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ABSTRACT: Polymeric micelles are widely studied as drug carriers, but their poor in vivo
stability and, as a consequence, premature drug release hampers their use for targeted drug
delivery. Reversible cross-linking of polymeric micelles to achieve stability in the circulation
and triggered de-cross-linking/drug release at their site of action is a highly attractive
approach to design effective targeted nanomedicines. In this study, the synthesis and RAFT
polymerization of a reactive ketone-containing methacrylamide monomer, 1-(acetonylami-
no)-2-methyl-2-propen-1-one (AMPO), was investigated. A triblock thermosensitive
polymer p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac) was synthesized by
sequential RAFT polymerization of HPMAm for the permanently hydrophilic block, AMPO
for the cross-linkable middle block, and HPMAm-Bz with HPMAm-Lac for the
thermosensitive block. The triblock copolymer self-assembled into polymeric micelles
with size of 52 nm (PDI of 0.03) by increasing the temperature of an aqueous polymer
solution above its critical micelle temperature (3 °C). The micelles were subsequently cross-
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linked after addition of adipic acid dihydrazide, which reacts with the ketone groups of p(AMPO) located at the interfacial region
of the micelles. The cross-linked micelles displayed substantially increased thermal and hydrolytic stability as compared to non-
cross-linked micelles. The hydrazone bonds in the cross-links were, however, prone to hydrolysis at mild acidic condition (pH
5.0). A chemotherapeutic drug, paclitaxel, was encapsulated in the polymeric micelles with a high loading capacity (29 wt %).
The retention of paclitaxel in the micelles at pH 7.4 was substantially increased by interfacial cross-linking, while the release of
the drug was triggered at acidic condition (pH 5.0, pH of late endosomes and lysosomes).
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1. INTRODUCTION

Amphiphilic block copolymers self-assemble in aqueous
solution into polymeric micelles consisting of a hydrophobic
core and a hydrophilic shell. The hydrophobic core can
accommodate lipophilic drugs and the hydrophilic shell
provides so-called “stealth” behavior of these particles after
intravenous administration, provided that they have good
stability in the blood circulation. Therefore, these systems are
currently under extensive investigation as delivery vehicles for
hydrophobic drugs,' ™ and some micellar formulations have
reached clinical evaluations.”” Polymeric micelles normally
have a size below 100 nm and the diversity of polymers
compositions offers opportunities of functionalization, e.g,
coupling of targeting ligands.”"*

Despite extensive investigations of polymeric micelles for
drug delivery, their poor stability in the blood circulation, i.e.,
premature micellar dissociation associated with drug release,
hinders effective delivery of their payloads at aimed sites of
action.">"* This poor stability is due to the unfavorable shift of
the equilibrium between micelles and unimers, in case of
massive dilution of the system or removal of the unimers.">~"*

To prevent dissociation of polymeric micelles in the blood
circulation, chemical cross-linking of polymeric micelles is one
of the most effective strategies. ”'*~>* Recently, researchers
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have used reversible reactions for cross-linked polymeric
micelles with controlled cross-linking/de-cross-linking behav-
2472 These systems respond to certain internal and/or
external stimuli, such as redox potential,”*~** low pH**~*° and
light,36’37 to trigger their destabilization and concomitant
release of loaded drugs.”® The ketone-hydrazide nucleophilic
addition/elimination reaction is a bioorthogonal reversible
reaction that yields stable hydrazone bonds under physiological
conditions.””~** Interestingly, hydrazone bonds are cleaved at
mild acidic conditions, such as the local low pH of late
endosomes and lysosomes.*’ Although aldehyde moieties have
been applied for cross-linking of polymeric nanoparticles,** the
present approach distinguishes from this previous study in
three aspects. First, ketone groups, instead of more reactive
aldehyde moieties, were used. The use of polymers with less
reactive ketone groups has advantages because aldehyde groups
(in contrast to ketones) might react with, e.g., primary amine
groups of proteins.” Second, ketones are less prone to
oxidation than atldehydes46 and third, the micellar core of the
system described in the present manuscript contains aromatic
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Figure 1. Schematic illustration of formation (upper), cross-linking (right), and destabilization (bottom) of polymeric micelles based on

p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac).

groups, which positively contribute to the drug loading capacity
and drug retention compared to nonaromatic micelles.””**

