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Abstract: This study reports a synthesis of an amphiphilic linear block copolymer consisting of a hydrophobic poly
(lactide) (PLA) block and a hydrophilic hyperbranched polyglycerol (46PG) block, PLA-b-AbPG. Simple chemical
modification of the AbPG block with 4-hydroxycinnamic acid (CA) led to a photo-crosslinkable block copolymer,
PLA-b-hbPG-CA. Nanosized micelles of the block copolyemrs were used as drug carriers for sustainable release. The
hbPG shell made of a small molecular weight #bPG block showed excellent hydrophilicity, which can minimize in vivo
toxicity. The UV-crosslinked PLA-b-hbPG-CA micelles loaded with drugs colud be served as a drug delivery carrier
for its biocompatibility and self-assembled structures.

Keywords: hyperbranched polyglycerol, polymer synthesis, sustained release, amphiphilic block copolymer, drug delivery systems

Synthetic biocompatible, amphiphilic block copolymers
have been widely used as drug delivery carriers because
their chemical composition and architecture are easily
modified to regulate the release of drugs from carriers.
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The carriers are typically composed of a drug-loading car-
go and an environment-compatible periphery, such as pol-
ymersomes[ 1], dendritic particles[2], nanogels[3], and mi-
celles[4]. Although tremendous efforts have been devoted
to the use of the polymer-based formulations for clinical

applications, only a few systems have advanced to the
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clinical settings due to toxicity of polymers, arising main-
ly from the non-biodegradable hydrophilic part of carriers.
Highly biocompatible, hydrophilic polymers such as poly
(ethylene oxide)[5], polyglycerols[6], and sugar de-
rivatives[7] have been employed to decrease the toxicity.
Among them, polyglycerols, a class of polyethers with a
hydroxy graft in each segment, have been of great interest
due to their excellent biocompatibility[8-12]. Diverse ar-
chitectures of polyglycerols have been designed and em-
ployed for drug delivery[10], protein delivery[11], and
gene transfection[12]. The easy generation of hyper-
branches using their hydroxyl groups have attracted spe-
cific interest[13]. Hyperbranched polyglycerol (AbPG)
shell can provide enhanced excellent biocompatibility and
long-term in vivo stability for drug carriers even when the
molecular weight of 4#bPG is very small, which will mini-
mize the potential toxicity in vivo[14]. Surprisingly, to the
best of our knowledge, all the #bPG-based block copoly-
mers reported so far have consisted of non-biodegradable
hydrophobic blocks such as polypropylene glycol[15] and
poly (ethoxyethyl glycidyl ether) (PEEGE)[16]. The car-
riers with the non-biodegradable cores can have draw-
backs in the practical applications involving cellular
uptake.

Sustained release of drugs has been an important issue
in drug delivery systems. Crosslinking the shell of a
micelle triggered by external light has been actively ex-
plored due to their convenience for remote control and
their potential of high spatiotemporal resolution[17-21].

Kim et al. investigated the shell cross-linked micelles
composed of Tetronic-tyramine and heparin-tyramine,
which showed the sustained release behavior of in-
domethacin and basic fibroblast growth factors compared
with non-cross-linked micelles[22]. Xuet al. reported an-
other shell cross-linked micelle for sustained release of
doxorubicin via self-cross linking of lipoic acid in the
polyethylene glycol-lipoic acid-polylactide[23]. Yuan et
al. reported the controlled release of a fluorescent dye
from photo-responsive nitrocinnamate capsules
through reversible photo-crosslinking/photo-cleavage un-
der UV irradation[24].
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In this study, we synthesized, for the first time, an am-
phiphilic ~ block  copolymer consisting of poly
(lactide)-block-hyperbranched polyglycerols (PLA-b-1bPG),
which can self-assemble into micelles in the presence of
hydrophobic therapeutic drugs. We incorporated cinnamic
acid (CA) in the #bPG block for photo-crosslinking of the
shell layer of PLA-b-hbPG micelles, which led to sus-
tained release of a hydrophobic drug, 4-n-butylresorcinol
(BR).

