 3(B)).

Release of 5-FU from PHBHV nanoparticles

The drug release rate study for the 5-FU loaded 2% PHBHV
nanoparticles in PBS (Figure 4) revealed that 20.1% of the
total encapsulated 5-FU was released during the first 42 h.
The drug release rate profile further revealed fast drug
release during the first 6 h and a slower release for the next
36h. The different time-dependent release profiles can be
attributed to the release of 5-FU molecules entrapped on dif-
ferent parts of the microparticles comprising a stabilizer shell
and a polyester core. More specifically, drug adsorbed on the
surface of the particles surface can be expected to exhibit
fast release, while drug entrapped within the stabilizer shell
near the surface will manifest a slower release. The PHBHV
core of the particles can also entrap the drug with an even
slower release depending on biodegradation rate of the
polyester (Gombotz & Pettit, 1995; Saito et al.,, 2005; Kwon &
Furgeson, 2007). Upon isolation of the nanocarriers according
to the protocol, the water phase was recovered and eval-
uated by UV-VIS to reveal the concentration of drug that
was not incorporated in the nanocarriers. The results showed
that 65% of initial drug amount remained into the water
phase indicating that ~35% of the initial drug amount was
loaded into the nanocarriers resulting in an encapsulation
efficiency of about 35%.

Effect of treatment with unloaded and 5-FU loaded
PHBHV nanocarriers on HT - 29 cells viability

To evaluate the viability of HT — 29 human colon cancer cells
after 2, 6, and 24h of exposure to free 5-FU, unloaded
PHBHV nanoparticles, and 5-FU loaded PHBHV nanoparticles,
the quantitative MTT assay was performed. Data were statis-
tically analyzed and graphically represented in Figure 5. After
2h of treatment, no significant differences were observed
between the 5-FU and the unloaded PHBHV nanocarriers
treated cells as compared to an untreated control. However,
treatment with 5-FU loaded PHBVH nanoparticles slightly

decreased the cellular viability (p <.05) as compared with
that of the untreated cells. After 6h of exposure, all the
treatment regimens affected cellular viability, the strongest
effect being observed for 5-FU treatment (p<.001) and
PHBHV 5-FU loaded nanoparticles (p <.0001). Interestingly,
exposure to bare PHBHV particles also induced changes in
HT - 29 cell viability (p <.05), showing that the polymer itself
expresses in time its own toxicity upon HT - 29 colon cancer
cells. Moreover, after 24 h under treatment with 5-FU and 5-
FU loaded PHBHV carriers the cellular viability dramatically
decreased (p <.0001) as compared with the reference. In
contrast, no significant changes in the cellular viability of HT
- 29 cells exposed to unloaded PHBHV nanoparticles were
observed at this time point, showing that the polymer indu-
ces a moderate toxicity at the beginning, that is not fur-
ther increased.

Evaluation of PHBHV nanocarriers cytotoxic potential

In order to evaluate the cytotoxic potential of the treatments
upon HT - 29 colon cancer cells, we investigated LDH activ-
ity in the culture media after 2, 6, and 24h of exposure to
free 5-FU, unloaded PHBHV nanoparticles, and 5-FU loaded
nanoparticles, using as reference an untreated control. The
results obtained after the spectrophotometric measurements
were statistically analyzed, graphically represented in
Figure 6, and in full accordance with the MTT cell viability
assay. After 2h of treatment, no significant changes were
observed between treated and untreated samples in any of
the experimental conditions. Furthermore, the cytotoxic pro-
file of the unloaded PHBHV particles revealed that the free
micro-formulation did not exert any cytotoxic effect on HT -
29 colon cancer cells, while 5-FU loaded carriers significantly
increased LDH activity in the culture media after 6 and 24 h
(p<.0001) as compared with the untreated HT - 29 cells.
Also, under treatment with 5-FU an increase in the LDH
activity in the culture media was observed both after 6h
(p <.01) and after 24 h (p <.0001) of treatment.

