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ABSTRACT: Polymeric micelles have been widely used as ideal
drug-delivery vehicles with unique advantages. However, fine tuning
of the degradation rates of micelles over a wide time frame remains
challenging. Herein, we designed and synthesized a novel pH-
responsive, hydrophobic epoxide monomer, tetrahydrofuranyl Cyclic <:j
glycidyl ether (TFGE), carrying an acetal group as a cleavable
linkage. The hydrolysis kinetics of TFGE was carefully evaluated
with representative functional epoxide monomers, such as 1-
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ethoxyethyl glycidyl ether and tetrahydropyranyl glycidyl ether, via

in situ '"H NMR spectroscopy and quantum mechanical calculations. Interestingly, the hydrolysis kinetics and the associated
energy barrier were closely related not only to the cyclic/acyclic structure of the monomers but also to their hydrophobicity.
Subsequently, a series of amphiphilic block copolymers (mPEG-b-PTFGE) were synthesized via anionic ring-opening
polymerization and the self-assembled polymeric micelles were evaluated with respect to critical micelle concentration,
encapsulation efficiency, drug release, and cell viability. Most notably, the release kinetics of the model compound from
polymeric micelles exhibited a different trend, confirming the critical role of hydrophobicity in governing the pH-responsive
hydrolysis of the polymeric micelles. This study provides new insights applicable to the design of functional monomers for
tailoring the release profiles of polymeric micelles for smart drug delivery.

Bl INTRODUCTION

A drug-delivery system is a means of transporting pharma-
ceutical compounds safely and efficiently in the body. There
have been significant advances involving various nanoscale
carriers for effective drug delivery, including nanogels,1
liposomes,” and micelles.” Among these, polymeric micelles
using amphiphilic block copolymers have garnered particular
attention owing to their high drug-loading capacity and high
stability in the bloodstream.” Moreover, the high chemical
tunability of each monomer block enables tailoring of the
stability and functionality of the resulting self-assembled
nanostructure. In particular, there have been significant
endeavors in tuning the release profiles of the active
therapeutics in drug-delivery system by controlling various
aspects, especially of the hydrophobic block of the polymeric
micelles, including molecular weight,5 substituents,® stereo-
regularity,7 and crystallinity.g’9 In addition, self-assembled
hydrophobic cores with specific chemical functionality
responsive to various biological stimuli such as redox,
temperature, light, and pH have been designed to deliver
therapeutic agents in a site-specific and time-controlled
manner through smart drug-delivery systems.'”"’
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Over the past few years, on the other hand, efforts have been
directed to introduce cleavable linkages into the hydrophobic
blocks in polymer chains to induce specific degradation
behaviors for efficient control of drug-release profiles. As one
representative example, pH-responsive micelles containing
acid-degradable linkages provide facile access to site-specific
delivery of the therapeutics, as the linkages are hydrolyzed
upon entering the cytosol of acidic cancer cells. Among the
various degradable linkages,lz’13 such as hydrazones, imines,
carbonates, and acetals, the acetal linkages possess particular
benefits for biomedical applications owing to the generation of
nontoxic and soluble byproducts after cleavage, affording facile
renal clearance from the body. For example, Endo and co-
workers studied the feasibility of self-assembly and degradation
behavior of amphiphilic copolymers using a new acrylate-based
cleavable monomer in the hydrophobic block."* Kizhakkeda-
thu and co-workers developed branched degradable polyethers
with structurally varying ketal groups and studied their
degradation kinetics based on their hydrophobicity.'> More
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Scheme 1. Structural Design of Epoxide Monomers Carrying Cyclic Pendant Groups for Advanced Polymeric Micelle Release

Profile via Cooperative Degradation

Cleavable Cyclic/Acyclic monomers for degradation study
o Linkage Cyclic Structure: ) o °
LA _o_o - 2-step hydrolysis mechanism &/o o LA _o_o. AN
U - Steric effect U U T
- Controlled hydrophobicity
Cyclic
EG-C Structure TFGE TPGE EEGE
Cooperative
» Degradation
0o Hydrophobic Hydsrggll;lllc .f
L\/OO O~ O'W\EO%H Corek ) '\.\_ .‘J)
™ .
O _~_,)}H o H.0 & M’i -\‘\: ';’Jv‘: —_— ‘{/‘\\,/0\' °
©7 Phosphazene @ Drug (@) rf:/".s . A o
base .LL
MacPEG mPEG-b-linearPG
(Macroinitiator) ry (Double Hydrophilic
e 'WP(E\G":P(hEF'C) Block Copolymer)
mphipnilic -
Block Copolymer) X o o

recently, Zhong and co-workers have reported amphiphilic
triblock copolymer micelles for a pH-sensitive intracellular
drug-delivery system using poly(acetal urethane) as the
hydrophobic block.'® The release profiles of the micelles for
different block lengths of poly(acetal urethane) under various
pH conditions were investigated. Furthermore, we have
recently reported a novel functional epoxide monomer carrying
an acetal-cleavable linkage as the hydrophobic block in a pH-
responsive drug-delivery system. The self-assembly of
amphiphilic block copolymers into a micelle and its
degradation kinetics under acidic conditions compared to
other block copolymers were carefully examined.'”

