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Copolymers with different hydrophilic/lipophilic ratios (HLR) were used to optimize the compatibility
between polymer as drug carrier and quercetin as lipophilic drug. Synthesis of amphiphilic triblock
copolymers (TC) of poly(butylene adipate)-poly(ethylene glycol)-poly(butylene adipate) (PBA-PEG-
PBA) with different PBA molecular weights is the first approach for this purpose. Polymerization and
structural features of the polymers were analyzed by different characterization techniques (GPC,
TH NMR and FT-IR). Formation of hydrophobic and hydrophilic domains with different ratios in the
ABA-triblock copolymers was studied by 'H NMR. The sunflower-like nanoparticles were prepared by
self-assembling of the amphiphilic copolymers in the aqueous solution. The hydrophobic PBA segments
formed the central solid-like core which stabilized by the hydrophilic PEG rings. The optimum HLR for
these copolymers was determined on the basis of drug release time and profile, obtained from freeze-
dried nanoparticle powders. The results indicated that optimum HLR for the sustained quercetin release
obtained at higher molecular weight of polyesteric domains. Zeta potential measurements showed that
the nanoparticle size was close related to the initial concentrations of the nanoparticle dispersions and
the compositions of the triblock copolymers. Moreover, TEM pictures showed that the nanocarriers mor-
phologies were changed by changing HLR of triblock copolymers. The PBA-PEG-PBA nanoparticles also
showed good drug loading properties, suggesting that they were very suitable as delivery devices for

hydrophobic drugs.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Segmented block copolymers consisting of ‘hard’ polyester
A-blocks and ‘soft’ poly (ethylene oxide) [PEO] B-blocks have at-
tracted the interest of material scientists because they allow mod-
ification of physical and chemical properties, leading to an
accelerated biodegradability. These different polymers can be clas-
sified according to their structure as AB diblock, ABA or BAB tri-
block, multi-block, starblock and graft copolymers. BAB type
triblock copolymers consisting of PEO and poly(3-hydroxybuty-
rate) (PHB) were investigated by coupling two chains of PEO with
a low-molecular-weight isotactic PHB chain in the middle (PEO-
PHB-PEO).! The crystallinity of PHB block in the copolymers
clearly increased compared with that of the pure PHB precursor,
and their critical micelle concentrations (CMCs) were in the range
of 13-1100 mg/L.? In fact, the CMC values of the PEO-PHB-PEO
copolymers were too high, especially comparing with that of
poly(e-carprolactone) (PCL)-PEG and poly(i-lactide)(PLLA)-PEG
(2.5-35 mg/L).> The results implied that the PEO-PHB-PEO nano-
particles were easily dissociated upon dilution in the blood stream
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after intravenous injection, which was supported by the fact that
all PEO-PHB-PEO copolymers were soluble in water.>> The poten-
tial use of ABA-triblock copolymers as drug delivery system for
hydrophilic macromolecular drugs, such as peptides and proteins
was recognized in the early 1990s.> ABA-triblock copolymers can
be designed to exhibit rapid swelling upon contact with water,
forming a physically cross-linked, biodegradable hydrogel. The
advantage of this approach over chemical cross-linking of PEO is
the ease of incorporation of sensitive proteins and the broad spec-
trum of existing technologies for manufacturing such devices. Syn-
thesis of ABA-triblock copolymers of PEO and lactic acid or glycolic
acid using Sb,03 and phosphoric acid as catalysts was first de-
scribed by Cohn et al. in 1987.7® Deng et al. used stannous chloride
as catalyst to synthesize successfully ABA-triblock copolymers of
PEO and PLA.° The application of ABA polymers for controlled re-
lease of bioactive materials emerged when shortcomings of polyes-
ters, such as poly(lactic-co-glycolic acid) [PLGA], with respect to
protein delivery became apparent and required biodegradable
polymers which did not affect protein stability and release proper-
ties. Apart from these polyesters, also other biomaterials, such as
poly(ortho esters) and poly(anhydrides) have been utilized.
A recent review deals with various aspects of different biodegrad-
able polymers as a platform for controlled drug delivery.'®
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Currently, poly(ethylene glycol) and its derivatives have been
widely used as biomedical materials. With the development of
new application areas, there is a growing demand to obtain more
versatile PEG derivatives. Nevertheless, an obvious disadvantage
of PEG is the lack of reactive groups in the ethylene oxide units.
For this reason, synthesis of PEG derivative which has reactive end
groups is of great interest. In recent years, a large number of deriva-
tives have been synthesized'! and among them the most important
PEG derivative is amino-terminated PEG.'? However, all of these
methods involved two or more synthetic steps. According to our pre-
vious studies, the BAB triblock copolymer of PEG-PBA-PEG exhib-
ited a good carrier for a model anticancer drug. Moreover, they
also showed relatively acceptable encapsulation efficiency and load-
ing percent.!? A considerable effort has been carried out in the last
decade to relate the structure and micellar characteristics to the
drug loading and release behavior from block copolymers.

