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A B S T R A C T

Nanoformulations can play an important role in the improvement of anticancer drug therapies. The bioavailabil-
ity of sorafenib, which is the exclusively applied drug in the treatment of unresectable hepatocellular carcinoma,
may be increased by its incorporation in a biocompatible nanoparticulate matrix that is capable of targeting and
controlling the drug release. The copolymers of ε-caprolactone are emerging biodegradable compounds for drug
delivery applications. In this work, an immobilized lipase and three native hydrolases, a lipase, an esterase and
a protease (two of them not previously used as polyesterification catalysts) have been studied as biocatalysts
for the synthesis of oligomers of ε-caprolactone and 12-hydroxystearic acid, proving different selectivity regard-
ing the polymerization degree, ratio of linear and cyclic oligomers, and insertion of the fatty acid units in the
polymeric chain. The synthesized poly[ε-caprolactone-co-(12-hydroxystearate)] was used as a novel encapsulat-
ing copolymer for preparation of sorafenib-loaded polymeric nanocomposites. The nanoparticle formulation by
emulsion-solvent evaporation method was optimized for particle size and encapsulation efficiency. The devel-
oped nanotherapeutics showed promising drug release profile and cytotoxic effect in vitro in HepG2 hepatocellu-
lar cells.

1. Introduction

Hepatocellular carcinoma (HCC) is a life-threatening disease and, ac-
cording to global cancer statistics from 2012, the second leading cause
of cancer-related deaths in men and the sixth in women, worldwide [1].
Sorafenib is an anti-angiogenic multikinase inhibitor with cytostatic ef-
fects. At present, sorafenib is the only drug which is capable to prolong
the life of patients suffered from HCC. However, the non-specific uptake
of the drug into healthy tissues leads to a high toxicity and a variety of
critical side effects.

However, the pronounced lipophilicity of the drug molecule is re-
sponsible for poor bioavailability and distribution into healthy tissues
[2], thus, resulting in a requirement of high doses to be administered. To
overcome these drawbacks in current cancer therapy nanocarrier-based
delivery of sorafenib and the controlled release of the compound have
been approached.

Nanomedicine is one of the most growing fields of pharmaceutics.
Synthetic copolymers are versatile and tunable devices for producing
drug delivery systems such as nanoparticles, micelles, vesicular polymer-
somes, polyplexes, polymer-drug conjugates, and dendrimers [3].

Poly(ε-caprolactone) (PCL) is one of the biodegradable polyesters
widely utilized in biomedical applications like tissue engineering
(processed as films, mats, or scaffolds) and controlled drug delivery
(processed as nanoparticles,

microparticles, electro spun mats, or scaffolds). However, these applica-
tions are still restricted due to its high hydrophobicity, slow degrada-
tion rate and slow drug release properties. [4]. To overcome these draw-
backs, various macromolecular architectures and compositions were
proposed, including copolymers of ε-caprolactone (ECL) with various
co-monomers [5], or grafted PCL copolymers [6]. Although the produc-
tion of PCL and PCL copolymers is performed mainly by chemical catal-
ysis, using catalysts as stannous octanoate [7], biocatalysis emerged as
a valuable alternative in the last decades [8,9].

Lipases are by far the most important enzymes used for the synthesis
of green polymers, particularly aliphatic polyesters, including PCL and
copolymers of ECL [10,11]. However, other enzymes like cutinases also
demonstrated selectivity for polyesterification reactions [12,13].

Hydroxy fatty acids are important bio-based compounds able to par-
ticipate in various polymerization reactions, leading to estolides [14]
or elastomers with copolymer structure [15]. Particularly, 12-hydroxys-
tearic acid is easily available by hydrogenation of ricinoleic acid and can
be considered a biobased raw material for various polymers.