2. Experimental

2.1, Materials

N,N’-dimethylformamide (DMF, anhydrous 99.8%),
dimethylsulfoxide (DMSO, anhydrous 99.9%), ben-
zene (99.8%), N,N’-dicyclohexylcarbodiimide (99%),
4-(dimethylamino)pyridine (99%), glycidol (96%), ethyl
vinyl ether, p-toluenesulfonic acid monohydrate (TsOH,
98.5%), glycerol (99.5%), ethyl vinyl ether (98%), alu-
minium chloride hexahydrate (99%), lactide (97%), stan-
nous octanoate (Sn(Oct),, 95%), trans-cinnamic acid
(99%), dichloromethane (anhydrous 99.8%), diethylene
glycol dimethyl ether (diglyme, anhydrous 99.9%), and
potassium z-butoxide (98%) were purchased from
Sigma. For polymerization, diglyme and glycerol were
purified by distillation from CaH, directly prior to use.

The other reagents and solvents were used as received.

2.2. Characterization

'H and ">C NMR spectra of polymers were taken (300
MHz, Varian) in DMSO as a solvent. Size exclusion
chromatography (SEC) was conducted with DMF solution
(containing 1 g/L of lithium bromide as an additive). The
solution passed through the PSS Gral
(104/104/102 A porosity) and the polymer chains were
monitored with a RI detector. Standard polystyrenes with

column

different molecular weights were used for calibration of
molecular weight. Transmission electron microscopy
(TEM, JEM-2100, JEOL) was used to investigate the
morphology of PLA-b-hbPG micelles. Size of the micelles

were measured with dynamic light scattering (DLS, Nano
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ZS, UK).

2.3. Synthesis of Ethoxyethyl Glycerol Ether (EEGE)
This compound was prepared following the method de-
scribed in the previous literature[25]. Briefly, 85.0 g
(1.147 mol) of glycidol and 225.9 g (3.133 mol) of ethyl
vinyl ether were introduced in a 500 mL two-neck flask.
After magnetic stirring for 3 min, the mixture solution
was cooled to -30 C. 1.915 g (11.12 mmol) of p-toluene-
sulfonic acid monohydrate (TsOH), which is 1.0 mol %
to glycerol, was slowly added to the cold mixture sol-
ution, followed by magnetic stirring of the mixture sol-
ution at 25 C. After 3 h, the mixture solution was then
washed with a saturated aqueous NaHCO; solution. The
organic layer was separated and dried with MgSO,. After
filtration, the residual ethyl vinyl ether was removed at
reduced pressure (0.6 Torr) and a raised temperature (50
C). The remainder was distilled in vacuum to yield
EEGE as a colorless liquid product (yield = 74%).

2.4. Polymerization of Ethoxyethyl Glycidyl Ether (PEEGE)

We modified the procedure described in the liter-
ature[26]. A 100 mL round-bottom flask was dried by
heating under a stream of nitrogen. A potassium z-but-
oxide solution in anhydrous THF (2.25 mL, 1 M) was in-
troduced in the dried flask under nitrogen environment.
The reactor was cooled to -50 C and EEGE (10 mL) was
added. The temperature was slowly increased to 60 C
and then maintained the same during the polymerization
process. After 17 h polymerization, cold methanol of 10
C was added to the reactor and the reaction was kept for
2 h at room temperature. The solvent was evaporated at
30 C. The resulting polymer was dissolved in benzene
and centrifuged to remove the precipitated potassium

chloride, followed by drying in vacuum for 24 h.

2.4. Synthesis of PLA-b—PEEGE

The linear block copolymer was prepared by the
modified ring opening polymerization of lactide[27].
Briefly, 1 g (0.24 mmol) of PEEGE (M, = 4,100 g/mol,
determined by GPC) and 0.5 g of lactide (4.38 mmol)

were introduced in a 50 mL round-bottom flask contain-
ing a Teflon-coated magnetic stirring bar. The flask was
degassed in vacuum and purged with argon gas flowing
through a rubber septum. The mixture was melted in an
oil bath pre-heated at 120 C. Immediately, stannous octa-
noate (0.015 mmol) was introduced into the flask through
the septum via gastight syringes. The reaction was con-
ducted for 20 h at the same temperature, and the flask
was cooled to room temperature. The resulting polymer
was dissolved in 20 mL of methylene chloride and then
precipitated into a 10-fold excess of cold hexanes.