In the present study, the effect of the hydrophilic/lipophilic
ratio on the formation of these PEG/Polyester assemblies was exam-
ined at constant polymer concentrations. More importantly, the
polymers’ intermolecular interaction and morphology that are crit-
ical to the assembly of ABA-triblock copolymers were identified. The
presence and the intensity of interactions between drug and the
polymeric nanocarrier were determined by drug release profile plot-
ting by UV spectroscopy. For this purpose, we explore the potential
of the novel micelles as a drug delivery vehicle for lipophilic drugs
and analyze the effects that the chemical structures of the core-
forming hydrophobic block have on drug incorporation. For this pur-
pose, we synthesized PBA-PEG-PBA triblock copolymers with three
different molecular weights through condensation polymerization
and using a difunctional macromonomer based on polyethylene gly-
col and chloro-terminated polybutyl adipate. And the polymers
characterization has been studied by 'H NMR, IR, DSC and GPC. To
evaluate the controlled drug delivery properties of copolymer nano-
particles, quercetin, an anticancer drug was used as a model because
of its very low solubility in water. Quercetin is a flavonol, plant-de-
rived flavonoid, used as a nutritional supplement. Laboratory stud-
ies show it has anti-inflammatory and antioxidant properties, and
it is being investigated for a wide range of potential health benefits.
Enhancement of therapeutic efficiency of highly hydrophobic drugs
may be achieved by improving their solubility. We use the
PBA-PEO-PBA copolymers whose PBA blocks are longer than the
PEO block, which results in very poor solubility in water. The used
preparation protocol is based on the addition of dissolved PBA-
PEO-PBA in acetone into an excess amount of water. We employed
zetasizer and UV spectroscopy for the characterization of prepared
nanoparticles.

2. Material and methods
2.1. Material

Butylene glycol, acetone and PEG (hydroxyl terminated PEG
Mw =2000) were purchased from Merck Chemical Co. Adipoyl
chloride, tiethylamine and quercetin dihydride were obtained from
Fluka Chemical Co. Diethyl ether was purchased from Guandong
Guango Chemical Co. (China). All the chemicals were of analytical
grade and used without any purification. PEG was vacuum-dried at
50 °C for 12 h before use.

2.2. Synthesis and characterization of triblock copolymers

2.2.1. Synthesis of end-functionalized PEG

0.098 ml (0.66 mmol) adipoyl chloride and 0.09 ml (0.66 mmol)
triethylamine were added to PEG-2000 (0.66 g, 0.33 mmol) under a
solvent-free condition. The reaction was carried out at 80 °C for
24 h until no more HCI released.

2.2.2. Synthesis of PBA with different molecular weights

Poly(butylene adipate) with 2000, 3000 and 4000 molecular
weights were prepared by changing the feed composition accord-
ing to the literature procedure'# with some modification. The ratio
between concentrations of adipoyl chloride (AC) and butylene gly-
col (BG) were 1:1.15 for PBA(3000)-PEG-PBA(3000); 1:1.143 for
PBA(4000)-PEG-PBA(4000) and 1:1.122 for PBA(5000)-PEG-
PBA(5000). A typical polymerization procedure is detailed below.
1.5ml (10.22 mmol) adipoyl chloride and 1 mL (11.30 mmol)
butylene glycol were placed in a round bottomed flask at 80 °C
and 1.57 mL (11.30 mmol) triethylamine was added to the solu-
tion. Samples were removed periodically throughout the reaction
in order to follow the polymerization by 'H NMR and GPC. Poly-
merization was ended after 48 h. After that, the solution was
cooled and precipitated in 50 ml of methanol to obtain crude poly-
mers, which purified from acetone/methanol twice with 75-89%
yield.

