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Abstract

Poly(D,L-lactide-co-glycolide)-poly(ethylene  glycol)  (PLGA-PEG)  diblock
copolymers with different compositions were synthesized by ring opening
polymerization of D,L-lactide and glycolide, using monomethoxy PEG as macro-
initiator. The resulting copolymers were characterized by NMR, GPC and CMC
analyses. Self-assembly of the copolymers yielded aggregates of different architectures,
including spherical micelles and mixture of spherical and worm-like micelles with Y-
junctions.  The  self-assembled  architecture = depends on  both  the
hydrophilic/hydrophobic balance and the molar mass of copolymers. Valsartan, a
widely used drug in the treatment of hypertension, was loaded in micelles using co-
solvent evaporation method. High drug loading content was obtained for worm-like
micelles. In vitro drug release was performed at 37°C in pH 7.4 phosphate buffered
saline. An initial burst release is detected in all cases, followed by slower release up to
9 days. The overall release rate is strongly dependent on the degradation of micelles.
Copolymers with short PLGA blocks exhibit faster drug release due to faster
degradation of micelles, and worm-like micelles present slower drug release as
compared to spherical ones. Therefore, PLGA-PEG copolymer micelles with high drug
loading capacity, different architectures and variable drug release rates could be most

attractive for sustained of delivery of valsartan.

Key words: Poly(D,L-lactide-co-glycolide); Poly(ethylene glycol); Self-assembly;
Micelles; Drug delivery
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1. Introduction

(S)-N-valeryl-N-([2'-(1H-tetrazol-5-yl)-biphenyl-4-yl]-methyl)-valine, namely
valsartan, is a competitive antagonist of the angiotensin II (Ang II) receptor and
member of angiotensin IT (Ang IT) receptor blockers (ARBs).! It is widely used for the
treatment of essential and secondary hypertension and heart failure. Recently, it has
been suggested that the inhibition of Ang II acting on angiotensin I receptor (AT;R)
may be beneficial to COVID-19 patients.? In fact, SARS-CoV-2 virus is susceptible to
use angiotensin-converting enzyme 2 (ACE2) as a binding receptor which is
widespread in human body. ACE2 cleaves Ang II and generates angiotensin 1-7 which
is an efficient vasodilator. Ang II can bind to and then activate AT|R, while further
promoting vasoconstriction. Sartan drugs will block excessive angiotensin-mediated
ATIR activation due to the viral infection, so it will protect lung in anti-oxidant, anti-

inflammation, vasodilatation, and anti-fibrosis with increasing angiotensin 1-7.

Valsartan is a tetrazole derivative which contains two acidic groups with pKa of 4.73
and 3.9, respectively.? Thus valsartan is soluble at physiological pH values in the form
of undissociated acid, mono-anion, and di-anion. In fact, its water solubility is 0.18 g/L.
at 25°C. In phosphate buffer at pH 8.0, valsartan has a solubility up t0o16.8 g/L at 25°C.*
Nevertheless, being acidic in nature, it is hardly soluble in the acidic environment of
the gastrointestinal tract where is absorbed from the upper part,’ causing lowered
bioavailability. Various formulation strategies have been reported to improve the
solubility of valsartan in order to achieve more beneficial pharmacokinetics, including
solid dispersions,® cyclodextrin complexes,” self-microemulsifying system,?
nanostructured lipid carriers (NLC),” hydrogels,'® transdermal gel containing
vesicles,!! and mesoporous silica nanoparticles.'> Drug loading of chitosan based
hydrogels was realized by soaking dried gel in a drug solution, but the drug load content
was rather low and drug release was very fast.!? Transdermal gel containing drug loaded
vesicles were synthesized from Phospholipon® 90 G, Carbopol® 940, PEG-400 and
triethanolamine.!! The system could provoke skin irritation. NLC system successfully
enhanced valsartan release rate and dissolution, but the system was not stable and the
drug content was relatively low.? In the case of formulations for oral delivery,®!!2
sustained release of valsartan cannot be achieved despite enhanced oral bioavailability.
Therefore, it would be of great interest to develop drug delivery systems based on
bioresorbable polymers as they allow to improve the pharmacokinetic and
pharmacodynamic profiles of drugs, to minimize drug loss and/or degradation, and to