Despite the successful control of the degradation kinetics of
polymeric micelles, however, it is still highly desirable to
correlate the structural design of functional monomers with
that of the hydrophobic block of polymeric micelles, as the
degradation kinetics of polymeric micelles are dependent on
multiple parameters, including structure of cleavable groups,
hydrophobicity, and steric effects within the micelle.

Our strategy is to design a new epoxide monomer with a
cyclic structure at the pendant group with an acetal moiety as a
cleavable linkage (EG-C). Such a cyclic pendant group of the
monomer would affect the hydrolysis rate owing to steric effect
and controlled hydrophobicity. The phosphazene-based
anionic ring-opening polymerization (AROP) from poly-
(ethylene glycol) methyl ether (mPEG) as a macroinitiator
affords a series of well-defined amphiphilic block copolymers
(mPEG-b-P(EG-C)). These block copolymers generate a
polymeric micelle in water, which can be cooperatively
degraded by cleaved pendant groups on the hydrophobic
core at low pH, providing biocompatible double hydrophilic
block copolymers, mPEG-b-linear polyglycerol (mPEG-b-linear
PG) (Scheme 1).

Previously, our group studied degradation kinetics of
amphiphilic copolymer micelles with pH-responsive epoxide
monomers, 1-ethoxyethyl glycidyl ether (EEGE; acyclic) and
tetrahydropyranyl glycidyl ether (TPGE; cyclic, 6-membered
ring).'”'® The micelle composed of mPEG-b-PTPGE copoly-
mer showed a significantly lower degradation rate than mPEG-
b-PEEGE, which was attributed to the hydrophobicity and the
rigidity of TPGE monomer. Thus, in this study, we extended a
step further to enrich the selection of the monomer library in
the controlled drug delivery. Herein, we prepared the novel

pH-responsive cyclic structure of a hydrophobic epoxide
monomer, tetrahydrofuranyl glycidyl ether (TFGE; cyclic, S-
membered ring). We anticipate that TFGE would be
hydrolyzed in an intermediate rate because of the presence
of cyclic moiety but with less hydrophobicity.

Moreover, the quantum mechanical (QM) calculations
suggest a new mechanism for hydrolysis and identifying factors
that critically affect the hydrolysis kinetics of micelles, that is,
the cyclic/acyclic structure and the hydrophobicity/hydro-
philicity of the monomers (Scheme 1). Also, the corresponding
amphiphilic block copolymer micelles are evaluated in relation
to existing pH-responsive epoxide monomers, EEGE and
TPGE. All of these polyether-based micelles are anticipated to
expand the variety of approaches to achieving site-specific and
time-controlled smart drug-delivery systems.

B EXPERIMENTAL SECTION

Materials and Reagents. Glycidol (Sigma-Aldrich; 96%) and
ethyl vinyl ether (Sigma-Aldrich; contains 0.1% KOH as stabilizer,
99%) were stored at 0 °C before use. 1-Propanol (Sigma-Aldrich;
>99.5%), 2,3-dihydrofuran (Thermo Fisher Scientific; >98%), 3,4-
dihydro-2H-pyran (Sigma-Aldrich; 97%), p-toluenesulfonic acid
monohydrate (p-TsOH, Sigma-Aldrich; >98%), phosphazene base
P,-t-Bu solution (t-Bu-P,, Sigma-Aldrich; ~0.8 M in hexane), benzoic
acid (Sigma-Aldrich; 99.5%), toluene (Thermo Fisher Scientific;
anhydrous, 99.8%, over molecular sieves, packaged under argon), and
pyrene (Sigma-Aldrich; >99%) were used as received. Poly(ethylene
glycol) methyl ether (mPEG, Sigma-Aldrich; average M,, 5000) was
dried by azeotropic distillation with the addition of toluene. Benzyl
alcohol (BnOH, Sigma-Aldrich; anhydrous, 99.8%) was dried over
molecular sieves 4A. The deuterated NMR solvents, CDCl; and D,0,
were purchased from Cambridge Isotope Laboratories, Inc. The
deuterated sodium acetate/acetic acid buffer was made of sodium
acetate-d; (Cambridge Isotope Laboratories, Inc; 99%) and acetic
acid-d, (Cambridge Isotope Laboratories, Inc; 98%).

Characterization. 'H NMR (400 MHz) and '*C NMR (100
MHz) spectra were acquired using an AVANCE III HD NMR
spectrometer (Bruker). All spectra were recorded in ppm with the
deuterated solvents, D,O and CDCI;. Gel permeation chromatog-
raphy (GPC) measurements (Agilent 1200 series) were performed in
CHCl, as an eluent at 25 °C at a flow rate of 1.0 mL min~" using a
refractive index (RI) detector. Standard poly(methyl methacrylate)
samples were used for calibration to determine the number (M,)- and
weight (M, )-average molecular weights and molecular weight
distribution (M,,/M,). Matrix-assisted laser desorption and ionization
time-of-flight (MALDI-TOF) mass spectrometry was performed using
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Table 1. Characterization Data for All Polymers Used in This Study

polymer code” polymer composition conversion” MH,NMRb (g mol™) M, e (g mol ™) M, /M, ng (°C) CMC* (mg L)
H32 PTFGE;, >99% 4700 3800 1.08 —-24 n/d
H42 PTFGE,, >99% 6200 4500 1.08 —24 n/d
F11 mPEG ,4-b-PTEGE,, >99% 6600 11 600 1.05 -35 6267
F30 mPEG, 4-b-PTFGE;, >99% 9300 13 500 1.06 -29 150.6
F47 MPEG,-b-PTFGE,, >99% 11800 15300 1.07 -28 113.6
P27 mPEG,4-b-PTPGE,, >99% 9300 12 300 1.03 —18 109
E27 mPEG ,,-b-PEEGE,, >99% 8900 14300 1.03 —59 76.7