2.2.3. Synthesis of triblock copolymers with different molecular
weights

Briefly, appropriate amounts of acid chloride terminated PEG
were added into two equimolar of different PBA at the same tem-
perature. The reaction was heated at 85 °C for 24 h until no more
HCl was released. The viscous solution was poured into 40 ml
diethyl ether and the resulting copolymers were filtered off. To
separate the unreacted PEG, 80 ml H,O was added to precipitate
the copolymer and it was stirred vigorously. The white copolymer
was centrifuged, decanted and purified twice more as above. The
resulting copolymer was dried at a reduced temperature for 10 h.

2.2.4. Characterization of triblock copolymers

TH NMR spectra of the triblock copolymers were recorded on a
Bruker Avance 400 NMR spectrometer, using chloroform-ds
(CDCl3) as solvent. The composition of each copolymer was dem-
onstrated by 'H NMR. FT-IR spectra of the triblock copolymers
were carried out on Shimadzu FT-IR-4300 by preparation of their
potassium bromide (KBr) pellets. The number and average molec-
ular weights of the copolymers were measured by an Agilent GPC
system using tetrahydrofuran as the eluent at a flow rate of 1 ml/
min at 23 °C. A calibration process was performed with polysty-
rene standards. Differential scanning calorimetry (DSC) thermo-
grams of the copolymers were obtained using a computer-
interfaced calorimeter (Perkin Elmer Pyres DSC) under a nitrogen
atmosphere and a heating rate of 10 °C/min from ambient temper-
ature to 350 °C. Glass transition temperature (Tg) of the copoly-
mers was measured according to their thermograms.

2.3. Preparation and characterization of nanoparticles

2.3.1. Preparation of nanoparticles

Drug loaded nanoparticles were prepared by a nanoprecipita-
tion method.'® In each experiment, 10 mg of different triblock
copolymers and 1.5 mg quercetin were dissolved in about 2 ml of
acetone. Then the obtained organic solution was added dropwise
to 10 ml distilled water under moderate stirring at room tempera-
ture. Acetone was thoroughly removed under a reduced pressure.
Finally, the resulting aqueous dispersion was filtered through
0.45 pm cellulose acetate syringe filter to remove the aggregated
copolymers and non-encapsulated drug crystals and then freeze-
dried to extract fine nanoparticles from the aqueous medium.

2.3.2. Characterization of nanoparticle

2.3.2.1. Particle size determination. The mean diameter and size
distribution of the aqueous dispersion of nanoparticles were mea-
sured by Zetasizer nano ZS (Malvern Instruments Ltd, United King-
dom). The sample was diluted to an appropriate concentration
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with deionized water, which was filtered previously with a
0.45 pm Millipore filter, to avoid any contamination.

2.3.2.2. Nanoparticles yield, drug loading, encapsulation effi-
ciency of drug loaded nanoparticles. The nanoparticles yield
was obtained gravimetrically from Eq. 1. To determine the extent
of drug loading and the encapsulation efficiency, an exact amount
of the drug loaded nanoparticles was dissolved in 10 ml of acetone,
and then the amount of quercetin in the nanoparticles was mea-
sured by ultraviolet absorption at their maximum wavelength on
a Carry 100 Bio spectrophotometer. By using UV data, the drug
loading content and the encapsulation efficiency were obtained
from Egs. 2 and 3, respectively. By comparing the UV spectra of
pure quercetin and the quercetin loaded nanoparticles, the interac-
tions of quercetin and polyester core of nanoparticles were also
investigated:

B Weight of the nanoparticles "
"~ Weight of the feeding polymer and drug

100
(1)

Nanoparticle yield (%)

. Weight of the drug in nanoparticles
Drug loading content (%) = \%Veight of theianopart?cles X100

2)
x 100
3)

Weight of the drug in nanoparticles
Weight of the feeding drug

Encapsulation efficiency (%) =

2.3.2.3. In vitro release of quercetin loaded nanoparticles. The
in vitro release studies of quercetin from the drug loaded triblock
nanoparticles were performed by the diffusion technique using a
12 kDa dialysis bag in phosphate buffer solution. This PBS solution
was made of sodium hydrogen phosphate (2.83 g/l); potassium
dihydrogen phosphate (0.19 g/l); and sodium chloride (8 g/l).
0.4 mg of the quercetin loaded nanoparticles and 2 ml PBS (pH
7.4) were placed into pre-swelled dialysis bag that was immersed
into 100 ml PBS solution at 37 °C. Periodically, the PBS solution was
withdrawn and fresh PBS was added to the release system. At mea-
sured intervals, 2 ml PBS solution was taken out and the amount of
released quercetin was determined by the UV spectra. The UV
spectrum for quercetin has two absorption maxima (/Amax) in the
ultraviolet region (328 and 375 nm). The Beer-Lambert equation
is:

A=ech (4)

where A is the absorption intensity, c¢ is the drug concentration
(quercetin), b is the path length of the radiation through the absorb-
ing medium and ¢ is a proportionality constant, so-called molar
absorptivity. According to Beer-Lambert law, absorbance of the
quercetin is directly proportional to its concentration. Therefore,
by knowing the absorption intensity of the drug loaded nanoparti-
cles (As) at 375 nm, the quercetin concentration (cs) will be obtained
by the following equation:

As G
Ao )

where, A; and c;, are the absorption intensity and concentration of a
reference sample, respectively.

2.4. Statistical analysis

In vitro release studies were performed in triplicate. The data
are represented as mean * standard deviation (SD). Data were
analyzed using the Student ¢ test. Statistical significance was set
at P<0.05.

3. Results and discussion
3.1. Synthesis and characterization of the copolymers

ABA-triblock copolymers with different lengths of PBA were
synthesized via a three-step reaction (Scheme 1). Firstly, a dihydr-
oxyl terminated PEG was end-functionalized using adipoyl chlo-
ride. At the second step, hydroxyl terminated PBAs with different
molecular weights were synthesised according to Table 1. The
resulting polymers were reacted with PEG, obtained from the first
step to produce triblock copolymers with a central core of PEG and
different lengths of PBA as terminal blocks. Each polymerization
was sampled at different time intervals and analyzed by 'H NMR
and GPC for measurement of conversion, molecular weight and
polydispersity.

The structure of triblock copolymers were characterized by 'H
NMR. In CDCl3, where micellar formation was not expected, all
TH NMR resonances attributed to PBA and PEG units were detected.
Presence of methylene protons of PEG and PBA blocks showed suc-
cessful formation of the triblock copolymer. Assignment of methy-
lene protons adjacent to the carbonyl groups of the adipic
segments at 2.35 ppm, methylene protons adjacent to the hydroxyl
groups of the butylene glycol segments at 4.09 ppm and remained
methylene protons of the butylene glycol and adipic acid units at
1.67 ppm for the PBA blocks have been shown in Figure 1. Methy-
lenic protons of PEG at 3.95 ppm were also observed in 'H NMR
spectrum.

The results showed that PBA-PEG-PBA block copolymers of ABA
type were mainly formed. The absence of a sharp signal at

Step 1:

Il Il
HO =(CHyCHy0) - CH;CHOH + 2 C1—C—(CHyg)y—C—C1 8“5; C;ff

O (o] O

Il II Il Il
C1—C=(CHg)y=C =0~ (CHyCHy0) ~ CHa CH20—C—(CHz)g—C —C1 ~—

9 o
(Cl—(‘— PEG —'c"—a)

Step 2:
i i
HO—(CHy)4-OH + Cl—C—(CHg)y—C—Cl
80-85°C/EtsN
-HCi

i i i i
HO=(CHg) 4= O C—(CHz)4 C—0—(CHa)y~OC~(CHa)y—C~0—(CHy)4~OH

( HO— PB—-\—OH)

Step 3:
ICI) ﬂ 80-8F C/EtsN
Cl—C—PEG—C-C1 + 2 HO— PBA—OH T

0
I

Il
HO— PBA—Q—(C=PEG—C—0—PBA—OH w—m

(PBA-PEG -PBA)

Scheme 1. Synthesis of the triblock copolymers based on PBA and PEG.
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Table 1
Polymerization condition for preparation of different molecular weights of PBA-PEG-
PBA

Sample AC/BG*  AC/BG®  PBAP (g/mol) PEG (g/mol) Yield (%)
PBA-3000 1:1.150  1:1.211 2090 2000 71
PBA-4000  1:1.143  1:1.182 2397 2000 84
PBA-5000 1:1.122  1:1.107 3914 2000 89

4 Molar fraction of adipoyl chloride to butylene glycol in the feed to produce
3000, 4000 and 5000 molecular weights of PBA.
° Obtained from 'H NMR.