Discussion

Colorectal cancer represents a significant cause of mortality
and morbidity worldwide, being the third most common
cancer in men and the second in women (Siegel et al., 2016).
It is defined as one of the most aggressive types of cancers,
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as 50-60% of the diagnosed patients develop metastases
(Cutsem et al., 2006). Despite the substantial improvements
in colorectal cancer therapy, the administration of fluoropyri-
midine-based chemotherapy remains the standard procedure
for colorectal cancer patient’s treatment. Among fluoropyri-
midines, 5-fluorouracil has been the most commonly used
agent employed either alone or in different combinations
(Gramont et al., 2000; Cutsem et al., 2004). However, the 5-
FU based treatment regimens present several disadvantages
such as a short biological half-life (Diasio & Harris, 1989),
unpredicted severe toxicity in case of DPD alterations (Harris
et al,, 1991) and strong side effects (Tournigand et al., 2006).
To address all these limitations, the development of novel
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Figure 6. Graphical representation of LDH cytotoxicity data (@@p < .001 5-FU
vs. untreated sample after 6 h; @Q@@@p < .0001 5-FU loaded PHBHV nanopar-
ticles vs. untreated sample after 6 h; ####p < .0001 5- FU vs. untreated sample
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drug delivery systems that can support a slow and sustained
release of 5-FU, prevent it's in vivo degradation and decrease
its toxicity would significantly contribute in the improvement
of the life expectancy and quality of life of colorectal can-
cer patients.

In this context, we focused on the preparation of new
nano-scaled carriers based on the natural PHBHV polymer,
emphasizing on the importance of rational nanocarrier
design, i.e. of using an appropriate concentration of the
organic phase and aqueous phase to affect the final size,
morphology, and overall characteristics of the produced
nanoparticles. The novel biodegradable and biocompatible
nanocarriers were designed to efficiently encapsulate a
widely used therapeutic agent in colorectal cancer treatment,
namely 5-FU. The biological effects of the nanocarriers
encapsulating this classical chemotherapeutic agent upon
colorectal cancer were evaluated using the human colorectal
cancer cell line HT - 29 as an in vitro biological model.

After a thoroughly reviewing literature regarding the syn-
thesis of particles based on a binary mixture of solvents
(Pich et al, 2006; Poletto et al, 2007; Weiss-Angeli et al.,
2008; Kumari et al, 2010), we concluded that for our pur-
poses the emulsion diffusion technique represented the
most suitable protocol to evaluate in construct carriers able
to carry and release 5-FU in the desired manner. The natural
polymer PHBHV and the stabilizer agent PVA were chosen as
main components for particle preparation. PHBHV is an
attractive polymer in the biomedical field due to its biocom-
patibility and biodegradability (Vroman & Tighzert, 2009),
and represents a smart choice for drug delivery systems



construction as its degradation rate is slower compared to
other biodegradable synthetic polymers such as polylactic
acid (PLA) and poly(lactic-co-glycolic acid) (PLGA) (Amass
et al,, 1998). PVA is a surfactant commonly used as a stabiliz-
ing agent that possesses the capacity to reduce the inter-
facial tension between the two phases due to its amphiphilic
character given by the hydroxyl groups. The stabilizer forms
strong interactions with particle surfaces, which can lead to
its irreversible adsorption resulting in film formation on drop-
lets, which in turn are transformed into particles. This film
introduces an increased mechanical stability in the formed
particles (Galindo-Rodriguez et al., 2004).

By using different variations of the preparation protocol, it
was clearly highlighted that both polymer concentration and
stabilizer agent concentration could easily modify the size
and overall morphology of the obtained particles. Moreover,
the polymer concentration was found to have a significant
impact on the final relative number of particles obtained.
More specifically, high concentration of PHBHV led to the
formation of a small relative number of microparticles, with
large sizes between 1 and 7 microns. In contrast, decreasing
the polymer concentration led to a significant increase in the
final relative number of nanoparticles obtained displaying
smaller size, with diameters between 100 nm and 1 micron.
Interestingly, despite the fact that decreasing the organic
phase concentration represented an experimental strategy to
adjust particle size, the 2% PHBHV concentration was deter-
mined as an equilibrium concentration and lowering the
PHBHV amount under this threshold no longer led to the for-
mation of smaller particles. We concluded that the 2% w/v
PHBHV concentration was definitively the most appropriate
concentration and was therefore chosen for 5-FU encapsula-
tion. Additionally, to determine the role of the stabilizer on
the size and characteristics of the particles, a screening to
determine the optimum PVA concentration was also per-
formed. When particles were obtained starting from a 5% w/
v PVA concentration, an irregular mass attributed to residual
stabilizer was observed on the surface of the particles alter-
ing their spherical shape. Moreover, the excess of PVA gath-
ered on the surface of the particles lead to a clear increase
in carrier size. Generally, the use of high stabilizer concentra-
tion is mandatory to obtain small-sized particles since a suffi-
cient number of stabilizer chains is required to form
submicronic emulsion droplets. In this case, the PVA concen-
tration screening revealed that the optimal stabilizer concen-
tration was the lower concentration of 2% w/v PVA. This led
to the preparation of small particles, with a spherical shape
that was not entrapped within stabilizer residual mass when
combined with the optimal concentration of PHBHV. The
optimal results were achieved using a 2% w/v natural poly-
mer PHBHV concentration with a 2% w/v stabilizer concen-
tration (20 mg/ml). These parameters led to a reduction of
interfacial tensions causing the expected mechanical and
steric  stabilization that dictates the synthesis of
smaller particles.