“The letters H, F, P, and E and the number indicate the homopolymer, mPEG-b-PTFGE, mPEG-b-PTPGE, mPEG-b-PEEGE, and the degree of
polymerization, respectively. ’Determined via 'H NMR spectroscopy. “Measured by GPC (CHCl;, RI signal, PMMA standard). dTg was
determined by DSC at a rate of 10 °C min~". “Critical micelle concentration (CMC) value was calculated from fluorescence spectroscopy using
pyrene as a probe. IThe polymers were described in a previous paper.'®

an Ultraflex III MALDI mass spectrometer with 2,5-dihydroxybenzoic
acid as the matrix. Differential scanning calorimetry (DSC) (Q200
model, TA Instruments) was carried out under a nitrogen atmosphere
in a temperature range of —80—65 °C and at a heating rate of 10 °C
min~!. Critical micelle concentration (CMC) measurements,
determination of encapsulation efficiency with Nile Red, and the
release profile of pyrene were obtained using a fluorimeter (RF-6000,
Shimadzu). Dynamic light scattering (DLS, SZ-100, HORIBA)
measurements were performed using a nanoparticle analyzer equipped
with a solid-state laser (4 = 532 nm). The intensity autocorrelation
function was measured at an angle of 90 °C. The morphology and the
size of the micelles were investigated using atomic force microscopy
(AFM, Park System, NX-10) via a noncontact mode.

Synthesis of the Tetrahydrofuranyl Glycidyl Ether (TFGE)
Monomer. A solution of glycidol (19.6 g, 0.264 mol) and 2,3-
dihydrofuran (25.0 g, 0.357 mol) in dichloromethane (300 mL) was
introduced into a round-bottom flask and stirred at 0 °C for 30 min.
To this solution, p-toluenesulfonic acid (1.36 g, 7.92 mmol) was
slowly added, followed by stirring for 8 h at room temperature. The
solution was stirred for additional 1 h after the addition of saturated
NaHCOj solution. The aqueous phase was extracted with dichloro-
methane, and the organic layers were extracted with deionized water.
The combined organic layers were dried over Na,SO,. The organic
phase was concentrated under reduced pressure, and the residue was
purified by fractional distillation to obtain 27.5 g (75%) of the TFGE
monomer; this was confirmed by various characterization techniques,
including 'H and '*C NMR, correlation spectroscopy (COSY),
heteronuclear single-quantum correlation (HSQC), -electrospray
ionization mass spectrometry (ESI-MS), and gas chromatography—
mass spectrometry (GC—MS) (see Figure 3 for corresponding peak
assignments and Figures S6—S10 in the Supporting Information). 'H
NMR (400 MHz, chloroform-d) § 5.16 (ddd, J = 8.7, 3.2, 2.3 Hz,
1H), 3.97-3.82 (m, 2H), 3.65 (d, ] = 4.3 Hz, 1H), 3.34 (dd, ] = 11.6,
6.6 Hz, 1H), 3.19-3.10 (m, 1H), 2.80 (ddd, J = 5.1, 4.1, 2.2 Hz, 1H),
2.61 (ddd, J = 21.8, 5.1, 2.7 Hz, 1H), 2.08—1.76 (m, 4H). *C NMR
(101 MHz, chloroform-d) § 104.03, 103.99, 68.26, 67.10, 66.94,
66.93, 50.86, 50.46, 44.50, 44.48, 32.23, 32.21, 23.27, 23.26.

Representative Procedure of Homopolymerization. A 0.22
mL solution of t-BuP, (0.80 M, 0.174 mmol) in n-hexane was added
to a solution of benzyl alcohol (18.0 L, 0.174 mmol) in toluene
under an argon atmosphere. TFGE (1.0 g, 6.94 mmol) was then
added to the solution dropwise using a syringe pump to initiate the
polymerization over 6 h. After stirring at room temperature for 24 h,
the polymerization was quenched by the addition of benzoic acid
(31.9 mg, 0.261 mmol). After precipitation in hexane, the mixture was
passed through an alumina pad using dichloromethane. The polymer
solution was then evaporated to dryness to obtain PTFGE (270 mg)
(yield: 27%). The molecular weight of PTFGE (H42 in Table 1) was
6200 g mol™’, as calculated from the NMR data shown in Figure 3
using the following equation: number of repeating units (TFGE) = 42
(integration value of methine peak, 42H, 5.10 ppm, and methylene of
benzyl alcohol, 2H, 4.54 ppm); M, = 144.17 g mol™" (molecular
weight of the TFGE monomer) X 42 (number of repeating units) +
108.14 g mol™' (molecular weight of benzyl alcohol) = 6163.28 g

mol™". Considering the error range of NMR integration, we used 6200
g mol™ as the M, value of the PTFGE. 'H NMR (400 MHz,
chloroform-d) § 7.34—7.31 (m, 4H), 5.10 (s, 42H), 4.54 (s, 2H),
3.99-3.26 (m, 315H), 2.11-1.67 (m, 178H).