In the present work, polymeric micelles based on a
thermosensitive triblock copolymer providing z—7 stacking
due to its aromatic pendent groups in the core of micelles, were
cross-linked with hydrazone bonds at the interface between the
core and shell of the micelles (Figure 1). Interfacial cross-
linking was chosen to avoid intermicellar cross-linking, which
may occur with shell-cross-linking and can result in micelle
fusion, while core-cross-linking might hamper drug loading and
drug integrity.”” The micellar core is composed of a copolymer
of N-(2-benzoyloxypropyl) methacrylamide and N-(2-hydrox-
ypropyl) methacrylamide monolactate (p(HPMAm-Bz-co-
HPMAm-Lac) because this core composition has shown to
have increased drug loading and retention for aromatic
hydrophobic drugs due to 7—7 stacking effect.** pHPMAm is
used for the hydrophilic shell-forming block,* which may be a

resort to avoid PEGylation related accelerated blood clearance
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(ABC) effect of nanoparticles in blood circulation when PEG is
used as the hydrophilic corona.*****' For the interfacial
segment, a ketone functionalized block of poly(1-(acetonyla-
mino)-2-methyl-2-propen-1-one (p(AMPO)) was incorporated
between the thermosensitive hydrophobic block and the
hydrophilic block. The three blocks of the polymer were
sequentially built in the polymer chain by direct RAFT
polymerization,*”**~>*

reported p(HPMAm) containing amphiphilic polymers synthe-
5557

which is different from previously
sized by postpolymerization modifications. Formation and
cross-linking of the polymeric micelles were investigated, and
the pH triggered de-cross-linking of and paclitaxel release from
the micelles were studied. The effect of empty and PTX-loaded
(non)cross-linked polymeric micelles on human umbilical vein
endothelial cells (HUVECs) and B16F10 cells were studied in
comparison to that of the Taxol vehicle and PTX-containing
formulation.
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2. MATERIALS AND METHODS

2.1. Materials. N-(2-Hydroxypropyl)methacrylamide (HPMAm)
was purchased from Zentiva (Czech Republic). Pyridinium chlor-
ochromate (PCC, 98%), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)-
sulfanyl]pentanoic acid (CDTPA), 2,2"-azobis(2-methylpropionitrile)
(AIBN, recrystallized twice from methanol before use), and adipic acid
dihydrazide (ADH) were ordered from Sigma-Aldrich (Zwijndrecht,
The Netherlands). Diethyl ether, hexane (mixture of isomers), ethyl
acetate (EtOAc), dimethyl sulfoxide (DMSO) and dichloromethane
(DCM) were supplied by Biosolve Ltd. (Valkenswaard, The
Netherlands) and used as received. The macro-chain transfer agent
(macro-CTA) p(N-(2-hydroxypropyl)methacrylamide) (p(HPMAm))
of 43 kDa was synthesized according to a previously published
method.”” N-(2-Hydroxypropyl) methacrylamide monolactate
(HPMAm-Lac) and N-(2-benzoyloxypropyl) methacrylamide
(HPMAm-Bz) were synthesized and characterized as described
previously.**

2.2. Synthesis of 1-(Acetonylamino)-2-methyl-2-propen-1-
one (AMPO). AMPO was synthesized by oxidation of the hydroxyl
group of HPMAm by pyridinium chlorochromate (PCC), following a
reported procedure for the synthesis of 1-(carboxyamino)-2-
propanone.”® In detail, a flask was charged with PCC (3 g 14
mmol) and DCM (14 mL). The flask was immersed in an ice—water
bath and HPMAm (1 g in 3 mL DCM, 7 mmol) was added dropwise
to the solution with stirring. The mixture was stirred overnight at
room temperature, and then 50 mL of diethyl ether was added. The
mixture was filtered, the solvent of the filtrate was removed under
reduced pressure, and the residual liquid was purified by silica column
chromatography with an eluent of hexane/ethyl acetate (3/7, v/v).
The final product was obtained as a viscous colorless oil. The structure
of the product was confirmed with 'H NMR and electrospray
ionization mass spectroscopic analysis (ESI-MS). 'H NMR spectra
were recorded using a Gemini 300 MHz spectrometer (Varian
Associates Inc. NMR Instruments, Palo Alto, CA) in DMSO-dg. §
(ppm): 8.2 (s, CO-NH-CH,), 5.7 and 5.4 (s, CH,=C), 3.9 (d, CH,-
C(CH;)=0), 2.1 (s, CH;-C=CH,), 1.8 (s, CH,—C(CH,;)=0).
ESI-MS was performed on a Shimadzu LCMS-QP8000 electrospray
ionization mass spectrometer operating in a positive ionization
mode.>

2.3. RAFT Polymerization of AMPO. p(AMPO) was synthesized
by RAFT polymerization according to a procedure that was previously
published for the synthesis of p(HPMAm).49 AIBN was used as the
initiator, 4-cyano-4-[(dodecylsulfanyl-thiocarbonyl)sulfanyl]pentanoic
acid (CDTPA) was the chain transfer agent (CTA), and the
polymerization was performed in DMSO at 70 °C. In brief, a
Schlenck tube was charged with the reagents followed by addition of
DMSO. The monomer concentration in the resulting solution was 300
mg/mL and the molar ratio of [AMPO]/[CDTPA]/[AIBN] was
1000/5/1. The solution was degassed by three cycles of freeze—
vacuum—thaw and the tube was then immersed in a prewarmed oil
bath at 70 °C. At predetermined time points, samples (0.1 mL) were
withdrawn from the reaction mixture and analyzed by GPC and 'H
NMR spectroscopy. The conversion of AMPO was determined by 'H
NMR spectroscopy, by comparing the integration areas of resonances
from the vinyl protons of AMPO at 5.35 ppm and the protons of
methylene group of AMPO at 3.85 ppm.