2.63 ppm in their 'H NMR spectra due to the terminal OH group in
the PEG moiety rejected the coexistence of PBA-PEG copolymer of
AB type. Calculations were performed by 'H NMR due to the com-
parison of relative integration of the signals at 3.67 ppm assigned
to the protons of PEG and that at 4.12 ppm for methylene protons
of PBA. The mean molecular weights of PBA portions and block
copolymers were calculated as bellow and have been listed in Ta-
ble 1:

As 67/ [Mpec/44] = As12/[2(Mrppa/200)]

Mpgn = 4545.45(Ag.12/As 67)

where Mpgg and Mpga are the mean molecular weights of PEG and
PBA blocks in the copolymer, respectively; Asg; and Asg; are the
peak areas at 3.67 ppm and 4.12 ppm in 'H NMR, respectively; 44
and 200 are the molecular weights of -CH,CH,0- and —CO(CH,),4-
CO-0(CH3)40- units, respectively in the block copolymers. The
feeding molar ratios of AC to BG were chosen to be 1:1.150,
1:1.143 and 1:1.122 at which the hydrophobic parts of the copoly-

] [+]
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Table 2

Molecular weight characteristics of different triblock copolymers
Sample Mn? MnP MwP Mw/Mn®
TC-8000 6180 3304 6136 1.86
TC-10000 6794 4735 8105 1.71
TC-12000 9828 6393 10,107 1.58

3 Obtained PBA-PEG-PBA molecular weights from 'H NMR.
b Obtained PBA-PEG-PBA molecular weights from GPC.

mer would have molecular weight of 3000, 4000 and 5000 g/mol.
However, the actual AC/BG ratios in the copolymers, which were
determined by 'H NMR spectra, deviates a little from the theoretical
feeding ratios and possibly due to the partial copolymerization and
removal of oligomers during purification process.

The molecular weights and molecular weight distributions of
these block copolymers were determined by GPC too. From
Table 2, it was found that the Mw of block copolymers obtained
from GPC were in good agreement with those obtained from 'H
NMR. On the other hand, the single peak in the GPC chromato-
grams of the products indicated that the products had a unique
structure.

Moreover, FT-IR results of different triblock copolymers have
been shown in Figure 2. PBA-PEG-PBA block copolymers pre-
sented distinct carbonyl stretching band at 1710cm™! and the
characteristic C-0 bonds at 1261 cm™! for the esteric groups with-
in PBA block, the broad C-O-C band at 1170 cm ™! and C-H peaks
at 2850 cm™! assignable to the etheric linkages of PEG block.
Meanwhile, the relative intensities of carbonyl bands within PBA
blocks to the C-H stretching bands within PEG block increased
gradually with the increasing block length of PBA.

c a b a9 ¢ a d a ¢ @ a b a ¢
Hﬁﬁomwnr\kwf\owuﬁmw%ﬁ-ﬂn}:

. AN A o]
hd Y Y a
PBA Unit PEG Unit PBA Unit
a a
¢ b
| B
12000 J e LM
d
[
/ 10000 ’ |
& =
8000 1 JbLJ
i
T T T T T T T T T T T T T T T T T T
B 8 5 6 5 4 3 2 1 o ppm

Figure 1. 'H NMR of the triblock copolymers (a) TC-6000, (b) TC-8000 and (c) TC-10000.
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Figure 2. FT-IR of the triblock copolymers (a) TC-8000, (b) TC-10000 and (c) TC-
12000.

We used differential scanning calorimetry (DSC) to investigate
thermal properties of PBA-PEO-PBA triblock copolymers (Fig 3).
With respect to the melting points of PEG (50.8 °C) and PBA
(60.6 °C) homopolymers, these block copolymers showed different
thermal behaviors. The block copolymer consisting PBA(3000)-
PEG(2000)-PBA(3000) and  PBA(4000)-PEG(2000)-PBA(4000)
exhibited melting endotherms at 54.6 and 59.7 °C, respectively.

Heat Flow (incal/sec)

*6 T 1 T 1
40 S0 60 70 80

Temperature (°C)

Figure 3. DSC thermograms of PBA-PEG-PBA triblock copolymers: TC-12000 (—),
TC-10000 (OOOO) and TC-8000 (- - -).