Representative Procedure of Block Copolymerization. Block
copolymer synthesis was conducted using poly(ethylene glycol)-
methyl ether (mPEG) as a macroinitiator. mPEG (0.5 g, 0.10 mmol,
0.025 M) was placed in a flask under an argon flow. Toluene (3.0 mL)
was then added into the flask, and the mixture was stirred for 30 min
at 60 °C. After cooling to room temperature, 0.13 mL of t-BuP, in n-
hexane (0.8 M, 0.10 mmol) was added to the solution. Then, TFGE
(0.87 g, 6.0 mmol, 1.5 M) was added to the solution dropwise using a
syringe pump for 6 h. After stirring at room temperature for 24 h, the
polymerization was terminated by the addition of benzoic acid (0.037
g, 0.30 mmol). After precipitation in hexane, the reaction mixture was
passed through a pad of alumina with dichloromethane. The solution
was evaporated to dryness to give F47 (Table 1; 370 mg) (yield:
27%). The molecular weight of F47 was determined to be 11 800 g
mol™!, as calculated from the NMR data (Figure 3) using the
following equation: number of repeating units (TFGE) = 47
(integration value of methine peak, 47H, 5.10 ppm, and methyl of
mPEG, 3H, 3.37 ppm); M, = 144.17 g mol™" (molecular weight of the
TFGE monomer) X 47 (number of repeating units) + 5000 g mol™
(molecular weight of mPEG) = 11775.99 g mol™". Considering the
error range of NMR integration, we used 11 800 g mol™" as the M,
value of the F47. 'H NMR (400 MHz, chloroform-d) 6 5.10 (m,
47H), 3.93-3.38 (s, 1098H), 3.37 (s, 3H), 2.04—1.73 (m, 224H).

Measurement of CMC Using Pyrene Fluorescence. A series of
polymer solutions in dimethylformamide (DMF) at various
concentrations were prepared. A 10 uL solution of pyrene (5.2 mg
L™! in DMF) was added to the solution of the mPEG-b-PTFGE block
copolymer, and the mixture was stirred for 30 min at room
temperature. Subsequently, a total of S mL of deionized water was
added to the solution at a rate of 0.5 mL min™" using a syringe pump.
It should be noted that the final concentration of pyrene (0.01 mg
L") is lower than the solubility of pyrene (0.135 mg L™" at 25 °C)."
The solution was left to equilibrate overnight. The fluorescence of
each pyrene-containing polymer micelle solution (with different
concentrations) was measured at an emission wavelength of 372 nm
using a fluorometer in a 1 X 1 cm quartz cell The following
parameters were chosen: emission wavelength = 372 nm, excitation
wavelength range = 300—360 nm, and data interval = 0.5 nm. The
ratio of the fluorescence intensities at wavelengths of 339 and 332 nm
was plotted versus the polymer concentrations, and the CMC was
determined from the inflection point.

Pyrene Release Experiments. For the degradation kinetic
studies, a buffer solution at pH 5.0 was prepared using sodium
acetate/acetic acid, and a pyrene-containing polymeric micelle
solution was prepared according to the procedure described in the
CMC study above. Then, 0.10 mL of the pyrene-containing micelle
solution was slowly added to 0.90 mL of the buffer solution and the
changes in the excitation spectra were recorded.

In Vitro Cell Viability Assay. HeLa cells were grown in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
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serum (FBS) and 1% penicillin—streptomycin (10 000 U mL™"), and
HULEC-Sa cells were grown in MCDBI131 (without L-glutamine)
containing 10 ng mL™' epidermal growth factor, 1 ug mL-—1
hydrocortisone, 10 mM glutamine, and FBS to a final concentration of
10%. HeLa and HULEC-5a cells were cultured in a humidified
incubator at 37 °C with 5% CO,. Cell viability for the F series was
quantified by MTT assay [MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide]. Cells were seeded in a 96-well
plate at a concentration of 1.5 X 10° cells per mL and incubated
overnight. Then, F series micelles of different concentrations (15, 30,
60, 125, 250, and 500 pug mL™", final 1% PBS) were added into the
cell culture media, and the cells were incubated for an additional 24 h
at 37 °C with 5% CO, in the dark. MTT (25 uL with S mg mL™" PBS,
pH 7.4) was added to each well, and cells were further incubated for 3
h. The old medium containing unreacted MTT was removed
carefully, and formazan produced by living cells was dissolved in
solubilization buffer [DMF (50% v/v), sodium dodecyl sulfate (10%
w/v), 99.9% AcOH (0.4% v/v), and 1 N HCI (0.4% v/v)] overnight
at room temperature. The absorbance (1 = 570 nm) was measured
using a SpectraMax MS microplate reader (Molecular Devices,
Sunnyvale, CA). Cell viability was then determined relative to the
control condition (average value of the absorbance of cells containing
1% of PBS).

Computational Details. All calculations are performed with the
B3LYP/6-31G* level of theory as implemented in Gaussian09
program package.’® Solvent effects are considered with polarizable
continuum model for water parameters in addition to explicit water
molecules. Molecular structures for several important reaction
coordinates are given at the end of the Supporting Information

(Tables S1-S6).