2.4. RAFT Synthesis of the Triblock Copolymer p(HPMAm)-
b-p(AMPO)-b-p(HPMAmM-Bz-co-HPMAm-Lac). The triblock co-
polymer p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac)
was synthesized by sequential RAFT chain extension of p(HPMAm)
macro-CTA with AMPO, followed by chain extension with the
comonomers HPMAm-Bz and HPMAm-Lac.*

First, p(HPMAm) macro-CTA (4.3 kDa, section 2.1) was
extended with AMPO by RAFT polymerization to yield the
diblock copolymer p(HPMAm)-b-p(AMPO). In detail, a
Schlenck tube was charged with p(HPMAm) macro-CTA (38
mg, 0.0088 mmol), AMPO (100 mg, 0.71 mmol), AIBN (0.29
mg, 0.0018 mmol) and DMSO (0.25 mL). The feed molar ratio
of [AMPO]/[p(HPMAm)]/[AIBN] was 400/5/1 and the
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AMPO concentration was 400 mg/mL. The reaction solution
was degassed by three cycles of freeze—vacuum—thaw prior to
polymerization. Next, the reaction Schlenck tube was immersed
in an oil bath at 70 °C. After 4 h, the solution was quenched in
liquid nitrogen and subsequently the mixture was thawed at
room temperature. The polymer was isolated by precipitation
of the reaction mixture in an excess of diethyl ether (repeated
two times), redissolved in reverse osmosis (RO) water, and
dialyzed against RO water. The polymer was recovered as a
pale-yellow powder after freeze-drying.

The triblock copolymer p(HPMAm)-b-p(AMPO)-b-p(HPMAm-
Bz-co-HPMAm-Lac) was synthesized by RAFT chain extension of
p(HPMAm)-b-p(AMPO) with HPMAm-Bz and HPMAm-Lac follow-
ing the aforementioned procedure as described above in this section.
In detail, a Schlenck tube was charged with p(HPMAm)-b-p(AMPO)
(18 mg, 0.0023 mmol), HPMAm-Bz (22 mg, 0.091 mmol), HPMAm-
Lac (78 mg, 0.36 mmol), AIBN (0.074 mg, 0.00045 mmol), and
DMSO (0.2 mL). The feed molar ratio of HPMAm-Bz and HPMAm-
Lac was 1/4; the feed molar ratio of [HPMAm-Bz and HPMAm-Lac]/
[p(HPMAm)-b-p(AMPO)]/[AIBN] was 1000/S/1 and the total
monomer concentration was 500 mg/mL. The reaction mixture was
degassed by three cycles of freeze—vacuum—thaw and then heated at
70 °C in an oil bath. The solution was quenched in liquid nitrogen
after 8 h of reaction. The polymer was isolated, purified and dried as
described in this section. The characterizations of the synthesized
polymers by "H NMR and GPC are described in section 1 in the
Supporting Information.

2.5. Formation and Cross-linking of the Polymeric Micelles.
The micelles were prepared by a fast heating method.***® The
polymer was dissolved at a concentration of 10 mg/mL at 0 °C for 16
h in phosphate buffer (pH 6.5, 170 mM). Subsequently, micelles were
formed in a glass tube containing the polymer solution (typically 1
mL) by immersing the tube in a water bath of 50 °C for 1 min with
vigorous shaking. Next, the micellar suspension was cooled to room
temperature.

For cross-linking of the polymeric micelles, ADH (= adipic acid
dihydrazide, cross-linking agent) was dissolved in the same buffer at a
concentration of S0 mg/mL and added to the micellar dispersion at a
molar feed ratio of ADH/ketone of 1/2. The micellar suspension was
vortexed for 20 s and incubated at 37 °C for S h. The size of the
(non)cross-linked micelles was measured by dynamic light scattering
(DLS) using an ALV-CGS3 system. Z-average diameter (Z,,, nm) and
polydispersity (PDI) of the micelles are reported. The dispersion of
the (non)cross-linked polymeric micelles was freeze-dried and
analyzed by Fourier transform infrared spectroscopy (FTIR) using a
BIO-RAD FTS6000 FT IR (BIO-RAD, Cambridge, MA, USA)
instrument.®’ The particle size and morphology were analyzed by
transmission electron microscopy (TEM) using a previously reported
method.*®

2.6. Thermal and Hydrolytic Stability of the (Non)cross-
linked Polymeric Micelles. The thermal stability of the (non)cross-
linked micelles was studied by monitoring the Z,,. and light scattering
intensity (LSI) of the micelles by DLS while cooling a micellar
dispersion from 25 to 2 °C. The Z,. was plotted against the
temperature and the onset on the x-axis, obtained by extrapolation of
the Z . —temperatures curve to the baseline, was taken as the CMT
(Figure S2).