The nanocarriers were constructed with a characteristic
core shell-like structure, defined by the presence of a hydro-
phobic core formed by PHBHV and a hydrophilic shell
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formed by the PVA stabilizer macromolecules. Drug encapsu-
lation was performed directly by 5-FU solubilization in the
polyester solution, leading to an asymmetric distribution of
the drug molecules within both the core and the shell of the
carriers. The drug release profile together with the encapsu-
lation study revealed that a large amount of 5-FU remained
entrapped within the PHBHV carriers. More specifically, the
drug release study revealed that 20.1% of the encapsulated
drug was released in 42h, with a fast release profile during
the first 6 h. This asymmetric release profile may be attrib-
uted a fast release sustained predominantly by the drug mol-
ecules absorbed on the particle surface during the first 6h,
while the drug molecules physically entrapped within the
stabilizer outer shell sustain a constant, slower release. The
remaining drug most probably entrapped within the polyes-
ter core is expected to be released during biodegradation.

To evaluate the biological effects of the novel synthesized
PHBHV nanocarriers, human adenocarcinoma HT - 29 cells
were used as an in vitro model for colorectal cancer. The via-
bility MTT assay revealed that the bare PHBHV particles
slightly altered the HT — 29 cell viability, suggesting that the
polymer itself exhibits a cytotoxic effect upon the cancer
cells. However, this effect was only observed after 6h of
exposure, while long term exposure did not present any fur-
ther significant changes on HT - 29 cell viability. Regarding
the 5-FU loaded PHBHV nanocarriers treatment, it was clearly
highlighted that this treatment regimen induces significant
changes to HT - 29 cell viability in a time-dependent man-
ner, the most dramatic decrease of the cellular viability being
observed after the time exposure. At low time points, the
cytotoxic effect of the 5-FU PHBHV nanoparticles is attributed
to the drug molecules that are attached on the outer surface
of the particles, as well as to the drug molecules entrapped
in the outer shell of the capsules. The decreasing viability of
the HT - 29 cells in a time-dependent manner can be attrib-
uted to steady inner core drug release upon nanoparticle
uptake, stemming from the biodegradation of the natural
polymer PHBHV. The cytotoxic profile of the PHBHV nanocap-
sules confirmed the observations from the MTT assay and
offered a complete picture of the drug release process of 5 —
FU from PHBHV nanocarriers.

In summary, the highly toxic therapeutic agent 5-FU was
successfully incorporated within nanoparticles specifically
constructed from the natural hydrophobic polymer PHBHV
with the well-studied, commercially available stabilizer PVA
in the desired drug carrying morphologies. We developed
PHBHV nanoparticles by an emulsification-diffusion method,
but we importantly also demonstrated the effectiveness of
the PVA stabilizer and the influence of polyester concentra-
tion on particles morphology. These newly developed nano-
carriers could act as an efficient drug against carcinoma cells
providing a simple therapeutic approach that can be
expected to overcome the present 5 — FU delivery strategies.
The PVA-PHBHV core-shell particles were developed as suit-
able carriers to protect drug by degradation to increase the
therapeutic required concentration. Thus, nanoparticles are
expected to reach, accumulate into the tumor cells and
release the entrapped 5-FU. Based on the cytotoxicity assays
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performed, we concluded that the carrier itself exerts insig-
nificant toxic effects on cells, while the treatment with 5FU
loaded PHBHV particles induced carcinoma cells death.
Future studies will focus on enzymatic degradation mechan-
ism followed by in vivo assays evaluating the nanoparticles
efficiency against induced metastases in mice.
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