Biocompatible polymeric nanoparticles are promising tools for con-
trolling and/or targeting passively or actively the tumorous tissues [16].
Nanoparticulate drug delivery systems of PCL copolymers can be syn-
thesized by various methods considering the properties of encapsu-
lating polymer and the active
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agent (e.g. solubility). Solvent-displacement or nanoprecipitation
[17,18], (double) emulsification-solvent evaporation [19,20] and dial-
ysis [21] methods are widely used for nanoparticle preparation using
PCL.

Polymer composition, molecular weight, temperature and pH sub-
stantially affect the degradation rate of PCL-based nanotherapeutics
[22]. PCL was approved by FDA, and studies show its biocompatibility
and non-toxicity [23,24], however, regarding nanopharmaceuticals ad-
ditional factors such as particle size, morphology and surface features
(e.g. adsorption capacity) also play important role in the cytotoxicity,
thus, it must be tested for each new formulation.

In some work sorafenib microencapsulation was achieved using poly-
ethylene glycol-PCL copolymers prepared by polymerization [25,26].
Recently, structurally different hydroxy-fatty acids were copolymerized
with ε-caprolactone using immobilized lipases, which resulted in lower
molecular mass compared to the chemical catalysis [27]. In this work
other hydrolases were investigated for improving the synthesis of
poly[ε-caprolactone-co-(12-hydroxystearate)] (ECL-12HSA), to be used
as nanoparticle-sized drug delivery carrier. The smaller polymers can
be advantageous for drug delivery applications, since the long chain
polymers generally provide extremely prolonged release, which extends
through the expected lifetime of the nanomedicines.

In the current work the copolymer, synthesized biocatalytically from
ε-caprolactone and 12-hydroxystearic acid co-substrate, was used as a
novel carrier for entrapping sorafenib into polymeric nanoparticles. The
biocatalytic pathway for the synthesis of ECL copolyesters with hydroxy
fatty acids, reported in a previous paper [27] was further developed
by investigating three native esterases, and an immobilized lipase from
Candida antarctica B which could be a substitute of the largely used
Novozyme 435. Emulsion-solvent evaporation method was optimized
for nanoparticle size and encapsulation efficiency. Drug release test was
performed under in vitro acidic environment modelling the microenvi-
ronment in tumors. Finally, in vitro cytotoxicity and cellular uptake stud-
ies were carried out with the sorfenib-loaded ECL-12HSA nanoparticles.

2. Experimental

2.1. Materials

ε-Caprolactone (ECL, ≥98%), 12-hydroxystearic acid (12HSA, 99%),
trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-pro-penylidene]malononitrile
(DCTB, ≥99%), sodium trifluoroacetate (NaTFA, 98 %), toluene
(>99%) and tetrahydrofuran (99%) were acquired from Sigma Aldrich
(St. Louis, MO, USA) and were used as purchased. Immobilized Candida
antarctica lipase B on microporous ion exchange resin (GF-CalB-IM)
was obtained from GenoFocus Inc. (Korea Republic), while native Al-
calase was a product of Novo Nordisk (Denmark). Native lipase from
Pseudomonas stutzeri and native Esterase AR “Amano” were generous
gifts of Meito Sagyo Co. (Japan) and Amano Enzyme Inc. (Japan),
respectively. Polyvinyl alcohol (PVA, Mw = 30,000–70,000 g/mol,
87–90% hydrolyzed), dichloromethane (DCM), acetone, glacial acetic
acid, dimethyl sulfoxide (DMSO), 1-ethyl-3(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxy succinimide (NHS), sodium dodecyl sul-
phate (SDS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), and DMEM (high glucose) medium were obtained from
Sigma Aldrich (St. Louis, MO, USA). Sorafenib (free base) was purchased
from Active Biochem (Hong Kong, China). Cyanine 5 amine was pro-
duced by Lumiprobe GmBH (Hannover, Germany). Calcein AM was ob-
tained from Thermo Fisher Scientific (Waltham, MA).