The hydrolytic stability of (non)cross-linked micelles based on the
triblock copolymer was studied by monitoring the Z,,. and the LSI of
the micelles by DLS under accelerated hydrolysis condition (pH 10.0
and 37 °C) as previously reported.*® The micelles were prepared and
cross-linked as described in section 2.5. The pH of the micellar
dispersion was subsequently adjusted to pH 10.0 by a 5-fold
dilution with 500 mM Na,CO,;/NaHCO; pH 10.0 buffer. The
samples were subsequently incubated at 37 °C, and the Z_,, and
LSI were monitored by continuous DLS measurements for 12—
14 h at 37 °C.

DOI: 10.1021/acsbiomaterials.5b00006
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2.7. pH Triggered Destabilization of Hydrazone Coss-linked
Micelles. The hydrazone cross-linked micelles prepared as described
in section 2.5 were incubated at pH 10.0 and 37 °C as described
in section 2.6, to hydrolyze the lactate side groups of the
micelles core. The pH of the micellar dispersion was thereafter
adjusted to 5.0 by addition of 1 M HCL The size and light
scattering intensity of the micelles at pH 5.0 were measured by
DLS at 37 °C.

2.8. Paclitaxel Loading and pH-Dependent PTX Retention in
the (Non)cross-linked Polymeric Micelles. To prepare paclitaxel
(PTX)-loaded micelles, we added 0.1 mL of PTX solution in ethanol
(concentration ranging from 20 to 80 mg/mL) to a glass tube
containing 0.9 mL of an ice cold polymer solution of p(HPMAm)-b-
p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac) at 10 mg/mL and then
immediately heated it for 1 min by immersion of the tube in a water
bath at S0 °C. Subsequently, the micellar dispersions were stored
overnight at room temperature. The free drug was removed by
filtration as reported before® and the PTX-loaded polymeric micelles
were cross-linked as detailed in 2.5. The PTX content in the
micellar dispersion was quantified by UPLC analysis, and the
encapsulation efficiency (EE) and loading capacity (LC) were
calculated as previously published.**

The retention of PTX in the (non)cross-linked micelles was
performed as previously reported.*® PTX-loaded cross-linked micelles
were prepared as described above and the pH was adjusted to 7.4 or
5.0 by diluting S-fold with S00 mM phosphate buffer (pH 7.4) or
ammonium acetate buffer (pH 5.0). PTX-loaded non-cross-linked
micelles were diluted 5-fold with 500 mM phosphate bufter, pH 7.4.
The micellar dispersions were incubated at 37 °C with constant
shaking, during which PTX slowly released and precipitated due to its
low water solubility (0.3 ug/ mL®?). Aliquots were taken and
centrifuged at 5000 g for 10 min to spin down the precipitated
drug. Next, the PTX content in the supernatant was quantified by
UPLC analysis as described previously.*®

3. RESULTS AND DISCUSSION

3.1. Synthesis and RAFT Polymerization of AMPO. The
synthesis of AMPO was previously reported by Y. Iwakura et
al.®*** by the classical Schotten—Baumann reaction of
methacryloyl chloride and 1-amino-2-propanone hydrochloride
in the presence of a base. However, the yield of the reaction was
rather low (18%) because of the formation of the byproduct,
2,5-dimethyl-3,6-disubstituted pyrazine. In the present study,
AMPO was synthesized by oxidation of N-(2-hydroxypropyl)
methacrylamide (HPMAm) with pyridinium chlorochromate
(PCC) (Scheme 1). The reaction mixture was fractionated by

Scheme 1. Synthesis and RAFT Polymerization of AMPO
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silica column chromatography to obtain the aimed product as a
viscous colorless oil with a relatively high yield of 69%. The
structure of the product was confirmed by 'H NMR
spectroscopy, and ESI-MS (m/z calculated [M + H]* 142.08,
found 141.90).

The RAFT polymerization of the AMPO was performed
according to a previously reported method for the polymer-
ization of HPMAm to validate the polymerization condition,
using AIBN as an initiator and CDTPA as a CTA in DMSO."
The semilogarithmic plot of monomer concentration versus
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time is shown in Figure 2A and shows that the monomer
conversion was 53% in 8 h. Figure 2B shows that the
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Figure 2. (A) Plot of In([M]y/[M],) versus time for the RAFT
polymerization of AMPO and (B) plot of experimental M, (GPC)
versus conversion of AMPO with M, (theory) calculated from the
conversion.

experimental M, of the polymers correlates reasonably well
with the theoretical M, calculated by AMPO conversion, and
the molecular weight distribution (PDI) of the polymers was
<1.3. Overall, the data show that the RAFT polymerization of
AMPO proceeds in a well-controlled manner until 53%
conversion of the monomer in 8 h, and control of the
polymerization was reduced above this conversion, which can
be ascribed by possible side reactions, e.g,, irreversible coupling
reactions of the radical species.®

Interestingly, previous polymerization of AMPO via free
radical polymerization route resulted in a water-insoluble
polymer,®* but the p(AMPO)s synthesized by RAFT in the
current study with defined molecular weight ranging from 2 to
15 kDa and low PDI are soluble in water at relatively high
concentrations, e.g., 40 mg/mL. The high water-solubility of
the p(AMPO)s synthesized by RAFT polymerization can be
attributed to the low and narrow distribution of their molecular
weight, as compared to those of p(AMPO) synthesized by free
radial polymerization (~80 kDa, estimated based on the
monomer conversion®*).