prevent harmful side effects.!?
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Amphiphilic block copolymers composed of hydrophilic and hydrophobic blocks,
including polylactide-poly(ethylene glycol) (PLA-PEG) and poly(lactide-co-
glycolide)-poly(ethylene glycol) (PLGA-PEG) are able to self-assemble to form
micelles in an aqueous medium. The resulting nano-micelles present a core-corona
structure with a hydrophobic core composed of PLA or PLGA segments which serve
as a vessel for the incorporation of lipophilic drugs,'*!> while the hydrophilic PEG
segments provide a protective corona which ensures the stability of micelles and
prevents mononuclear phagocyte system devour.!> Some polymeric micelles have been
used clinically. As a polymeric micelle formulation, Genexol®-PM based on PLA-PEG
copolymers with incorporated paclitaxel is under phase II clinical trials to evaluate its
efficacy and safety in the treatment of recurrent or metastatic breast cancer.'® Phase II
clinical trials are also undertaken to compare the antitumor activity of Genexol®-PM

and Genexol® combining cisplatin in non-small cell lung cancer.!”

Various aggregates can be obtained from self-assembly of amphiphilic block
copolymers, including spherical micelles, rod-like micelles or cylinders, worm-like
micelles or filo micelles, and polymersomes.!® The architecture of self-assembled
aggregates is mainly determined by the hydrophilic/hydrophobic ratio of block
copolymers. In the case of PLA-PEG copolymers, spherical and worm-like micelles are
obtained for copolymers with high or low PEG fraction, respectively. Importantly, the
morphology of these nano-sized aggregates has a substantial influence on their
performance in pharmacokinetics and biodistribution.!>?* Worm-like micelles show
surprisingly persistent circulation up to one week in the bloodstream, which is much
longer compared to other nano-carriers, including stealthy vesicles bearing similar PEG

chains.?!

PLGA-PEG copolymers have been largely investigated as a bioresorbable drug carrier
because of their excellent degradability.>?-28 In a previous work, the biocompatibility of
a number of PLGA-PEG copolymer micelles was studied in order to evaluate their
potential in the design of drug release devices.?’ Various aspects of the biocompatibility
were investigated, including cytocompatibility, hemocompatibility, and compatibility
toward Zebrafish embryos. It was shown that PLGA-PEG micelles present good cyto-
and hemocompatibility in vitro, with no toxicity in vivo to embryos growth. The effects

of chemical composition on micelle degradation were also evaluated.’? Micelles with

John Wiley & Sons

Page 4 of 23



Page 5 of 23

oNOYTULT D WN =

Polymers for Advanced Technologies

shorter PLGA blocks degrade more rapidly than those with longer PLGA blocks. In
this work, a series of PLGA-PEG diblock copolymers were synthesized and
characterized. Copolymer micelles were prepared by self-assembly in an aqueous
medium. The drug loading capacity and drug release behavior were investigated to
evaluate the potential of PLGA-PEG micelles as a nano-carrier of valsartan in the

treatment of hypertension.

2. Materials and methods

2.1. Materials

D,L-lactide was purchased from Purac (Gorinchem, The Netherlands) and purified by
crystallization from ethyl acetate. Valsartan (VAL) was purchased from TCI chemical
(Shanghai, China).

Monomethoxy poly(ethylene glycol) (mPEG) with a number average molar mass (M,,)
of 2000 and 5000 Da, stannous octoate, and glycolide were obtained from Sigma-
Aldrich. Tween-80 and dialysis membrane with MWCO of 3500 Da were supplied by
Aladdin (Shanghai, China). All solvents were of analytical grade and were used as

received.