2.2. Biocatalytic synthesis of the ECL-12HSA polyester

The polymerization reactions were carried out in organic solvent
(toluene). An Eppendorf Thermomixer Comfort heating shaker (Eppen-
dorf, Hamburg, Germany) was used, at 1200 rpm mixing speed and
equimolar ratio of monomers. To obtain a homogenous reaction mix-
ture, 0.1 mmoles 12HSA were mixed with 0.1 mmoles ECL in 1 mL
of toluene for 30 minutes at 75 °C, then different amounts of the se-
lected enzyme were added (100 mg in the case

of immobilized GF-CalB-IM lipase; 20 mg in the case of the native en-
zymes: Alcalase, Ps. stutzeri lipase, or Esterase AR). The protein con-
tent of the native biocatalysts was determined by the Bradford assay.
As the protein content values were close (about 0,9 mg protein/mg bio-
catalyst), the same amount of biocatalyst (20 mg) was added in all ex-
periments with native enzymes. The reactions were carried out for 24 h
at 50 °C. At the end of the reaction, the mixture was centrifuged at
6,000 rpm (3,420 g) for 5 min (U-320R centrifuge, Boeco, Hamburg,
Germany), then the toluene solution was removed with a pipette, and
the solvent was evaporated in a vacuum oven at room temperature,
yielding the product. ɛ-Caprolactone was completely converted after
24 h, while for the 12-hydroxystearic acid the conversion values ex-
ceeded 90%. The analysis was accomplished by GC-MS, as described
previously [27].

2.3. MALDI TOF-MS analysis of the polymerization product

The formation of the different polymerization products was demon-
strated by MALDI TOF-MS analysis using an UltrafleXextreme Bruker
spectrometer with FlexControl and FlexAnalysis software packages for
acquisition and processing of the data (BrukerDaltonics, Bremen, Ger-
many). The acceleration voltage was 25 kV. The sample preparation and
analysis were accomplished using DCTB as matrix and NaTFA as ioniza-
tion agent [14]. The calculated molecular weights of the possible prod-
ucts were compared to the molecular weights found in the MS spectra,
to identify the formed polymeric compounds. The number average mol-
ecular weight (Mn), weight average molecular weight (Mw), polydisper-
sity (ĐM) values, and the relative copolymer and homopolymer content
of the products have been calculated as described elsewhere [28].

2.4. Preparation of nanocomposites

Sorafenib was encapsulated by oil-in-water emulsion-solvent evapo-
ration method. The organic phase was composed of 0.2 mL of 1% (w/
v) sorafenib in acetone, which was added to 20 - 40 mg encapsulating
polymer dissolved in 1-2 mL of DCM. The water phase consisted of a 0.5
- 1% (w/v) PVA solution in MilliQ water. The ratio of o/w phase was
varied between 1:2 and 1:4. Blank nanoparticles were prepared with-
out adding the drug solution to the polymer in DCM. After the organic
phase addition to the water phase, they were emulsified by sonication
using a sonicator (Heat Systems Ultrasonics Inc. Sonicator Cell Disruptor
Model W 220 F, USA) at an ultrasonication intensity level of 6, for 30 s.
The organic solvents were evaporated by magnetic stirring for 3 h un-
der atmospheric pressure at room temperature. The nanoparticles were
centrifuged by Z216 MK microcentrifuge (Hermle Labortechnik, Wehin-
gen, Germany) at 21,380 g for 20 min, washed thrice, and redispersed
in MilliQ water or phosphate-buffered saline (PBS, pH 7.4).

2.5. Nanoparticle characterization

2.5.1. Size and morphology
The size distribution of the nanoparticles was measured by dy-

namic light scattering using a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). Intensity mean diameter and polydispersity index (PDI)
were presented as characteristic feature of the nanocomposites.