2.5. Preparation of PLA—-6—PG

The procedure is similar to a method reported recently
for deprotection of tetrahydropyranyl ethers[28]. Given
amount of PLA-b-PEEGE was dissolved in MeOH, fol-
lowed by addition of AlCl;-6H,0. The reaction was con-
ducted for 0.5 h at room temperature. The molar ratio was
[-EEGE-] : AICIl; : MeOH = 100: 1 : 800. The reaction
product was filtered through diatomaceous earth, and the

solvents were evaporated under low pressure.

2.6. Synthesis of Hyperbranched (A6) Block Copolymer
PLA—b-hbPG

Hypergrafting of the linear block copolymer PLA-b-PG
was performed by using the Wurm’s method[29]. The lin-
ear macro-initiator PLA-b-PG (1 g, 3.35 mmol as OH
function) was placed in a two-neck flask and dissolved in
benzene (3.5 mL, ca. 20 wt%). Potassium #-butoxide (0.09
g, 0.805 mmol) was added to deprotect 25% of the hy-
droxyl groups along the backbone of polyglycerol block
in PLA-b-PG. The heterogeneous solution was stirred at
60 C for 30 min, and the solvents were removed with a
rotary evaporator. The opaque viscous liquid was heated
at 90 C and dried under low pressure for 1 h. After ni-
trogen was introduced into this flask, 3.5 mL of anhy-
drous diglyme was added (ca. 20 wt%). The flask was
placed in an ultrasonic bath for 30 min, and the mixture
was heated to 90 C. Then, glycerol (0.3 g, 4 mmol) in
8 mL of diglyme was slowly added with a syringe over
a period of approximately 24 h. The reaction was termi-
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nated by addition of excess methanol containing an acidic
cation exchange resin (Dowex® SOWXS). This mixture
was filtered and poured into cold diethyl ether; the precip-
itate was dried at 40 C for 2 days to obtain the hyper-
grafted PLA-b-hbPG copolymer with a yield of 0.91 g
(68%).

2.7. Preparation of Cinnamic Acid (CA)—terminated
Block Copolymer PLA—-bH-hbPG—CA

PLA-b-hbPG-CA was prepared by coupling reaction
with N,N’-dicyclohexyl carbodiimide (DCC). 110 mg
DMAP and 0.4 mmol PLA-b-hbPG were added to a sol-
ution of 2.9 mmol trans-cinnamic acid in 20 mL anhy-
drous DMF under gentle stirring. 1.2 g of DCC was add-
ed to the reaction mixture at room temperature, and the
solution was stirred at 0 ‘C for 5 min and then at 20 C
for 3 h. Precipitated urea was filtered through Whatman
No. 2 filter paper. The solvent in the filtrate was evapo-
rated under vacuum and the residue was collected by dis-
solving in diethyl ether.

2.8. Cytotoxicity Test of PLA-b—hbPG—CA

50 mL of 2 mg/mL MTT dissolved in Minimal
Essential Media (MEM) or Dulbecco’s Modified Eagle’s
Medium was added to HaCaT keratinocyte cells and
incubated in a humidified atmosphere of 5% CO, at 37 C.
After 12 h, the growth medium was replaced with 200 uL
of complete DMEM culture medium that contained the
desired amount of samples solved in dimethyl sulfoxide.
The cells treated with the same amount of PBS were used
as a control group. The cells were incubated for another
48 h and the cell viability was assayed by adding 20 uL
of MTT assay (Sigma) PBS solution (5 mg/mL). The via-
bility of cells was determined by measuring the absorb-
ance at a test wavelength of 540 nm (MRX-microplate

reader).

2.9, Preparation of PLA-b6-hbPG-CA Micelle Encapsulating
4-n-butylresorcinol (BR)

PLA-b-hbPG-CA micelles encapsulated with BR were

prepared by using precipitation method. 0.2 g of BR and
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2 g of PLA-b-hbPG-CA were dissolved in 50 mL of
MeOH. The solution was poured into 50 mL of deionized
(DI) water with vigorous stirring. Then, the mixture was
moved to a rotary evaporator to remove MeOH. After
evaporation for 1 h at 40 C, the PLA-b-ZbPG-CA mi-
celles encapsulated with BR were filtrated by 0.45 um sy-
ringe filter. The micelles were washed three times with
fresh water to remove the residual methanol.