2.2. Synthesis of PLGA-PEG copolymers

PLGA-PEG diblock copolymers were synthesized by ring opening polymerization of
D,L-lactide, and glycolide in the presence of mPEG as macro-initiator and stannous
octoate (Sn(Oct),) as a catalyst, as described previously.’® Typically, mPEG, D,L-
lactide, and glycolide with predetermined monomer ratios were added into a
polymerization ampoule, followed by addition of stannous octoate (0.1 wt%). After
several cycles of purge with nitrogen, the ampoule was sealed under vacuum.
Polymerization then proceeded at 140 °C for 72 h. The crude product was dissolved in
dichloromethane and precipitated in cold diethyl ether. Finally, the precipitate was

vacuum dried up to constant weight, yielding a copolymer in the form of a powder.

2.3. Preparation of blank micelles and drug-loaded micelles
Drug-free micelles of PLGA-PEG diblock copolymers were prepared by using the

direct dissolution method.’® 10 mg copolymer was dissolved in 10 mL distilled water
to obtain a micelle solution at a concentration of 1 mg/mL. The solution was vigorously

stirred at room temperature for 3 h, followed by filtration through a 0.22 pm filter.

John Wiley & Sons



oNOYTULT D WN =

Polymers for Advanced Technologies

Valsartan loaded micelles were prepared using the same method. 10 mg drug was
dissolved in 400 pL tetrahydrofuran (THF), and the drug solution was dropwise added
to 10 mL of previously prepared micelle solution. The ratio of drug to polymer was 20
w/w%. The mixture was vigorously stirred for 5 h to ensure total removal of the organic
solvent. The resulting micelle solution was filtered through a 0.22 pum filter and
centrifuged at 5000 rpm for 5 min in order to remove the unloaded drug. The

supernatant was collected, freeze dried, and stored at 4 °C for further studies.

2.4. In vitro release of valsartan from PLGA-PEG micelles

The in vitro release of valsartan from micelles was realized by using the dialysis method.

Freeze dried valsartan-loaded micelles were dispersed in phosphate buffered saline
(PBS) at a concentration of 1.0 mg/mL. 10 mL of the suspension were placed in a
dialysis membrane with MWCO of 3500 Da. The samples were incubated in 70 mL
PBS containing 0.1% Tween-80. Drug release was performed in water bath shaker at
37 °C. At pre-determined time intervals, the total medium was renewed with fresh PBS

s0 as to guarantee sink conditions.

2.5. Characterization
Proton nuclear magnetic resonance ('H NMR) spectra were registered on the Bruker-

Avance I 500 Ultrashield Plus spectrometer operating at 500 MHz. Copolymer
samples were dissolved in CDCl; at a concentration of 5 mg/mL. Chemical shifts (d)

were given in ppm, using tetramethylsilane (TMS) as internal reference.

Gel permeation chromatography (GPC) was carried out on a Waters 410 system
equipped with a refractive index (RI) detector. Tetrahydrofuran (THF) was used as
eluent. The sample concentration was 1.0 mg/mL. 20 pL of polymer solution were
injected for each analysis. Measurements were made at 25 °C at a flow rate of I mL/min.

A calibration curve was previously established from polystyrene standards.

The size of micelles was determined by dynamic light scattering (DLS) using
NanoZS90 nanosizer (Malvern, UK). Micelle solutions were prepared at a

concentration of 1.0 mg/mL as mentioned above.
Transmission electron microscopy (TEM) was performed on a Hitachi-H7000

microscope (Tokyo, Japan). 5 uLL of micelle solution at 1.0 mg/mL were dropped on a

copper grid, and negatively stained using 1% phosphotungstic acid (PTA) solution. The

John Wiley & Sons
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samples were air dried before TEM measurements.