The morphology was investigated after centrifuging and redispersing
the nanoparticles in distilled water, dropping them onto a grid, and dry-
ing them under room temperature. Then, they were examined with a FEI
Apreo scanning electron microscope (SEM, Thermofisher, Waltham MA,
USA) at 20 kV.

2.5.2. Yield and encapsulation efficiency
The nanoparticle yield was determined after drying 0.5 mL of

washed nanoparticle suspension by gravimetry. Nanoparticles from
0.5 mL of centrifuged nanosuspension were dissolved in 1 mL of DMSO
to determine the encapsulation efficiency. The solution was diluted to be
detectable in the linear calibration range (1-20 µg/mL). The absorbance
of the solutions was measured spectrophotometrically (Biochrom 4060,
Pharmacia LKB, Cambridge, UK) at
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the absorbance maximum of sorafenib (271 nm) in DMSO. The encapsu-
lation efficiency of the active agents was calculated as follows:

Encapsulation efficiency (%) = (mass of drug in nanocomposite/
mass of total drug) × 100

2.5.3. In vitro drug release test
The in vitro drug release of the nanocomposite was examined in am-

monium acetate buffer (pH 5.5) that models the acidic tumor microenvi-
ronment. 0.5 mL Washed suspension containing 16 mg nanocomposites
was mixed with 4.5 mL of ammonium acetate buffer and incubated at
37 °C in 5 mL non-transparent Eppendorf tubes and shaken in a Hettich
Benelux MKR-13 Thermomixer (Hettich Benelux Laboratory Equipment,
Geldermalsen, Netherlands), for 3 days at 1000 rpm. Three parallel sam-
ples were investigated. Aliquots were taken at 0.5, 1, 2, 4, 6, 12 h and
every 24 h, 0.5 mL from each sample were centrifuged (Z216 MK mi-
crocentrifuge, Hermle Labortechnik, Wehingen, Germany) for 30 min at
21,380 g, washed three times with 1 mL of MilliQ water, the pellet was
dissolved in 1 mL of DMSO, and the drug concentration was measured
spectrophotometrically as written in section 2.4.2.

2.6. Nanoparticle labelling for cell studies

1 mL of nanoparticle suspension (10 mg/mL) was centrifuged and
washed with MilliQ water, resuspended in 1 mL of MilliQ water, then,
0.1 mL solution of EDC (10 mg) and NHS (10 mg) in MilliQ water was
added and incubated for 60 min at 25 °C. After the nanoparticle acti-
vation, the suspension was centrifuged and washed with MilliQ water,
and redispersed in 1 mL of MilliQ water. The obtained carbodiimide-ac-
tivated nanoparticle dispersion was pipetted to a 100 µL of PBS (pH 7.4)
solution containing 0.5 mg/mL Cyanine 5 amine fluorescent dye, and in-
cubated for 1 h at 25 °C. Then, the nanocomposite dispersion was cen-
trifuged, washed three times, and redispersed in 1 mL of PBS.

2.7. Cell cultures

The human cancer cell line HepG2 was grown in DMEM medium
supplemented with 10% fetal calf serum (FCS) and 100 U/mL penicillin.
The cells were cultured at 37 °C in a humidified atmosphere containing
5% CO2. They were trypsinized, resuspended, and precultured before
use.

2.8. Cytotoxicity and in vitro cellular uptake studies

In vitro cytotoxicity in HepG2 cells was analyzed using MTT reagent.
Cells were seeded (105 cells/well) in 96-well plates. After 24 h of pre-in-
cubation,

100 µL of fresh DMEM medium containing 10% FCS was added to the
growth media. After another 24 h incubation, the media was changed
with 200 µL of fresh DMEM containing the drug-loaded nanoparticles.
Three different sorafenib concentration levels of the added nanocompos-
ites were applied: 2.5, 5.0, 12.5 and 25.0 µg/mL. After 24 h of incuba-
tion, 100 µL of fresh DMEM medium was added, then the incubation
continued for another 24 h. 20 µL/well of MTT solution (5 mg MTT/mL)
and 200 µL/well supplemented culture media were added followed by
further incubation for 2 h. The supernatant was removed, and the cells
were lysed by MTT lysis solution (DMSO, 1% acetic acid, 10% SDS). The
absorbance was measured at 490 nm by a VictorX3 plate reader (Perkin
Elmer, Waltham, MA, USA). The percentage of viable cells was calcu-
lated by relating it to the negative control (untreated cells). The data
were presented as the mean and standard deviation with eight repli-
cates.