Bl RESULTS AND DISCUSSION

Computational Analysis for Hydrolysis of Model
Compounds: QM Calculation. Before exploring the
degradation of the polymeric micelles with different types of
acetal groups, we used a series of model compounds to
accessing the hydrolysis kinetics of different acetal groups.
Considering the potential effects of the ring-opening reaction
of the epoxide group on the hydrolysis of the acetal group, we
synthesized the following three model compounds: ethoxyethyl
propyl ether (EEPE), tetrahydrofuranyl propyl ether (TFPE),
and tetrahydropyranyl propyl ether (TPPE) (see Experimental
Section for details).

To provide mechanistic insights into the hydrolysis of these
model compounds, we performed computational analyses
using a density functional theory approach (Figure 1).
Specifically, 10 explicit water molecules (10 H,O) and an
additional proton (H*) were included to calculate the reaction
energy barriers. We note that we could not obtain a stable
protonated form with a small number of explicit water
molecules (i.e., proper solvation of protonated EEPE/TFPE/
TPPE was critical for EEPE/TFPE/TPPE to be stabilized).
First, optimized structures of the model acetal compounds
before and after the protonation steps were obtained, including
transition states (i.e, M + H;O" + (9H,0) - H" — M +
10H,0; M = model compound). Reactants and products were
optimized with the lowest-energy structures for several
configurations, and the transition state between the two
structures was obtained. Interestingly, we observed that an
additional proton was attached to the inner shell of water
molecules for both EEPE (acyclic; four carbons) and TFPE
(cyclic; four carbons, S-membered ring), whereas it was
attached to the outer shell in the case of TPPE (cyclic; five
carbons, 6-membered ring), suggesting enhanced hydro-
phobicity of TPPE compared to EEPE and TFPE (Figure S1).
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Figure 1. (a) Energy diagram of the hydrolysis reaction coordinates of
the model acetal monomers, (b) proposed hydrolysis mechanisms of
TFPE, and (c) ethoxyethyl propyl ether (EEPE) model compounds
based on computational analysis. Note that the hydrolysis of TPPE is
expected to proceed via an identical mechanism to that shown for
TFPE (red: oxygen; white: hydrogen; blue: additional proton; green:
carbon; the dashed lines represent the hydrogen-bonding networks of
water).

Subsequently, the reaction energy barrier (AE) was
calculated with a constrained optimization along a fixed
distance between the proton and the oxygen in the cyclic
structures of TFPE and TPPE (or the corresponding oxygen
for EEPE). Reaction energy profiles are shown for the
protonation of respective acetal model compounds (i.e.,
EEPE, TFPE, and TPPE) as a function of O—H bond length
(Figure S2). Apparently, TPPE (24.2 kcal mol™) required a
significantly higher reaction energy than TFPE (11.2 kcal
mol™") or EEPE (10.0 kcal mol™) since two hydrogen-bond
networks were involved in the protonation step of TPPE,
whereas only one hydrogen bond was involved for EEPE and
TFPE.

In general, the overall hydrolysis of the acetal linkages
involves two steps: (1) a protonation step and (2) a bond
cleavage step. The rate-determining step for the overall
hydrolysis was the protonation reaction, with an energy barrier
of 10.0—24.2 kcal mol™". It should be noted that both cyclic
acetal compounds, TFPE and TPPE, followed a two-step
process, whereas EEPE underwent a single-step, concerted
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TPPE), and (c) percentage hydrolysis rate of all model compounds determined by '"H NMR spectra.

Scheme 2. (a) Design and Synthesis of TFGE Epoxide Monomer, (b) Block Copolymerization of TFGE with mPEG
Macroinitiator by AROP, and (c) Structures of mPEG-b-PTPGE and mPEG-b-PEEGE”
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“Note that polymer code used in Table 1 for the corresponding polymer composition.

hydrolysis in which the protonation and bond cleavage
occurred at the same time.

Subsequently, we calculated the transition state and reaction
energy barrier for the hydrolysis step (protonated ring-
opening) of the protonated TFPE and TPPE compounds
(i.e, H-TFPE and H*-TPPE; Figure 1b) with two explicit
water molecules and for the hydrolysis of the protonated EEPE
compound (i.e., H*-EEPE; Figure 1c). In the case of H*-EEPE,
no reaction energy barrier was observed for C—O bond
breaking, indicating that hydrolysis occurred spontaneously
following the protonation reaction. However, the ring opening
of H*-TFPE and H*-TPPE showed a transition state, even
though the energy barrier was small (AE ~ 0.37 kcal mol™
and AE ~ 0.83 kcal mol™" for TFPE and TPPE, respectively)
compared to that of the protonation step. The minimum-
energy pathways for the ring-opening steps of both H*-TFPE
and H*-TPPE displayed relatively low energy barriers (Figure
S3).