Hitachi F-4600 fluorescence spectroscopy was used to determine the critical micelle
concentration (CMC) of copolymers, taking pyrene was taken as a fluorescence probe.>!
After excitation of the probe at 334 nm, the emission was recorded in the range from
350 to 450 nm. A series of copolymer solutions were prepared at concentrations from
0.0025 to 0.0125 mg/mL, whereas the concentration of the probe in solutions was fixed
at 6 X107 M. The CMC value were obtained from the cross-over point of the plots of
the intensity ratio (I3;73/I394) from pyrene emission spectra versus the logarithm of

copolymer concentration.

The concentration of valsartan in solutions was measured using UV spectrophotometer.
Lyophilized micelles were dissolved in acetonitrile to disrupt the self-assembled
structure. The absorbance of the solutions was measured at 288 nm using Shimadzu
2450 UV spectrophotometer (Kyoto, Japan). Drug concentration was calculated using
a previously established calibration curve with a linearity range from 0.002 to 0.5 g/L

(R2=0.99156).

3. Results
3.1. Characterization of copolymers

Ring-opening polymerization of D,L-lactide, and glycolide was performed to
synthesize PLGA-PEG diblock copolymers with various compositions by using mPEG

and stannous octoate as macroinitiator and catalyst, respectively (Scheme 1).

H,C. _O0__O 0.0
oot X T+ L
HO” ~0~ ~CH, HO™ O
Sn(OCt)2
o) CH,4

H3C—O{\/\ou(1k,o}zﬁf\oﬁl4

John Wiley & Sons



oNOYTULT D WN =

Polymers for Advanced Technologies

Scheme 1. Synthesis route of PLGA-PEG diblock copolymers varying opening
polymerization of lactide and glycolide in the presence of monomethoxy PEG as

macroinitiator and stannous octoate as catalyst.

The molar ratios of ethylene oxide, lactyl, and glycolyl moieties (EO/LA/GA) in the
feed were 4/1/1 and 6/1/1. These ratios were selected so as to ensure the solubility of
copolymers in water, and thus micelles can be easily obtained by simple dissolution.
D,L-lactide, and glycolide are used to construct the degradable hydrophobic block in
order to achieve appropriate degradability and drug release performance. "H NMR was
used to determine the composition of the obtained copolymers. Fig. 1 shows the 'H
NMR spectrum of PLGA-PEG diblock copolymer in CDCl;. The characteristic signals
of PEG and PLGA blocks are detected. The signals at 5.2 ppm (peak 2) and 1.6 ppm
(peak 1) are attributed to the methine and methyl protons of lactyl units, respectively.
The large signal between 4.6 and 5.0 ppm (peak 3) is assigned to the methylene protons
of glycolyl moieties. Signals at 3.6 ppm (peak 4) and 3.3 ppm (peak 5) belong to the
methylene of ethylene oxide units and chain end methyl protons of PEG block,
respectively. The multiplet detected at 4.2-4.4 ppm (peak 6) belongs to the methine
proton of lactyl end unit and methylene protons of the ethylene oxide unit adjacent to
PLGA block. The small signal detected at 1.4 ppm (peak 7) is assigned to the methyl
protons of the lactyl end unit. These findings indicate the successful synthesis PEG-
PLGA block copolymers.3?

John Wiley & Sons
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31 Fig. 1. '"H NMR spectrum of PLGA-PEG diblock copolymer in CDCls. The signals 1
and 2 belong to lactyl units, signal 3 to glycolyl units, signal 4 to ethylene oxide units,

34 and signals 5, 6, and 7 to chain end and linking units.