Flow cytometry was used to examine nanoparticle uptake by HepG2
cells. The cells were cultured in 24-well plates at a cell density of
2 × 105 cells/well at 37 °C for 24 h. After cultivation, 100 µg of flu-
orescently labelled nanoparticles were added to each of the wells and
incubated for 24 h. Cells without nanoparticle addition were used as a
negative control. The cells were washed by PBS, trypsinized, and re-
suspended in PBS containing 2% BSA. The living cells were stained by
Calcein AM. Flow cytometry was performed on a Gallios Flow Cytome-
ter (Beckman Coulter, Brea, CA, USA) at Ex/Em wavelengths of 488/
525 nm for Calcein AM and 633/660 nm for Cyanine 5. Every sample
was analyzed in triplicate.

3. Results and Discussion

3.1. Synthesis of poly[ε-caprolactone-co-(12-hydroxystearate)] catalyzed by
esterases

Three native hydrolases and one immobilized lipase were used as
biocatalysts for the polymerization of 12HSA and ECL, in organic reac-
tion medium. The synthesis of oligoesters starting from these monomers
was already accomplished in our group, by both chemical and enzymatic
route [27,29], but for this study different biocatalysts were tested, for
possible improvement of catalytic efficiency and selectivity. The poly-
esterification products which can be formed in these reactions are de-
picted in Fig. 1. Branched linear and cyclic copolymers containing a
random distribution of 12HSA and ECL monomer units were synthe-
sized, along with linear and cyclic homopolymers as secondary products.

The formation of the copolyesters was demonstrated based on
MALDI-TOF MS spectra. An example of MALDI TOF-MS spectrum is
presented in Fig. S1 (Supplementary Material). The main products that
can be formed are linear and cyclic copolymers containing 12HSA
units inserted in the PCL back

Fig. 1. Reaction scheme of the synthesis of copolyesters and homopolyesters from ε-caprolactone and 12-hydroxystearic acid.
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bone, alongside linear and cyclic homopolymers of 12HSA and ECL
as byproducts. The highlighted peak values, with m/z 666.2, 780.3
and 894.5 Da, correspond to the Na+ adducts of linear copolyesters
(12HSA)1-(ECL)3-5. Another series identified in the MALDI TOF-MS spec-
trum were the cyclic copolyesters (12HSA)2-(ECL)1-3, with the peak val-
ues (highlighted in Fig. S1) at m/z 702.3, 816.5 and 930.7 Da. Ho-
mopolymers were also found, e.g. the peak value with m/z 752.2 Da
corresponds to the Na+ adducts of linear homopolymers containing six
ECL units.

The relative compositions of the polymerization products, synthe-
sized at equimolar ratio of 12HSA and ECL monomers, were calculated
from the MALDI-TOF MS analysis data and are presented in Table 1.

The immobilized lipase GF-CalB-IM was less efficient compared with
Novozyme 435, used in a previous study, when an average molecular
weight of about 1400 and maximal polymerization degree of 14 were
achieved [27]. Obviously, this lipase is not specific for the polymeriza-
tion of ECL and 12HSA, although it was the most efficient biocatalyst
for other polymerization reactions of ECL, with 5-hydroxymethyl-2-fu-
rancarboxylic acid [30].