Chemical Analysis for Hydrolysis of Model Com-
pounds. The hydrolysis of the model compounds was
monitored by '"H NMR spectroscopy for 2 weeks under
sodium acetate/acetic acid buffer at pH 5.0 (Figure 2). For

example, the methine peak of TFPE (a, 5.24 ppm) disappeared
after 14 days, whereas a new methine peak of intermediate diol
(a’, 5.51 ppm) and aldehyde peak of product (d, 9.71 ppm)
appeared (see Figure S4 for the hydrolysis of other model
compounds). Moreover, the hydrolysis kinetics of model
compounds was evaluated by integration of the reduced
methine peak (a) with respect to the unchanged methyl peak
of propyl group (c). From these analyses, a half-life of the
hydrolysis for each model compound could be estimated using
first-order reaction equations (Figure SS; 2.47 days for TFPE,
8.56 days for TPPE, and 1.43 days for EEPE). Consequently,
the newly designed acetal-based 5-membered cyclic group
(TFPE) was hydrolyzed much faster than the 6-membered
cyclic group (TPPE), despite having a similar cyclic structure
and number of carbons. Moreover, while the hydrolysis rate of
TFPE was similar to that of the flexible acyclic open chain
(EEPE), the two cases involved markedly different hydrolysis
mechanisms (i.e., two steps for TFPE and one step for EEPE).
Consistent with the theoretical evaluation by quantum
mechanical calculations, this '"H NMR-based kinetic study
supported the importance of structural design of monomers in
controlling the hydrolysis profile.
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Figure 3. Representative '"H NMR spectra of (a) the TEGE monomer, (b) the PTEGE homopolymer (H42), and (c) the mPEG-b-PTFGE block
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Figure 4. Representative MALDI-TOF mass spectrum of H32 homopolymer from 2300 to 4900 Da.

Design of Cyclic 5-Membered Epoxide Monomer and
Synthesis of Amphiphilic Diblock Copolymers. A pH-
responsive monomer (TFGE) was synthesized in a facile one-
step reaction based on the reaction of glycidol and 2,3-
dihydrofuran (Scheme 2). It was purified by fractional
distillation, with a typical isolated yield of 75%. The chemical
structure of TFGE was successfully defined using various NMR
spectroscopic techniques, including 'H, '*C, correlation
spectroscopy (COSY), and heteronuclear single-quantum
correlation (HSQC), as well as mass spectrometry (Figures
3a and S6—S9). The purity of TFGE was more than 98%, as
determined by gas chromatography—mass spectrometry (GC—
MS) (Figure S10).

Amphiphilic diblock copolymers consisting of mPEG as the
hydrophilic segment and poly(tetrahydrofuranyl glycidyl

ether) (PTFGE) as the hydrophobic compartment were
designed. Thus, the polymerization of the TFGE epoxide
monomer was first optimized to achieve block copolymeriza-
tion via AROP with benzyl alcohol as an initiator and t-BuP, as
an organic superbase at room temperature. The organic
superbase t-BuP, was chosen as it enables the controlled
polymerization of PTFGE homopolymers under mild con-
ditions.”' ~** The homopolymers were characterized by 'H
NMR, GPC, DSC, and MALDI-TOF mass spectrometry
techniques (Figures 3, 4, and S11). The polymerizations were
well controlled to give PTFGEs of narrow molecular weight
distributions with the desired molecular weight (H32:
conversion > 99%, M, gpc = 3800, M,/M, = 1.08; H42:
conversion > 99%, M, gpc = 4500, M,,/M,, = 1.08; Table 1 and
Figure S11).
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As shown in Figure 3, the structural properties of the
obtained polymers were characterized by '"H NMR spectros-
copy. For example, the disappearance of the epoxide peaks (a
and b; 2.50—3.20 ppm; Figure 3a) indicated the successful
polymerization of TFGE monomers. Furthermore, the other
peaks were clearly assigned: aromatic protons (x; 7.30—7.34
ppm), methine proton (d; 5.07—5.13 ppm), benzylic protons
(y; 4.51—4.55 ppm), polyether backbone protons (2’, b’, and
¢; 3.34—3.92 ppm), and tetrahydrofuranyl protons (e, f, and g;
1.70—2.03 ppm). The theoretical number-average molecular
weight (M, xyr) was calculated using the integration of two
peaks: benzylic protons (y) from the initiator and the methine
proton (d) from side groups (H32, M,xyvr = 4700; H42,
M, nug = 6200).

To confirm the presence of benzyl alcohol and the successful
incorporation of TFGE into the PTFGE homopolymer, the
MALDI-TOF spectrum was acquired (Figure 4). The
molecular weight of 3445.6 g mol™' corresponded to a
homopolymer chain with a benzyl alcohol initiator (108.06 g
mol™"), 23 monomer units (144.08 g mol™'), and Na* as a
counter cation. Interestingly, minor peaks with regular spacing
were observed, possibly resulting from the degradation of the
tetrahydrofuranyl group (71.0S g mol™') by the strong laser
intensity. The spacing between two major peaks or two minor
peaks corresponded to the molecular weight of the repeating
unit, proving the successful polymerization.