The integrations of signals at 3.6, 5.2, and 4.8 ppm corresponding to EO, LA, and GA
39 moieties respectively, are used to calculate the EO/LA and EO/GA ratios of copolymers.
M The number average degree of polymerization (DP) of the 3 components and the Mn

42 of the block copolymers are obtained through the following equations:

DPPEG = MnPEG/44 (1)
47 DPPLA = DPPEG/(EO/LA) (2)
49 DPpga = DPprc/(EO/GA) (3)
>0 M nmr) = MipeG + DPprax72 + DPpgax58 (4)

54 Table 1 are summarized the compositions of the various PLGA-PEG copolymers. The
35 EO/LA/GA molar ratios are rather close to those in the feed, in agreement with high
57 monomer conversion. The copolymers are named as EO,LA,GA, with x, y, and z
designating the DP of ethylene oxide, lactyl, and glycolyl moieties, respectively. DPpgg
60 is 45 for mPEG2000 and 114 for mPEG5000. DPp; 5 varies from 8 to 30, and DPpga

John Wiley & Sons
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from 6 to 27. On the other hand, Mynwr) ranges from 2924 for EO4sLgGe to 8726 for
EO114L30G27.

The molar mass of copolymers was also determined from GPC (Table 1). M,Gpc)
values are in the range from 3404 for EO45LsGg to 8920 for EO;14L30G,7. These values
are slightly superior to the Mywmr) ones. This difference is attributed to the fact that
M, Grc) 1s obtained from the hydrodynamic volume of polymers in solution with respect
to polystyrene standards, whereas M) is the real molar mass determined by NMR.
The dispersity (D = M,/M,) of PLGA-PEG copolymers varies from 1.16 for EO4sLgGg
to 1.27 for EO;14L30G;7, which implies a narrow molar mass distribution. The weight
fraction of PEG (fgo) in the copolymers is obtained from the M, data of PEG and
copolymers. It varies from 0.57 for EOQ;14L30G27 to 0.68 for EO4sLgGg and EO;14L17Gys.

Table 1.
Molecular characteristics of PLGA-PEG diblock copolymers.

EO4L11Gyp 2000 4.5:1.1:1 45 11 10 3372 3660 1.17 0.59
(4:1:1)¥

EO45LsGg 2000 7.5:1.3:1 45 8 6 2924 3400 1.16 0.68
(6:1:1)

EO;14L30Gy7 5000 4.2:1.1:1 114 30 27 8726 8920 1.27 0.57
(4:1:1)

EO;14L17Gig 5000 6.2:0.9:1 114 17 18 7268 7420 1.25 0.68
(6:1:1)

3 Data in parentheses correspond to feed ratios.

3.2. Self-assembly of copolymers

3.2.1 Critical micelle concentration

The critical micelle concentration (CMC) is a key parameter of amphiphilic block
copolymers. It determines the in vivo stability of micelles after dilution by intravenous
injection. The CMC of polymeric PLGA-PEG micelles is obtained by fluorescence

measurements using pyrene as a probe.*3

John Wiley & Sons
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Table 2.

Characterization of self-assembled PLGA-PEG micelles

EO4sL11Gig 2000  0.0062 179 148

EQO4s5LgGg 2000  0.0077 172 144

EO;14L50Gy; 5000  0.0058 - -

EOq14L17Gig 5000  0.0065 84 68
2) Blank micelles;

® Drug loaded micelles.

The emission spectra of pyrene (6 X 107 M) were registered for a series of copolymer
solutions at concentrations ranging from 0.0025 to 0.0125 mg/mL. With increasing the
copolymer concentration of pyrene containing solutions above the CMC, noticeable
changes were detected on the emission spectra due to the migration of free pyrene
molecules into the hydrophobic core of micelles. The intensity ratio 1373/1394 was plotted
against the logarithm of copolymer concentration. A significant increase in the intensity
ratio is observed beyond a critical concentration, indicating the incorporation of pyrene

into micelles. A CMC value is thus obtained from the cross-over point of the plots.