3.2. RAFT Polymerization and Characterizations of
Triblock Copolymer p(HPMAm)-b-p(AMPO)-b-p-
(HPMAmM-Bz-co-HPMAmM-Lac). The characteristics of the
polymers synthesized by RAFT polymerization are shown in
Table 1. First, a macro-CTA p(HPMAm) was synthesized by
RAFT polymerization with an M, of 4.3 kDa according to 'H
NMR and 3.0 kDa according to GPC (PDI 1.2), which is in the
molecular weight range of p(HPMAm) used as a stealth
polymer in vivo.* " Subsequently, p(HPMAm) was extended
with AMPO (Figure 3A). The AMPO conversion was 34%
after a reaction time of 4 h. The resulting diblock copolymer

DOI: 10.1021/acsbiomaterials.5b00006
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Table 1. Characteristics of the Polymers Synthesized by
RAFT Polymerization

Mn Mﬂ
(NMR) (GPC) PDI

polymer
p(HPMAm) 43 30 12
p(HPMAm)-b-p(AMPO) 8.1 6 12
29.1 22.5 1.4

p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-
HPMAm-Lacg)

p(HPMAm)-b-p(AMPO) was analyzed by GPC (Figure 3B)
and '"H NMR spectroscopy (Figure 3C). From the 'H NMR
spectrum, the M, (by) of the p(AMPO) block, calculated as
described in section 2.3, was 3.8 kDa, which ensures a sufficient
amount of cross-linkable AMPO repeating units in the polymer.
As expected, GPC analysis showed that the retention time of
the diblock copolymer was shorter than that of p(HPMAm).
The M, of the diblock copolymer by GPC was 5.6 kDa, which
has a reasonable correlation to that calculated by '"H NMR
analysis (8.1 kDa). The PDI of the diblock copolymer was low
and the same as for the macro-CTA (1.2), which suggests a
good control of the chain extension polymerization. Indeed, the
GPC trace of the diblock copolymer shows one molecular
weight distribution with a negligible low molecular weight
tailing, which is a strong evidence that indeed a p(HPMAm)-b-
p(AMPO) block copolymer was formed.

In the next step, p(HPMAm)-b-p(AMPO) was chain
extended with HPMAm-Lac and HPMAm-Bz (Figure 3A),
which were previously utilized to synthesize the thermosensi-
tive amphiphilic copolymers mPEG-b-p(HPMAm-Bz-co-
HPMAm-Lac).”® Based on NMR analysis (complete signal
assignment is shown in Figure S1), the calculated M, of the
formed triblock copolymer was 29.1 kDa. NMR analysis also
showed that the conversions of the both monomers were 48%
after 8 h of polymerization and in line herewith the mol % of
HPMAm-Bz in the thermosensitive block was 20% which is
identical to that of the feed. These data show that HPMAm-Lac
and HPMAm-Bz have similar radical polymerization reactivities
and were randomly copolymerized, in line with our previous
publication.”® GPC analysis showed that the triblock copolymer
has a shorter retention time than that of the diblock copolymer,
indicating that chain extension had occurred (Figure 3B). The
M, measured by GPC was 22.5 kDa (PDI of 1.4) (versus 29.1
by '"H NMR) which can be ascribed to the fact that GPC
molecular weight is based on PEG standards.”” Taken together,
the results show that a triblock copolymer with defined
structure was successfully synthesized by sequential RAFT
polymerization.

3.3. Formation and Cross-linking of the Polymeric
Micelles. The triblock copolymer is composed of two water-
soluble blocks (p(HPMAm) and p(AMPO)) and one
thermosensitive block p(HPMAm-Bz-co-HPMAm-Lac). Such
block copolymers are water-soluble below the lower critical
solution temperature (LCST) of the temperature sensitive
block and form micelles above this temperature, as shown by
Topp et al. for PNIPAM-PEG.”” Making use of the
thermosensitivity of the polymer p(HPMAm)-b-p(AMPO)-b-
p(HPMAm-Bz-co-HPMAm-Lac), micelles were “simply”
formed by heating an ice-cold aqueous polymer solution of
10 mg/mL to 50 °C. DLS analysis showed that the size of the
micelles at 37 °C was 52 nm with a low polydispersity of 0.03.