In the subsequent step, block copolymerization using
mPEG-OH as a hydrophilic macroinitiator was performed. A
series of PEG-b-PTFGE amphiphilic block copolymers with
different lengths of hydrophobic PTFGE chain were prepared
to control the hydrophobicity and characterized by '"H NMR,
GPC, and DSC analyses (Figures 3c and S12). As clearly
shown in Figure 3c, the '"H NMR spectrum of the block
copolymer displayed characteristic proton peaks: the methyl
group of the mPEG macroinitiator (h; 3.37 ppm), tetrahy-
drofuranyl side chains (d; 5.05—5.16 ppm and e, f, and g;
1.74—2.02 ppm), and the polyether backbone (i and j; 3.35—
3.94 ppm). The degree of polymerization of the block
copolymers was calculated by integrating two peaks: the
methyl proton (h) of mPEG and the methine proton (d) of the
tetrahydrofuranyl group. In concert with the '"H NMR data,
the GPC results of the copolymers indicated monomodal

distributions with a narrow dispersity (M,,/M, < 1.07) in all
cases (Table 1).

DSC studies provided the glass-transition temperatures (T,)
of a series of mPEG-b-PTFGE block copolymers (Table 1 and
Figure S12). With increasing degree of polymerization of
TFGE on the mPEG-b-PTFGE, T, increased from —3§ °C
(F11) to —28 °C (F47). In comparlson to the amphiphilic
block copolymers previously synthesized from other mono-
mers such as EEGE and TPGE, the T, values of the TFGE
series were higher than that of E27 ( 59 °C). This was
attributed to the presence of the rigid cyclic structure of TFGE.
The T, of P27 (~18 °C) made from TPGE monomers,
however, was higher than that of F30 (—29 °C), owing to the
bulky pendant group. These results suggest that the rigid cyclic
structures of TFGE and TPGE assist the packing of block
copolymers. Interestingly, all copolymers exhibited a single T},
indicating that the block copolymers consisted exclusively of
the polyether backbone.”***

Self-Assembly Behavior of Amphiphilic Block Co-
polymers. The size control of self-assembled polymeric
micelles is important to apply as drug-delivery carrler in
human body for their circulation time and distribution.”® Thus,
the evaluation of critical micelle concentration (CMC) for
obtained polymers was first performed by fluorimeter using
pyrene as a fluorescent probe to investigate their self-assembly
behavior and stability of micelles.”””® By taking advantage of
the unique environment-sensitive fluorescence of pyrene
within the hydrophobic core of micelles, we plotted I 30/I33,
(intensity of 339 over 332 nm) as a function of polymer
concentration to obtain a CMC value. The estimated CMC
values of the polymers were 626.7 (F11), 150.6 (F30), and
113.6 mg L™" (F47) (Table 1 and Figures S13 and S14). These
CMCs were generally higher than those of the other polymers,
E27 (76.7 mg L™") and P27 (10.9 mg L™"), from EEGE and
TPGE monomers. This could be attributed to the low
hydrophobicity of the TFGE monomer since an increase in
hydrophobicity could cause a decrease in the CMC value.”
Meanwhile, the hydrophobicity of monomers could be
estimated using the partition coefficient (logP) with a
computational model, ALOGPS 2.1; the calculated logP
values were 0.25 (TFGE), 0.45 (EEGE), and 0.66 (TPGE).*°

The size and shape of micelles were also determined via DLS
at the concentration above CMC value (5 mg mL™"). Three
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Figure 6. In vitro cell viability assay of block copolymer micelles determined by the MTT assay using (a) HeLa cells and (b) HULEC-5a cells.

copolymers carrying different chain lengths of the PTFGE
block in amphiphilic block copolymers (F series) were
employed to determine the average micelle sizes. While the
hydrodynamic radius (R;) of F11 was not determined clearly
due to the presence of large aggregates, the size of the
polymeric micelles decreased with increasing hydrophobicity,
for example, 42.8 nm for F30 and 14.1 nm for F47. Moreover,
the morphology of the representative F47 micelle was observed
with AFM. The AFM image yielded a spherical shape of the
micelles with a relatively uniform size distribution (R;, = 30.9 +
2.0 nm) in concert with the observation by DLS (Figure S15).

The encapsulation efficiency is another important factor for
drug-delivery carriers. Here, we investigated the encapsulation
efficiency using a model hydrophobic dye, Nile Red, within the
core of the micelles. The loading efficiencies of Nile Red into
micelles made from the respective block copolymers were 4.7%
(F11), 8.5% (F30), and 9.8% (F47) (Figure S16). Compared
to the loading efficiency of other different series, 6.4% (E27)
and 25.9% (P27), indicated that the less hydrophobic micellar
core consisting of TFGE did not result in a significant driving
force for the formation of micelles and encapsulation of the
model drug.

Stability of Polymeric Micelles and Degradation
Kinetics. The stability of the encapsulated polymeric micelle
is important for delivery of the therapeutic materials to the
target cell, as well as for temporal control of the release of the
drug over an extended period of time or for a specific duration
during treatment. Thus, the stability of pyrene-encapsulated
polymeric micelles (F series) compared to that of other
polymeric micelles (E27 and P27) under neutral conditions
was monitored by measuring the change in the I339/I53, ratio in
the excitation spectra of pyrene (Figure Sa). The F11, F30, and
F47 polymeric micelles were less stable compared to the other
polymeric micelles (E27 and P27). The stability of the micelles
in PBS was also highly dependent on the hydrophobicity of the
amphiphilic block copolymer (P27 &~ E27 (> 120 h) > F47
(120 h) > F30 (72 h) > F11 (47 h)). This trend was consistent
with the obtained CMC values of the micelles, showing that a
polymeric micelle with a lower CMC value (indicating higher
hydrophobicity) would form a more densely packed hydro-
phobic core at a given concentration. Nevertheless, the
integrity of the F series of polymeric micelles remained over
80% after 10 h, indicating that it could be suitable for use as a
drug-delivery carrier.”!