As shown in Table 2, the four copolymers exhibit very low CMC values of 0.0062 and
0.0077 for EO45L11G9 and EO4s5LgGg, and of 0.0058 and 0.0065 for EO;14L30G>7 and
EO;14L17Gyg, respectively. The data evidence the dependence of the CMC on the length
of hydrophobic block or hydrophilic / hydrophobic balance (fgo). Longer hydrophobic
block or lower fgo leads to lower CMC. With similar fzo values, PEG5000 based
copolymers exhibit slightly lower CMC probably due to the lower water solubility of

high molar mass copolymers as reported in the literature.3?

3.2.2. Micelle size and morphology
Water soluble PLGA-PEG copolymers are allowed to self-assemble in an aqueous

medium by using the direct dissolution method at a concentration of 1.0 mg/mL. The

resulting micelles were characterized by using DLS and TEM.

Fig. 2 shows the DLS graphs and TEM images of micelles obtained from EO4sL;;Gy,
EO4sLsGg, and EO;14L17G 5. The three copolymers exhibit regular spherical structures.

John Wiley & Sons
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Table 2 are summarized the micelle size data derived from DLS. It appears that the
diameter of EO4sL,1G;y and EO4s5LgGs micelles are 179 and 172 nm, respectively.
Surprisingly, EO;14L17G3 micelles exhibit a much smaller diameter of 84 nm. This
finding could be explained by the fact that increasing hydrophilic block length results
in stronger coronal chain repulsion. And as a consequence, the aggregation number
decreases, thus leading to a smaller aggregate size.'® On the other hand, the micelle size
by DLS is much larger than that by TEM observation. This difference results from the
dehydration and shrinkage of copolymer micelles during the preparation of samples for

TEM measurements.
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Fig. 2. DLS graphs and TEM images of blank micelles at a concentration of 1.0 mg/ml:
EO45L1 |G10 (A, A’), EO45L8G6 (B, B’), and EO] 14L17G18 (C, C’) DLS shows a
symmetric size distribution with a mean diameter of 179, 172 and 84 nm for EOy4sL, Gy,

EO45LgGg, and EO14L17Gg, respectively. Spherical micelles are observed in all cases.

The situation is more complicated in the case of EO;14L30G7. A network of worm-like
micelles was observed, including Y-junctions and cylindrical loops, together with a
number of spherical micelles. Worm-like micelles present a length of 50 to 300 nm and
a diameter of 10 to 20 nm, and spherical ones exhibit a diameter of 2040 nm (Fig. 3).
Jelonek et al. observed worm-like micelles prepared from various PLA-PEG diblock
copolymers.3! The micelles appeared well organized with good alignment without Y-
junctions. Discher et al. reported that with increasing PEG fraction, the self-assembled
architecture of PLA-PEG and poly(e-caprolactone)-poly(ethylene glycol) (PCL-PEQG)
block copolymers turns from solid-like particles, fluid-like vesicles, and cylinders or
wormlike micelles to spherical micelles.?* In contrast, Jain et al. observed the formation
of Y-junctions which assemble into a three-dimensional network in aqueous solutions
of poly(butadiene-ethylene oxide) (PB-PEO) diblock copolymers.?> Y-junctions and
three-dimensional network are formed above a critical molar mass at weight fractions
of PEO intermediate to those associated with vesicle and worm-like micelle
morphologies. On the other hand, Tlusty and Safran hypothesized that under
appropriate conditions Y-junctions would appear in cylinder-forming three-component
(surfactant/oil/water) microemulsions, leading to network formation.3® Therefore,
formation of worm-like micelles with Y-junctions for EO;4L30G,7 could be assigned
to its appropriate molar mass and PEG fraction as compared to the three other

copolymers.

John Wiley & Sons
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Fig. 3. TEM image of blank micelles prepared from EO;4L30G,; copolymer at a
concentration of 1.0 mg/ml. A network of worm-like micelles was observed, including

Y -junctions, cylindrical loops, and spherical micelles.

3.3. In vitro drug release
A number of factors have been identified as able to influence the drug loading capacity

and encapsulation efficiency of micelles, including the core block length, architecture
of micelles, drug solubility, and the drug loading conditions such as pH and temperature
of the medium.’’