3. Results and Discussions

3.1. Analysis of the Synthesized PLA-b—hbPG—CA
Block Copolymers

The synthetic route to PLA-b-hDPG is presented in
Scheme 1. Poly (ethoxy ethyl glycidyl ether) (PEEGE)
was synthesized by anionic polymerization of EEGE ini-
tiated with potassium #-butoxide, as established by
Dworak et al.[26] The terminal hydroxy group of PEEGE
was used to initiate a ring opening polymerization of
lactide in the presence of Sn(Oct),, synthesizing
PLA-b-PEEGE block copolymer. The protecting acetal
group in PEEGE block was cleaved by methanol in the
presence of AICl;, which produced PLA-b-PG. The de-
protection yield was 95%.

The PLA-b-PG was used as a macroinitiator to initiate
the hyperbraching reaction. Commonly, an acid solvent
including HCI was known to cleave the protecting ethoxy
ethyl group in PEEGE block copolymers[28]. To obtain
polymer with high molecular weight, the deprotection re-
action had to proceed under non-acidic condition because
PLA block was easily attacked under acidic condition[30].
The use of AICl; as a catalyst for deprotection reaction
prevented the hydrolytic degradation of ester group in
PLAJ[28], which allowed for the formation of a series of
high molecular weight PLA blocks.

Slow addition of glycerol monomer to the linear
PLA-b-PG enabled conversion of the linear PG block
into the hyperbranched PG block (4#bPG), leading to the
generation of PLA-b-hbPG block copolymer[31]. In the
reaction, 10% of terminal OH groups of the linear PG

block were deprotonated by potassium tert-butoxide,
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Scheme 1. Synthetic route to poly (lactide)-b-hyperbranched poly (glycerol) (PLA-b-#bPG) and attachment of cinnamic acid (CA) to

the AbPG block.

and the formed oxoanion groups acted as a macro-
initiator for anionic ring opening reaction of the epoxy
group in the glycidol monomer. To prerpare sustained
delivery by crosslinking the shell of the micelles, cin-

namic acid (CA) was reacted with glycerol groups in

the AbPG block through the coupling reaction with

N,N’-dicyclohexylcarbodiimide (DCC)[32].
Number-average molecular weights (M,) of the poly-

J. Soc. Cosmet. Sci. Korea, Vol. 43, No. 2, 2017
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Table 1. Number-average molecular weights (M,) and polydispersity indexes (PDIs) of the polymers synthesized in this study;
polyethoxy ethyl glycidyl ether (PEEGE), poly (lactide)-b-poly (glycerol) (PLA-b-PG), and poly (lactide)-b-hyperbranched poly

(glycerol) (PLA-b-hbPG)

Sample M, (GPC) (g/mol) PDI (M../M,) Yield (%)
PEEGE 4,100 1.13 91%
PLA-b-PG 4,180 1.26 94%
PLA-b-hbPG 4,860 1.29 81%
A

Elution time{min)

Figure 1. (A) GPC traces of the polymers synthesized in this
study; PEEGE, PLA-b-PG, and PLA-b-hbPG (black line;
PEEGE, red line; PLA-b-hbPG, green line; PLA-b-PG).

mers synthesized in this study were determined with GPC
(Figure 1A). DMF was used as the solvent. The measured
M, values are summarized in Table 1. M, of PEEGE was
4,100 g/mol and polydispersity index (PDI, My/M,) was
1.13. M, of the block copolymer (PLA-b-PG) was 4,180
g/mol (M,/M, = 1.26), which corresponds to 94% de-
protection yield. M, of PLA block in the PLA-b-PG was
2,088 g/mol; hence, its degree of polymerization was 18.
M, of the hyperbranched block copolymer (PLA-b-hbPG)
= 4860) by the amount of

hyperbranches. From the molecular weight change, the

increased slightly (M,

average number of glycerol monomers transformed into
the hyperbranched repeating units was calculated to be
0.3. After the reaction with cinnamic acid, the molecular
weight of PLA-b-hbPG-CA increased to 5,648 which cor-
responds to 97% coupling reaction yield (Data are not
shown here).

The chemical structures of the PLA-b-hbPG and
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Figure 2. '"H NMR spectra of PLA-b-hbPG-CA (A) and “C
NMR of PLA-b-hbPG-CA (B) in DMSO-d6.