Next, we evaluated the degradation of the micelles at pH 5.0.
The acetal pendant groups in the hydrophobic core of the

polymeric micelles were cleaved in the acidic environment, and
the hydrophobic blocks in the core were gradually converted
into hydrophilic linear polyglycerol blocks, eventually leading
to the degradation of micelles followed by the release of the
pyrene (Figure Sb). The release rates of the F series micelles at
pH 5.0 were clearly higher than those at pH 7.4, owing to
enhanced hydrolysis. In general, the complete degradation
times for F series micelles were 1 h (F11), 4 h (F30), and 29 h
(F47), indicating the potential to control degradation over a
wide time frame by adjusting the hydrophilicity—hydro-
phobicity balance. Moreover, the micelles composed of the
polymer F30 showed more rapid degradation (4 h) than others
with a similar degree of hydrophobic block polymerization, for
example, E27 (12 h) and P27 (>30 h). This was because
micelles formed from the F30 polymer, which had the highest
CMC value, formed a more loosely packed micellar core at a
given concentration, allowing the acid to penetrate more
readily into the micelle core. Moreover, it should be noted that
all micelles were degraded into a highly biocompatible double
hydrophilic block copolymer that could be readily cleared from
the body.

Overall, the chemical structures of the monomers, which
were correlated with both hydrophobicity and degradability,
led to the different degradation kinetics observed between the
monomers and the corresponding micelles. Although the
TFGE model compound showed an intermediate level of
degradability, the corresponding micelle had a relatively high
degradation rate. We postulate that the cyclic moiety is a key
factor for hydrolysis rate of monomers; thus, it led to a two-
step hydrolysis while acyclic monomer shows a one-step
hydrolysis. On the other hand, hydrophobicity is more critical
in determining both stability of micelles and packing density in
the micelle core. The loose packing of the F series micelles due
to their higher CMC values indicates that their hydrophobic
core is more easily protonated; thus, they are degraded more
rapidly than the compactly packed micelles with low CMC
values.

Cell Viability of the Polymeric Micelles. Micelles used
in drug-delivery system should be highly biocompatibility to
minimize the toxicity of drugs during blood circulation to
target cells. To confirm the pharmaceutical applicability of all
of the polymers we prepared, the viabilities of human cervical
cancer cells (HeLa) and human lung microvascular endothelial
cells (HULEC-5a) were investigated by MTT assay (Figure 6).
The results showed that F30 and F47 were suitable for
application in drug-delivery system as both HeLa and HULEC-
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Sa cells retained viabilities of approximately 100% when
exposed to concentrations of 500 yg mL™". On the contrary,
cell viability with F11 was relatively low, possibly owing to its
high CMC value (626.7 mg L™"), as the exposed hydrophobic
block could interfere with the cellular membrane. In particular,
HeLa cells are known to be more sensitive to the toxicity of the
ampbhiphiles like F11 compared to well-ordered polarized cell
lines because of its nonpolarized and less-ordered cellular
membranes.*” In conclusion, F30 and F47 among the F series
are suitable for DDS, owing to their high biocompatibility
toward both cancerous and normal vascular cells in hydrophilic
micelle formation.

B CONCLUSIONS

In conclusion, we designed a new epoxide monomer, TFGE,
for smart drug delivery in a site-specific and time-controlled
manner. First, the new monomer was examined using both
experimental and computational methods and compared to
previously reported epoxide model monomers, namely, EEPE
and TPPE, with respect to hydrolysis rate. The model
monomers with cyclic moieties (TFPE and TPPE) involved
a two-step hydrolysis mechanism, while that with an acyclic
moiety (EEPE) involved a one-step hydrolysis mechanism.
This resulted in TFGE having a lower hydrolysis rate than
EEGE, despite the two monomers consisting of the same
number of carbons. Furthermore, TFPE was hydrolyzed faster
than TPPE because the lower hydrophobicity of TFPE meant
it had a lower energy barrier for protonation. Moreover, a
series of amphiphilic block copolymers, mPEG-b-PTFGE, were
obtained by AROP using mPEG and t-BuP, as a macroinitiator
and an organic superbase, respectively. Various properties of
micelles composed of mPEG-b-PTFGE polymers were studied,
including their CMC, encapsulation efficiency, drug-release
behavior, and effects on cell viability. The CMC values of
mPEG-b-PTFGE polymers were higher than those of mPEG-b-
PEEGE and mPEG-b-PTPGE polymers, which was ascribed to
the lower hydrophobicity of tetrahydrofuranyl group compared
to the ethoxyethyl or tetrahydropyranyl group. Interestingly,
the micelle composed of mPEG-b-PTFGE was degraded most
rapidly, followed by the micelles made of mPEG-b-PEEGE and
mPEG-b-PTPGE, even though the model compounds of
EEGE and TFGE showed similar hydrolysis rates. This
confirmed that hydrophobicity is an especially significant
factor for micelle stability, loading efficiency, and even drug-
release behavior. Finally, we demonstrated the nontoxicity of
the micelles for potential pharmaceutical applications in the
human body.
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