The polymeric micelles were cross-linked with ADH, which
reacts with ketone groups to yield hydrazone bonds (Scheme
2). An attempt of using *C NMR analysis to quantify the
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extent of cross-linking was unsuccessful since the signals of the
ketone containing block of the micelles could not be detected,
which can be explained by their low concentration in
combination with the limited mobility of the polymer chains
in the polymeric micelles. The cross-linked micelles were
analyzed by FTIR spectroscopy (Figure 4A). A typical strong
absorption band of ketone groups at 1719 cm™" was observed
in the non-cross-linked micelles (blue curve), while this band
almost fully disappeared after the cross-linking reaction. This
result strongly indicates that the ketone groups of the triblock
copolymer had reacted with hydrazide groups of ADH. The IR
band of the formed C=N bonds of the imine groups
(commonly between 1690 and 1620 cm™)"" was not clearly
visible in the spectrum (in red) which can be ascribed to the
fact it does not have a strong IR absorption,™ and is also
masked by neighbor absorption bands, e.g., in this case by the
strong band at 1639 cm™' assigned to amide carbonyl of the
polymer.** To check the integrity of the ester bonds in the
HPMAm-Bz-co-HPMAm-Lac block during cross-linking, we
incubated the closely related block copolymer mPEG-b-
p(HPMAm-Bz-co-HPMAm-Lac)* with ADH at the same
concentration and reaction conditions, and analyzed with
NMR spectroscopy (Supporting Information). Hydroxyl
groups of p(HPMAm) repeating units resulted from aminolysis
of the ester groups of the p(HPMAm-Bz-co-HPMAm-Lac)
block were not detected (Figure S2), which suggests that side
reactions during the cross-linking of the polymeric micelles
based on p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-
HPMAm-Lac) have not occurred and the reaction was in a
chemoselective manner, meaning that only the ketone groups
have reacted with ADH.

TEM images of the polymeric micelles before and after cross-
linking are shown in Figure 4B, C. The size of the micellar
particles is between 30 and 40 nm, which is slightly smaller than
the size found by DLS measurement. It should be remarked
that DLS reports the z-average (Z,,.) diameter of the particles,
whereas TEM assesses the projected area of the particles which
gives an impression of the number-average particle diameter.
TEM analysis also shows the polymeric micelles both before
and after cross-linking had a spherical shape, which means that,
in agreement with the DLS results, interparticle linkage of the
micelles had not occur because the reaction was performed in
the interfacial zone that is shielded by the hydrophilic
p(HPMAm) corona.

The size and polydispersity of the cross-linked micelles (55
nm and 0.04 respectively) were, within experimental error, the
same of that of the non-cross-linked micelles. Therefore,
intermicellar cross-linking, which would result in an increase in
size and PDJ, did not occur for the p(HPMAm)-b-p(AMPO)-
b-p(HPMAm-Bz-co-HPMAm-Lac) micelles under the applied
conditions (10 mg/mL, pH 6.5 and 37 °C).

The size of the micelles measured by DLS was larger than
that estimated based on the contour length of polymer chains
(38 nm (two times 19 nm, which is the contour length of the
polymer calculated according to Utama et al.’”)). This
difference can be explained as follows: (1) DLS overestimates
the size of the particles.”® TEM analysis (Figure 4B, C),
however, showed that the size of the micelles was between 30
and 40 nm, in agreement with size estimated based on the
polymer contour length. (2) The core of thermosensitive
polymeric micelles was likely slightly swollen as demonstrated
by Soga et al.”®> (3) A small amount of p(HPMAm-Lac-co-
HPMAm-Bz) might be formed during the polymerization,
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Figure 3. (A) Reaction scheme of the RAFT polymerizations (middle); (B) GPC traces of the macro-CTA p(HPMAm), diblock copolymer
p(HPMAm)-b-p(AMPO) and triblock copolymer p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac); and (C) 'H NMR spectra of
p(HPMAm) (in blue) and di/triblock copolymers (in red and purple, respectively).

which because of its hydrophobicity will partition in the core of
the micelles and therefore results in an increase in size.

3.4. Thermal and Hydrolytic Stability of the (Non)-
cross-linked Polymeric Micelles. Figure SA shows that

when an aqueous dispersion of non-cross-linked micelles was
slowly cooled down from 25 to 2 °C, the size of the micelles
(55 nm at 25 °C) increased to 65 nm at 5 °C, which indicates
swelling of the micellar core caused by hydration of the
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Scheme 2. Cross-linking and De-cross-linking of the Polymeric Micelles Based on p(HPMAm)-b-p(AMPO)-b-p(HPMAm-Bz-

co-HPMAm-Lac) at Different pHs
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Figure 4. (A) FTIR spectra of the triblock copolymer (in blue) and the cross-linked micelles (in red), TEM images of polymeric micelles (B) before

and (C) after cross-linking (scale bar = 100 nm).

p(HPMAm-Bz-co-HPMAm-Lac) block. When the temperature
further decreased to 2.0 °C, the size dropped to around S nm,
which was accompanied by a strong decrease in scattering
intensity, which indicates that the micelles dissociated.”> The
critical micelle temperature (CMT) of the polymer was around
3 °C (Figure S3). The cross-linked micelles displayed
completely different thermoresponsiveness. DLS analysis
(Figure SB) showed that the micelles became slightly bigger
(up to around 70 nm) when the dispersion was cooled to
around 2 °C, which can be ascribed to the hydration of the
cross-linked micellar core at low temperatures. At the same
time, the light scattering intensity of the cross-linked micelles
decreased by approximately 50% (form 25 to 2.5 °C), because
the hydration decreased the density of the micelles. However,
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no further reduction in scattering intensity, nor a decrease in
particle size was observed, as was seen for the non-cross-linked
micelles at <5 °C. Therefore, one can conclude that the
integrity of the cross-linked micelles was maintained and that
the micelles were indeed successfully cross-linked by the
hydrazone bonds.