An intermediate melting point compared with their parent homo-
polymers, indicated phase compatibility and in agreement with
those mentioned in the literature.’>'® For longer PBA chains (TC-
12000), no overlapped melting endotherm was found. This might
be due to a decrease in compatibility of the shorter PEG chain with
dominant PBA blocks and sufficient phase separation. In fact, the
DSC analysis of PBA-PEG-PBA copolymers showed that the PEG
blocks have greatly hampered the crystallization of PBA blocks
and the degree of crystallinity of PBA blocks (within copolymers)
decreased with the decreasing block length of PBA. In comparing
to our previous work,'® it could be seen that BAB type TCs with
long polyester segments were essentially produced semicrystalline
polymers with two Tgs due to the phase separation. Whereas,
dividing of the long polyester segments into two equal parts in
ABA type triblocks (at constant lipophilic to hydrophilic ratio) pro-
duces monophasic matrix with an average lower Ty with respect to
its parent homopolymers. This decrease in Ty in the ABA-triblock
copolymers indicated a better phase compatibility compared with
the BAB ones with similar HLB.

3.2. Synthesis and characterization of the nanoparticles

Core-shell type nanoparticles of PBA-PEG-PBA triblock copoly-
mers were prepared by the nanoprecipitation method widely em-
ployed to produce nanoparticles by interfacial deposition of a
polymer followed by displacement of an organic polar solvent in
water. Nanoprecipitation was carried out without addition of any
surfactant in the water phase to highlight the surfactant-like prop-
erties of the copolymers. Size and size distribution of the nanopar-
ticles were measured by zetasizer and the mean diameter of
polymer nanoparticles was in the range of 123-183 nm (Fig. 4).
Particle sizes decreased with the increasing in the length of incor-
porated PBA block into the copolymer chains. Amphiphilic copoly-
mers with shorter hydrophobic PBA block are more hydrophilic,
and they can diffuse more easily into the aqueous medium. So be-
cause of the aggregation of nanoparticles after redispersion, they
could accumulate and result in larger nanoparticles (Fig. 4c). When
the copolymer chain has long PBA blocks, more hydrophobic
copolymers layer will be obtained which could pack the PBA do-
main in the core of flower-like micelle and so, more hydrophobic
nanoparticles will be formed easily (Fig. 5). Furthermore, it could
be seen that nanoparticles with PBA 5000 and 4000 show a uni-
modal size distribution (Fig. 4a and b), while nanoparticles with
PBA 3000 have a trimodal size distribution. The observed trend
shows that by decreasing the polyester molecular weight, the
aggregation tendency for the formation of large clusters is in-
creased. Appearance of a new peak at 5190 nm and its accretion
with time proves the above hypothesis (Fig. 4c).

To examine the aggregation amount of nanoparticle solutions,
we determined the particle size of produced nanoparticles by
changing the copolymer concentration (Table 3). For all triblock
copolymers with different molecular weights, the particle size
decreased with the decrease in solution concentration. In this situ-
ation, nanoparticles could be only produced separately and no
trace of cluster was observed (Scheme 2). For a concentration of
0.4 mg/mL of nanoparticles, the particle size was slightly decreased
for PBA 5000 and 4000. More significant particle size decreasing
was observed for PBA 3000 (Fig 4d), which implies that decreasing
the nanoparticle concentration leads to a decrease in the carriers’
particles size.

TEM measurement was carried out to characterize the morphol-
ogy of PBA-PEG-PBA nanoparticles. Figure 5 shows the images of
copolymer TC-12000 and TC-8000 nanoparticles. When two hydro-
phobic PBA blocks were attached to the PEG chain, the polymer
was triggered to self-assemble in water. In TC-8000 and TC-
10000, most of the nanoparticles were observed to have a spherical
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Figure 4. Size distributions for different triblock copolymers at 1 mg/ml triblock concentration: (a) TC-12000; (b) TC-10000; (c) TC-8000 and at 0.4 mg/ml triblock

concentration: (d) TC-8000.
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Figure 5. TEM pictures of TC-8000 (a) and TC-12000 (b and c¢) nanoparticles.