As shown in Table 1, all three native hydrolases (a lipase, an es-
terase and a protease) proved to be efficient for the synthesis of the
ECL-12HSA copolymer, but the specificity and catalytic efficiency were
highly dependent on the nature of the enzyme. The highest copolymer
content in the polymerization product was obtained using Esterase AR
“Amano” as biocatalyst, but the average molecular weight was lower
compared to the other hydrolases and only one hydroxy-fatty acid unit
was found in the copolymer backbone in all identified polymerization
products. Probably, the reaction starts by the formation of the monoester
of 12HSA and ECL, but the further chain growth is accomplished only
by ring-opening polymerization of ECL, due to the higher specificity
of the enzyme for this monomer. Although 12HSA is included in the
poly(ε-caprolactone) chain as a single terminal unit, these compounds
could be also interesting for biomedical applications, considering the
different shape and hydrophobicity compared to the PCL homopoly-
mers.

Using Alcalase, the highest average molecular weight of 1850 Da and
a maximal polymerization degree of 17 were obtained, while the relative
content of PCL homopolymer did not exceed 30%. Even if proteases are
not known as polycondensation catalysts, they were successfully used
for the oligomerization of alkyl L-lactates, but Alcalase (immobilized as
CLEA) was not active in these reactions [31]. Therefore, these results
are very promising, and new tailor-made immobilized biocatalysts will
be developed in the future studies.

Relative copolymer content higher than 85% and polymerization de-
gree of 8 were obtained when the native Ps. stutzeri lipase has been used
as biocatalyst. Although the number average molecular weights (Mn) did
not exceed 900 Da, they were comparable with those reported for an-
other native lipase, from Pseudomonas fluorescens [27], but with differ-
ent linear/cyclic copolymer selectivity. This enzyme yielded the highest
cyclic copolymer content and such a selectivity could be equally inter-
esting for future developments, considering that cyclic polyesters pre-
sent particular interest since their biodistribution varies from their lin-
ear analogs [32].

The most important outcome of this study is that besides lipase
other esterases can be also successfully employed for the synthesis
of ECL-12HSA copolymers, leading to specific characteristics of these
products in terms of av

erage molecular mass, structure of the copolymer, linear/cyclic copoly-
mer ratio. The copolymer synthesized by Alcalase was selected for the
nanoparticle formulation study based on its higher molecular weight,
but all these materials could have promising applications.

3.2. Physical and chemical features of nanoparticles

It is known from previous results [33] that higher molecular weight
results in slower drug release and higher encapsulation efficiency,
hence, we used the copolymer with the highest molecular weight for
nanoparticle preparation. The synthesized copolymer of (ECL-12HSA)
was utilized to encapsulate sorafenib anticancer agent using oil-in-wa-
ter emulsion-solvent evaporation technique. For the optimization of the
method, the effect of most important process parameters such as emul-
sifier concentration, ratio of oil and water phases as well as initial drug
and polymer concentration were investigated on the size and drug en-
capsulation efficiency. 0.5% or 0.75% (w/v) PVA concentration was
found to be too low for the emulsification, since they resulted in too
high (>0.2) PDI indicating aggregation or the precipitation of a por-
tion of the drug separately from the nanocomposites (Fig. 2). However,
with 1% (w/v) PVA in the water phase, choosing suitable encapsulating
polymer and sorafenib concentration provided monodisperse size distri-
bution with PDI < 0.2 (Table 2). Oil/water ratio 1:2 was optimal at
the applied sonication energy, since at higher ratio (1:4) the particle
yield became much lower (<50%) related to 74 ± 4.0% obtained for
1:2. The low yield generally accompanies with lower encapsulation effi-
ciency. Thus, the concentrations of encapsulating polymer and sorafenib
were optimized using 1% PVA and 1:2 oil/water ratio. Increasing the
copolymer concentration from 10 mg/mL to 20 mg/mL in the organic
phase enhanced the size of the nanoparticles, although the PDI still re-
mained suitably low (Table 2).