PLA-b-hbPG-CA were investigated with NMR ('H, “C)
(Figure 2). The NMR result showed that the PLA-b-hbPG
block copolymer had a well-defined hyperbranched PG
structure (Figure 2A). The peaks in 'H NMR (400 MHz,
DMSO-d6) are assigned as followings: & 1.10 (t, 3H,
-CH;), ¢ 1.19 (q, 2H, -OCH,CH3;), 6 2.53-2.73 (m, 2H,
CH; of the epoxy ring), 6 3.07-3.09 (m, 1H, CH of
the epoxy ring), & 3.25-3.77 (m, 4H, -OCH,CH; and
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Figure 3. Cell viability of PLA-b-hbPG-CA by MTT assay.

-OCH,-), and 6 4.69 (m, -OCH (CHs) O-) ppm. The
peaks in *C NMR (101 MHz, DMSO-d6) appeared at &
15.2, 19.8, 39.5, 43.6, 50.4, 60.3, and 66.0 ppm (See
Figure 2B). The average number of glycerol monomers in
the hyperbranched repeating unit was calculated with
GPC and the value was 34. As shown in Figure 2A, 'H
NMR specturm of PLA-b-hbPG-CA showed peaks at 6.8
and 8.0 ppm, which were assigned to the carbon double
bonds of the cinnamate groups. This result indicates that
the CA reacted successfully with the hydroxy groups of
the 4#DPG block.

The PLA-b-hbPG-CA block copolymer can have great
potential as a drug carrier due to its excellent bio-
compatibility and chemical versatility, arising from the
abundant hydroxy groups. We tested the in vitro cytotox-
icity of the PLA-b-hbPG-CA micelles based on the vi-
ability of HaCaT keratinocyte cells (Figure 3). The cell
viablities were above 80% at all concentrations, indicating
that the PLA-b-hbPG-CA micelles were non-toxic and
had good biocompatibility.

3.2, Characterization of the Drug—loaded Micelles
4-n-butylresorcinol-loaded micelles made of the
PLA-b-hbPG-CA were prepared by precipitation method.
The loading efficiency defined as a weight percent of
loaded drug, relative to initial drug used for the micelle

formation, was 95%. The shape and size of the micelles

10

Intensity (%)

0 - %
10 100
Size(d.mm)

Figure 4. (A) TEM images of the PLA-b-hbPG polymeric
micelles encapsulating 4-n-butylresorcinol (BR), (B) dynamic
light scattering (DLS) analysis of the PLA-b-hbPG-CA.
Polymeric micelles encapsulating 4-n-butylresorcinol.

were characterized with transmission electron microscopy
(TEM) and dynamic light scattering (DLS) (Figure 4).
Figure 4 shows TEM images of the BR-loaded
PLA-b-hbPG-CA micelles, demonstrating that the mono-
dispersed, nanosized micelles were fabricated. The mean
diameter of the micelles was measured to be 100 nm by
DLS as shown in Fgure 4B. This narrow size dis-
tribution is attributed to the enhanced hydration, originat-
ing from a large number of glycerol groups in the outter
shell. The low interfacial tension between the micelles
and water could effectively stabilize the micelles in wa-
ter, thereby leading to the decrease and good uniformity
in the size of the micelles. It is noticible that both the

micelles did not show any precipitation over 2 weeks,

J. Soc. Cosmet. Sci. Korea, Vol. 43, No. 2, 2017
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which suggests that introducion of a relatively small
amount of cinnamic acid groups did not cause destabili-

zation of the micelles.

4. Conclusions

A novel amphiphilic diblock copolymer (PLA-b-hbPG)
consisting of a biodegradable poly (lactide) (PLA) block
and a hyperbranched polyglycerol (4bPG) block. By at-
taching 4-hydroxycinnamic acid (CA) to the #hPG block,
that is PLA-b-hbPG-CA, the hydrophilc block could be
crosslinked by UV irradiation. The high hydrophilicity of
hbPG block gave an amphiphilic property to the block
copolymer. The low molecular weight of #bPG is ex-
pected to decrease possible in vivo toxicity. The block
copolymers formed spherical nanoscale micelles in the
presence of a hydrophobic drug, 4-n-butylresorcinol. The
shell of the PLA-b-hbPG-CA micelles could be
cross-linked by UV irradiation.
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