The loading capacity and encapsulation efficiency of valsartan loaded micelles are
listed in Table 3. Little difference is observed between the LC and EE values of
EO4s5L11Gg, EO45LsGg, and EO;14L17Gyg spherical micelles despite different PLGA
and/or PEG block lengths. In contrast, slightly higher EE and LC values are obtained
for worm-like micelles of EOy14.30G,7 copolymer as compared to spherical micelles.
This difference could be attributed to the relatively larger core volume of worm-like

micelles compared to spherical ones as reported in the literature.3®

Table 3.

Loading capacity and encapsulation efficiency of valsartan loaded micelles

EO4sL11Gyo 20 15.4+0.9 77.0£3.0
EO4s5LsGg 20 15.2+0.5 75.8£2.0
EO;14L30Gy; 20 16.8+0.4 84.0+2.0

John Wiley & Sons
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EO;14L17Gig 20 15.6+0.4 78.1£2.0

3 LC and EE determined by UV spectrophotometer. Data represent mean value + S.D.,

n=23.

The partitioning of valsartan between the aqueous solution and the PLGA core
determines the drug loading content. Valsartan is soluble at physiological pH with a
solubility of 0.18 g/L at 25°C. It is thus difficult to load valsartan in the hydrophobic
core of micelles at physiological pH because of its good water solubility. Nevertheless,
the blank micelle solution has an acidic pH of about 4 due to the presence of residual
lactide/glycolide monomers which are hydrolyzed to acidic species, in agreement with
previous work.’? Under these conditions, valsartan is unionized and has poor water-
solubility and high lipophilicity.> Therefore, valsartan molecules tend to migrate from

the aqueous phase into the hydrophobic core of micelles.

The size and morphology of drug loaded micelles were also determined by using DLS
and TEM. Fig. 4 shows the DLS graph and TEM image of EO4sL;,Gj. Regularly
distributed spherical micelles are detected as in the case of blank micelles. Nevertheless,
the mean diameter from DLS slightly decreases from 179 nm for blank micelles to148
nm for drug loaded ones. Similar behaviors are observed in the case of EO45LsGg and
EO; 4L 7G5 micelles whose size decreases from 172 to 144 nm and from 84 to 68 nm,
respectively (Table 2). In fact, a micelle solution constitutes a dynamic system in which
permanent exchange takes place between the micelle-forming molecules and free
molecules in solution. Drug loading in the micelle core could disrupt the structure of
blank micelles, resulting in the reorganization of the micellar structure and decrease of

micelle size.

Intensitiy (percent)

1 10 100 1000 10000
Size (d.nm)

Fig. 4. DLS graph and TEM image of valsartan-loaded EOy4sL,;G;¢ micelles (A, A’) at
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a concentration of 1.0 mg/ml. The mean diameter slightly decreased as compared to

blank micelles. Uniformly distributed spherical micelles are observed by TEM.

In the case of EO;14L30G;7, both worm-like and spherical micelles are observed after
drug loading, as shown in Fig. 5. However, Y-junctions and cylindrical loops are not
detected as compared to blank micelles. It can be assumed that these structures are

disrupted during drug loading because of vigorous stirring.

Fig. 5. TEM image of valsartan-loaded EO4L30G>7 micelles, showing the presence of

worms and spheres.

Valsartan release from the various micellar systems was investigated under in vitro
conditions. Fig. 6 shows the release profiles of valsartan in different periods up to 9
days. In general, mPEG2000 initiated copolymers exhibit faster release as compared to
mPEGS5000 initiated copolymers, especially in the first 24 h. An initial burst is observed
in all cases. After 12 h, for example, a release ratio of 32.4, 44.3, 50.1, and 52.0% is
detected for EO;14L30G27, EO;14L17Gis, EOssLgGg, and EOu4sL;;Gyp micelles,
respectively. A drug may be located in the core of micelles or the corona depending on
its solubility characteristics and loading process.!® The initial burst could be assigned
to the release of drug localized at the core—corona interface. Beyond 24 h, the drug
release ratio continues to increase but at a slower rate. EO45L.gG¢ micelles exhibit the
fastest release rate with complete release after 120 h. In contrast, the lowest release rate
is obtained for EO;4L30G,7 micelles, 62.4% being released after 216 h. EO;14L 7G5

and EOysL Gy micelles present intermediate release rates with 88.0 and 92.8% of the