Interestingly, the polymer concentration also influenced the zeta po-
tential of nanoparticles; the nanoparticles prepared by lower polymer
amount had higher zeta potential (10 mg/mL: -18.1 ± 2.9 mV, 20 mg/
mL: -9.2 ± 1.3 mV) suggesting higher stability, which can be the result
of higher sorafenib amount on the surface of nanoparticles formed with
less encapsulating polymer. Nevertheless, it must be noted that PVA
emulsifier as a steric stabilizer might have higher stabilizing effect that
cannot be measured by zeta potential analysis.

The sorafenib concentration is investigated in relation with the ma-
trix polymer concentration, because the appropriate ratio of hydropho-
bic drug and incorporating polymer can give a homogenously dispersed
mixture in the nanocomposite. The enhancement of drug concentration
(related to the polymer concentration) from 5% to 10% did not cause
significant change in size, nevertheless at 20%, the PDI increased sub-
stantially (Table 3) indicating the precipitation of drug outside of the
nanocomposites as observed also in the size distribution (Fig. 3).

Increasing the sorafenib-to-copolymer ratio from 5% to 10% did not
result in significantly different encapsulation efficiency, while further in-
crease to 20% raised it substantially, though, the latter initial amount of
sorafenib resulted in separately precipitated or aggregated nanoparticles
(see in Fig. 3), which is undesirable and also determined as encapsu-
lated drug, since this fraction is not separated from the submicron-sized
particles during measurement of drug content.

Table 1
Influence of the biocatalyst on the average molecular weights and composition of the copolymerization products (calculated from MALDI-TOF MS data). Reaction conditions: 50 °C,
equimolar monomer concentrations, 24 h reaction time, 1200 rpm mixing speed.

Enzyme Mn [Da] Mw [Da] ĐM Composition of the product [%] DPmax

LC CC LHE LHH CHE CHH

GF-CalB-IM lipase 689 692 1.00 26.2 41.6 10.3 0.0 21.9 0.0 5
Ps. stutzeri lipase 854 911 1.07 39.1 49.4 0.7 7.7 1.6 1.5 8
Esterase AR 726 730 1.01 > 99.0 n.d. n.d. n.d n.d. n.d 5
Alcalase 1750 1850 1.06 68.3 3.4 11.9 4.3 8.7 3.4 17

LC - linear copolymer; CC - cyclic copolymer; LHE - linear homopolymer of ECL; LHH - linear homopolymer of 12HSA; CHE - cyclic homopolymer of ECL; CHH - cyclic homopolymer of
12HSA; DP - maximal degree of polymerization; n.d. - not detected
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Fig. 2. Size distribution of sorafenib-loaded ECL-12HSA nanoparticles as a function of PVA
emulsifier concentration.

Table 2
Influence of polymer concentration on the size of nanocomposites.

Polymer concentration (mg/mL) Mean size by intensity (nm) PDI

10 223 ± 7.1 0.175 ± 0.024
20 254 ± 16.1 0.177 ± 0.012

Table 3
Size of sorafenib-loaded ECL-12HSA nanoparticles as a function of initial drug concentra-
tion (%) related to copolymer concentration.

Sorafenib concentration
(%) 5 10 20

Mean size by intensity
(nm)

228 ± 5.0 219 ± 5.2 241 ± 3.2

PDI 0.172 ± 0.019 0.168 ± 0.029 0.288 ± 0.018

Fig. 3. Size distribution of nanocomposites at various sorafenib concentration related to
initial encapsulating copolymer amount.

SEM showed much smaller size of nanoparticles (Fig. 4) than the
dynamic light scattering method, since the latter one provides hydrody-
namic size that is generally larger than the dry size. The nanoparticles
had spherical shape as expected.