Table 3
Particle size and polydispersity index of drug loaded triblock copolymers at different
concentration of nanoparticles

Sample Particle size® (nm) PDI? Particle size® (nm) PDIP
TC-8000 183+79 0.44 43.8+23 0.12
TC-10000 126 +5.7 0.30 67.3+£4.0 0.26
TC-12000 115+6.1 0.07 85.2+8.6 0.23

¢ Calculated at 10 mg of nanoparticles in 10 ml of water.
b Calculated at 10 mg of nanoparticles in 25 ml of water.

shape, and the average sizes of the nanoparticles were in the range
of 126-183 nm. Whereas, the morphology changed from spherical
to bean-like by increasing the PBA block length to 12,000 (Fig. 5b
and c). This change from spherical shape to cylindrical shape can
be expected only if the soluble block of the copolymer is shorter
than the insoluble blocks of that.!” It seems that the present
morphology is a result of thermodynamic equilibrium during
self-assembling process, while the micelles are being formed in
acetone/water mixture. The thermodynamic of self-assembling
depends on three parameters during the formation of block copoly-
mer micelles: (i) core formation, (ii) corona-solvent interaction
and (iii) core-solvent interaction. The contribution of core forma-
tion, which is influenced by several factors, may be the most
important parameter. The polyester chains in the spherical core
are stretched in the radial direction. Therefore, it is of interest that
the stretching decreases as the shape changes from spherical to

bean-like morphology; especially by increasing the hydrophobic
portions at constant hydrophilic one.

Encapsulation efficiency (EE), drug loading and release features
of nanoparticles were calculated from the absorbance measure-
ment of quercetin at 370 nm by UV spectrophotometer. There is
no interference by the copolymers at this wavelength. These prop-
erties of quercetin loaded nanoparticles prepared at two different
concentrations have been reported in Table 4. Drug loading content
and EE depend on the composition of copolymers and arrangement
of the micelles. For both concentrations, drug-loading and EE in-
creased with the increase in the molecular weight of PBA blocks.
This can be reasonably attributed to the fact that the extent of
polymer/drug hydrophobic interactions increases with the increas-
ing block length of PBA. It was found that the decrease in concen-
tration of the copolymers did not affect on the EE values, while the
drug loading increased except for TC-12000 nanoparticles. TEM
picture of TC-8000 at high concentration (Fig. 6a) displays the pres-
ence of some aggregated samples with thin shell, meaning that
some of the hydrophobic parts of the copolymer act as a linker in-
stead of being just as a shell layer. Whereas, all nanoparticles will
appear separately in the samples at low concentration of copoly-
mers (Fig. 6b). This causes producing particles with thicker shell
and consequently, releasing of the drug will be decreased dramat-
ically during nanoparticles preparation and freeze drying time
interval. The particle size of TC-12000 in high and low concentra-
tions does not vary as high as TC-8000, depicting that their charac-
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Scheme 2. Schematic representation of variation in particle size at different nanoparticles concentration solutions prepared from low (a) and high (b) molecular weight
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Table 4
Drug loading and encapsulation efficiency of the obtained quercetin loaded
nanoparticles for different triblock copolymers at two concentrations

Sample Drug loading® (%) EE*(%)  Drug loading” (%) EE® (%)

TC-8000 2.6 53+1.0 3.84 4.86+£0.2
TC-10000 8.45 29+14 8.62 27922
TC-12000 11 51+x2.7 10.97 49.35+3.8

@ Calculated at 10 mg of nanoparticles in 10 ml of water.
b Calculated at 10 mg of nanoparticles in 25 ml of water.

teristics that is, EE and drug-loading must not be affected by
changing the concentration.

Therefore, the increase in drug loading and encapsulation effi-
ciency for quercetin loaded nanoparticles can be assumed to be
mainly dependent on the drug incorporation into the nanoparti-
cles. This hypothesis is further supported by the fact that the com-
patibility of drug and hydrophobic core of nanoparticles is a
determining factor.'® It was clearly demonstrated that by increas-
ing the number of interactions between quercetin and the polyes-
ters from TC-8000 to TC-10000 and TC-12000, the drug-loading in
the nanoparticles rose considerably from 2.6% to 8.45% and finally

Figure 6. TEM pictures of TC-8000 with 10 mg/10ml (a) and 10 mg/25 ml
concentrations (b).

to 11%, respectively. As a result, a higher density of the esteric
functional groups in the polyesteric segments (more polarity and
boosted affinity) causes more hydrogenic interactions between
the hydroxyl groups of quercetin and the esteric functional groups
of the polyesters in the triblock copolymers. Hence, the drug-
polymer affinity and drug-loading content were improved
significantly.
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Figure 7. In vitro release profiles of different triblock copolymers at 1 mg/ml
triblock concentration for: TC-12000 (— - —); TC-10000 (- - - -); TC-8000 (- - -)
and at 0.4 mg/ml triblock concentration for: TC-8000 (—). The results represent the
means + SEs (n = 3). The asterisks ( ) indicate statistical significance (p < 0.05).