The hydrolytic (in)stability of the (non)cross-linked micelles
was conducted under accelerated condition (pH 10.0 and 37
°C). The fact that the hydrolysis of the lactate and benzoate
side groups in the pH range 7—10 is first order in [OH ] allows
calculation of the destabilization time of the non-cross-linked
polymeric micelles at physiological pH.”* The non-cross-linked
micelles began to swell after around 1 h, accompanied by a
gradual but large increase of the light scattering intensity, and

DOI: 10.1021/acsbiomaterials.5b00006
ACS Biomater. Sci. Eng. 2015, 1, 393—-404


http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.5b00006/suppl_file/ab5b00006_si_001.pdf
http://dx.doi.org/10.1021/acsbiomaterials.5b00006

ACS Biomaterials Science & Engineering

80 . 1000
A: non-crosslinked
>
< —> 800 o
60 c
3
— o
T 600 ‘o
o o
v 40 H
400 £
N g
20 -
200 5
=
0 0
0 5 10 15 20 25 30
Temperature (°C)
1400 . 2000
C: non-crosslinked -
1200 s
e
1000 1500 §
- £
E 300 [
< 1000 g
£ 600
. g
153
400 500 E
200 — )
-
0 0
0 2 4 6 8 10 12 14

Time (hours)

Zave (nm)

Zave (nm)

100 . 400
B: crosslinked
F
80 £
300 €
2
£
60 2
200 =
[
40 b=
©
o
100 «
20 )
—
0 0
0 5 10 15 20 25 30
Temperature (°C)
200 400

D: crosslinked

Light scattering intensity

10 12 14

6 8
Time (hours)

Figure S. Change of Z,,, diameter and light scattering intensity of (non)cross-linked micelles in aqueous medium during cooling ((A) non-cross-
linked; (B) cross-linked) and during hydrolysis at pH 10.0 and 37 °C ((C) non-cross-linked; (D) cross-linked) measured by DLS.

dissociated after 4.5 h as reflected by the substantial decrease of
the light scattering intensity (Figure 6A). The destabilization
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Figure 6. Z, . diameter and light scattering intensity of cross-linked
micelles upon incubation at pH 5.0 and 37 °C. Micelles were first
subjected to hydrolysis at pH 10 to convert the micellar core from

hydrophobic to hydrophilic.

time of the non-cross-linked micelles at pH 7.4 and 37 °C is
estimated to be around 1800 h (75 days) based on the first-
order hydrolysis kinetics. These data are in line with previous
report™ and can be explained by the hydrolytic removal of the
hydrophobic lactate (and benzoate) groups attached to the
polymer backbone, followed by hydration of the micellar core
due to its increased hydrophilicity. Destabilization of the
micelles finally occurs when the LCST of the polymer drops by
this increasing hydrophilicity and passes the incubation
temperature (37 °C). In contrast to non-cross-linked micelles,
the size of the cross-linked micelles only slightly increased
during the first 8 h and then the size remained constant for
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more than 14 h, because hydrazone cross-links are stable at this
high pH.” Simultaneously, because the size increase was only
modest, the light scattering intensity did not increase but
decreased, which is likely due to the micellar core becoming
less dense and more hydrophilic and hydrated because of
hydrolysis of the lactate (and benzoate) side groups. However,
the micelles did not disintegrate because of the interfacial cross-
linking.

3.5. Acid Hydrolysis of the Polymeric Micelles. As
mentioned in the introduction, hydrazone bonds can be cleaved
under mild acidic conditions.”” To investigate this, we took the
micelles that were first exposed to pH 10 as described in the
previous section, in which the core of the micelles was
hydrophilized by hydrolysis of the lactate (and benzoate)
groups. DLS analysis was used to investigate the stability of
these fully hydrophilic but still cross-linked micelles at 37 °C
and pH 5.0, which is the pH value of late endosomes and
lysosomes.”® Figure 6 shows that the light scattering intensity
(LSI) and particle size of the micellar dispersion remained quite
stable for the first 0.5 h, but then both rapidly started to
increase when probably the cross-link density was decreased
such that it allowed swelling of the particles. The LSI peaked at
close to 2 h and simultaneously the particle size increased from
70 to 370 nm. Beyond 2 h incubation, the LSI decreased, and at
10 h, no particles were detected, which points to acid-catalyzed
hydrolysis of the hydrazone bonds in the cross-links of the
micelles. DLS measurements showed that both the size and the
light scattering intensity of the cross-linked polymeric micelles
after hydrolysis and subsequent incubation at pH 5.0 did not
change during the first 0.5 h. Thereafter, the size as well as the
scattering intensity started to increase, indicating swelling of the
micelles due to hydrolysis of the hydrazone linkers.
Dissociation of the micelles began after around 3 h of
incubation, as reflected by both the dramatic decrease of the
size and scattering intensity. The light scattering intensity was
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very low after 10 h of incubation, demonstrating that few
micelles were present at that time.