John Wiley & Sons
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released drug after 216 h, respectively.
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Fig.6. In vitro release of valsartan from various micelles in 9 days (S.D. is shown as
error bars, n = 3). An initial burst is observed in all cases. After 216 hours, the

cumulative release from worm-like micelles is lower than that from spherical ones.

Drug release from bioresorbable polymeric carriers is governed by two mechanisms,
i.e. drug diffusion and matrix degradation. The relative importance of both mechanisms
depends on the drug solubility in the release medium and degradation rate of the carrier.
Jelonek et al. investigated the effect of copolymer degradation on the sustained release
of paclitaxel from PLA-PEG micelles in neutral and acidic media.’® The authors
observed that the release rate of paclitaxel strongly depends on the degradation behavior
of micelles. Faster degradation leads to faster drug release. In the case of PLGA-PEG
copolymer micelles, it was reported that micelles with shorter PLGA blocks degrade
faster than those with longer PLGA blocks.3? Therefore, the different drug release rates
obtained for EO45L.sGg, EO4s5L 1G9, EO114L17G1g, and EOq14L30G>7 micelles can be
related to the PLGA block lengths, and consequently to the degradation rates. It is
noteworthy that only 62.4% of the released drug was obtained for EO;4L30G,; worm-

like micelles. This finding well agrees with literature, showing that worm-like micelles
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provide longer drug release than spherical micelles.?!»3!

It is also of interest to examine the structure of EO;14L30G,7 micelles after 7 days of
drug release. As shown in Fig. 7, worm-like micelles with Y-junctions are observed,
together with a number of spherical micelles. The pattern is very similar to that of blank
micelles (Fig. 3). However, closer examination reveals the absence of cylindrical loops
in EOq14L30G,7 micelles after 7 days of drug release. The re-forming of Y-junctions
could be attributed to the dynamic self-assembly of EO14L30G,7 micelles under drug
release conditions. But drug release and degradation of PLGA blocks could prevent re-

forming of cylindrical loops.

Fig.7. TEM image of valsartan loaded EO4L.50G,7 micelles after 7 days drug release.
Worm-like micelles with Y-junctions are observed, together with a number of spherical

micelles.

4. Conclusion

Poly(D,L-lactide-co-glycolide)-poly(ethylene  glycol)  (PLGA-PEG)  diblock
copolymers with different PLGA and PEG block lengths were synthesized and
characterized. The CMC of copolymers is dependent on the hydrophilic/hydrophobic
balance of PEG fraction (fgp) and the molar mass. Higher fgo and lower molar mass
lead to higher CMC. The self-assembled architecture is also determined by both the

hydrophilic/hydrophobic balance and the molar mass of copolymers. Different
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architectures are observed, including spherical micelles and a mixture of spherical and
worm-like micelles with Y-junctions and cylindrical loops. Valsartan is loaded in blank
micelles with high encapsulation efficiency up to 84% for worm-like micelles. In vitro
drug release is characterized by a burst release up to 52% in 12 h followed by slower
release. The drug release rate is strongly dependent on the degradation of micelles.
Copolymers with short PLGA blocks exhibit faster drug release due to faster
degradation of micelles, and worm-like micelles present slower drug release as
compared to spherical ones. Therefore, PLGA-PEG copolymer micelles with high drug
loading capacity, different architectures and variable drug release rates could be most

attractive for sustained delivery of valsartan in the treatment of hypertension.
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