In vitro release behavior of quercetin was studied in PBS (0.1 M,
pH 7.4) at 37 °C. The free quercetin completely released during
1 day, while the drug in micelles released as long as 150 h and
more (Fig. 7). It can be seen that the release profile of quercetin
from the BAB triblock copolymer with 2:5 of hydrophilic to hydro-
phobic ratio, revealed an initial burst release up to 54 + 3.4% and
then a slow release profile was observed. On the other hand, the re-
lease profile of ABA-triblock copolymer is quite different. Higher
burst release was found with formulations containing shorter
PBA block lengths. We found 50.0 + 2.1%, 40 + 4.0%, and 24 + 2.6%
burst release of quercetin from formulations containing PBA
3000, 4000 and 5000, respectively. Higher molecular weight of
polymer causes a decrease in the burst release. The release profile
of quercetin from the ABA type copolymers presents three phases:
an initial burst release phase in which 24-50% of the entrapped
drug was released during 24 h, a plateau region in which a limited
amount of drug was released during 72 h, and a sequential high
release phase in which 75-93% of the drug was released in a con-
tinuous way. Compared to the large burst release of quercetin
from BAB copolymers (54 +4.1%), this copolymer can decrease
burst release to a relatively low level. The phenomenon is usually
due to the presence of surface deposition of drug and sequential
drug release may be according to the diffusion of drug from the
polymeric shell as well as due to erosion of polymer. This typical
system is thought to have a core-shell structure in an aqueous
environment. It has a flower-type micellar shape, in which the
middle hydrophilic PEG chain forms a sphere around the surface
and hydrophobic PBA resides in the core. Generally, the drug
release rate from nanoparticles with low-molecular-weight is rel-
atively faster than that with the higher ones. In these systems,
hydrophobic cores that are composed of polyester segments have
good inclusion capacity of hydrophobic drugs. Short hydrophobic
PBA blocks in the core, follows a limited interaction between the
drug and PBA. More works are necessary to determine that this
remarkable decrease in the burst release in TC-12000 is due to
the increase in MW or change in the morphology. However, both
of these variations can result in a good compatibility and interac-
tion between quercetin and hydrophobic domain of ABA copoly-
mers, which cause to prolong the presence of drug in the core of
nanoparticles.

4. Conclusions

The current research demonstrates that small variations in the
hydrophilic/lipophilic ratio of copolymers can lead to significant
differences in their intermolecular interactions (affecting on size)
and morphology of nanocarriers. Drug loaded nanoparticles can
be effectively obtained by nanoprecipitation of triblock copolymers
to produce nanocarriers of 115-183 nm in size. Interestingly, at
high TC concentration, those TCs with lower HLR produce smaller
nanoparticles even at higher molecular weight. The low concentra-
tion of triblock copolymers self-assemble in the aqueous media
with mean size in the range of 43-85 nm and at this condition,
the smallest nanoparticles come from the higher HLR. Nanoparti-
cles prepared from TC dispersions exist in two morphologies
including spherical and cylindrical shapes. TEM studies proved that
the structure of nanoparticles in the solution depended on their
initial polymer molecular weights. The morphology variety of TCs
was dependent on the chain length of the PBA blocks. The presence
of nanoparticles with spherical and cylindrical morphologies
would allow us to investigate the morphological effect on the drug
release efficiency. At high HLR, a weak interaction between poly-
mer and drug was resulted in the formation of nanoparticles with
low percent of drug loading and encapsulation efficiency and high
percent of burst release. Constant PEG length at the center of
copolymer chains and long PBA blocks at either ends (low HLR) in-
crease the encapsulation efficiency and drug loading, while de-
creases the burst release of quercetin as a hydrophobic drug.
Thus, structural tailoring of functional multi-block copolymers
via condensation polymerization provides a unique and versatile
condition to produce different carriers for drug delivery.
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