Overall, the optimal processing parameters for manufacture of so-
rafenib-loaded ECL-12HSA nanoparticles were 1% (w/v) PVA in the wa-
ter phase, 2:1 water/oil ratio, 10 mg/mL encapsulating polymer concen-
tration in the organic phase and 10% drug amount in relation with the
initial polymer amount. For the drug release and cellular studies, the
nanocomposites were formulated using these conditions.

3.3. In vitro drug release

The sorafenib release of the optimized nanoparticles was tested in
acidic buffer (pH 5.5) mimicking the tumorous environment. The initial
burst of drug was 62 ± 4.3%, then, a sustained active agent liberation
occurred, while 79 ± 12.3% of the total amount was released during the
72 h study (Fig. 5). The relatively high fluctuation of the results may
suggest drug adsorption in some phase of the degradation of the poly-
mer matrix.

3.4. Cytotoxicity and cellular uptake of nanoparticles

In vitro MTT cytotoxicity assay was performed with an HCC cell
line in order to examine the efficacy of the drug loaded nanoparticles
against HepG2 cells. The nanoparticles showed concentration-depen-
dent cytotoxicity (Fig. 6), and the nanocomposites with highest drug
concentration (25 μg/mL in the cell medium) showed similar toxicity
(33.2 ± 5.7% viability) as the pure drug (37.8 ± 2.4%) in the same
cells, which latter value was published in our very recent work [34].

Cellular uptake of nanoparticles was also tested with the same cell
line. The uptake of both drug loaded and blank nanoparticles was in-
vestigated. After 24 h incubation, 24.4 ± 8.4% of the living cells asso-
ciated with the blank nanoparticles, while only 5.7 ± 1.6% of the so-
rafenib-loaded nanocomposites was connected to the cells. The signifi-
cantly lower uptake of nanoparticles containing the medicine can be ex-
plained by the fact that the dead cells were not analyzed in the flow cy-
tometry method, and through the 24 h duration of the test, substantial
part of cells must have died. Although the blank nanoparticle uptake by
the cells was also substantially lower than that suggested by the cyto-
toxicity results, consequently, probably the released drug took also sub-
stantial part in the elimination of the cancer cells.

4. Conclusions

Oligomers of ECL and 12HSA are exciting new compounds for bio-
medical applications. Alongside lipases, other hydrolases like Esterase
AR “Amano” and Alcalase have been proved as efficient biocatalyst for
this biocatalytic polymerization process. The nature of the enzyme in-
fluences the molecular mass, linear/cyclic selectivity and distribution
of the monomeric units along the chain. By appropriate selection of
the nature of the enzyme, the properties of the oligomeric biomater-
ial can be tailored in accordance to the specific requirements of the
targeted application. The copolymer with the highest molecular weight
was used for the formulation of the nanoparticles, as higher molecular
weight leads to slower drug release and higher encapsulation efficiency
but increasing the molecular weight above a certain limit results in too
prolonged drug release, which is also not acceptable. Sorafenib anti-
cancer drug was successfully entrapped by the biocatalytically synthe-
sized ECL-12HSA copolymer. The emulsion-solvent evaporation method
for the preparation of nanocomposites was optimized for size and encap-
sulation efficiency. The developed nanopharmaceuticals were very effi-
cient against HepG2 HCC cells, and displayed promising sustained drug
delivery in vitro in model tumor environment. Further studies will be
carried out to correlate the structural characteristics of the synthesized
copolymers with the encapsulation efficiency and drug-release profile of
the nanocomposites, by appropriate tailoring of the biocatalyst selectiv-
ity (Table 4).
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Fig. 4. SEM image of sorafenib-loaded ECL-12HSA nanoparticles on the metal grid.

Fig. 5. Cumulative drug release from sorafenib-loaded ECL-12HSA nanoparticles in ac-
etate buffer (pH = 5.5).

Fig. 6. Cytotoxicity of sorafenib-loaded ECL-12HSA nanocomposites with increasing drug
concentration studied in HepG2 cells in vitro.
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