3.6. Preparation, Cross-linking, and Drug-Release of
Paclitaxel-Loaded Micelles. Paclitaxel (PTX) was loaded in
the polymeric micelles by the fast heating method as described
in section 2.8. The results are shown in Figure 7. The
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Figure 7. Encapsulation efficiency and loading capacity of the
polymeric micelles before cross-linking, with different feed PTX
concentrations (polymer concentration of 9 mg/mL).

encapsulation efficiency (EE) decreased from 80 to 45% at
increasing feed PTX concentration from 2 to 8 mg/mL. Above
a feed of 6 mg/mL, the loading capacity (LC) was 28.6 + 0.4%,
which is in line with previously published data on PTX-loaded
micelles with similar core block, i.e., mPEG-b-p(HPMAm-Bz-
co-HPMAm-Lac).”® The high drug loading capacity and
encapsulation efficiency are attributed to the aromatic 7—n
stacking between the benzoyl pendent groups in the micellar
core and aromatic groups of PTX.*® The size of the PTX-
loaded micelles prepared at a feed PTX concentration of 4 mg/
mL was 72 nm (PDI 0.09). The polymeric micelles were then
cross-linked with ADH according to section 2.5 and the size of
the cross-linked PTX-loaded micelles remained the same after
the cross-linking (74 nm, PDI 0.10), as also observed for the
nonloaded micelles. The PTX content loss during the cross-
linking was negligible, i.e., for micelles with the feed PTX
concentration of 4 mg/mL, the PTX content before and after
cross-linking were 3.1 & 0.1 and 3.0 + 0.1 mg/mL, respectively.

Previous study showed that the mPEG-b-p(HPMAm-Bz-co-
HPMAm-Lac) micelles remain stable at pH 7.4 and 37 °C for
at least 30 days,*® but still released substantial amounts of PTX
during the first several days even under nonsink conditions.**
Likewise, as shown in Figure 8, 45% of PTX was released and
precipitated from the non-cross-linked p(HPMAm)-b-p-
(AMPO)-b-p(HPMAm-Bz-co-HPMAm-Lac) micelles in 10
days at 37 °C. Therefore, the PTX release from both type of
micelles with p(HPMAm-Bz-co-HPMAm-Lac) based core is
mainly attributed to diffusion of PTX in the time frame of the
release study. For the interfacially cross-linked micelles at pH
7.4, the drug release rate was significantly retarded (i.e., around
25% in 10 days), which can be explained by the cross-linked
interface that gives an additional barrier for diffusion of the
PTX molecules. Interestingly, for the PTX-loaded cross-linked
micelles incubated at pH 5.0, the drug release rate was similar
as that of non-cross-linked micelles at pH 7.4. This accelerated
release rate at low pH can be explained by the de-cross-linking
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Figure 8. Cumulative PTX release from the non-cross-linked and
cross-linked micelles at pH 7.4 and 5.0 and 37 °C. The inset shows the
release in the first 6 h.

of the pH sensitive hydrazone linkages as shown in section 3.5.
At pH 5.0, the cross-linked micelles were fully de-cross-linked
in about 6—10 h as demonstrated in Figure 6, but no hydrolysis
of lactate and benzoyl groups occurs under this condition.
Thus, the cross-linked micelles were converted into non-cross-
linked micelles, which explains the same release of PTX from
the non-cross-linked micelles and cross-linked micelles at pH
5.0. This pH-triggered drug release makes the system
potentially useful for intracellular drug delivery, in which the
drug release is triggered by the low pH of late endosomes and
lysosomes.

Under in vivo conditions, because of, e.g, the presence of
proteins, the stability of non-cross-linked micelles would likely
be too low to retain their integrity and the loaded drug.'® The
main purposes to introduce an acid-degradable cross-linker into
the micelles is to maintain in vivo the integrity of the micelles
and the retention of the payloads. As shown in Figure 6, the
hydrazone bonds in the cross-linked micelles were efficiently
cleaved at low pH of, for example, inside late endosomes and
lysosomes. Therefore, efficient de-cross-linking of the cross-
linked polymeric micelles and drug release from the micelles are
expected.

3.7. Effects of Empty and PTX-Loaded Polymeric
Micelles on Cell Viability. Cell viability assays were
performed using HUVECS and B16F10 cells to assess the
cytocompatibility of the (non)cross-linked polymeric micelles
as well as that of the Taxol vehicle used in the clinics for PTX,
and to determine the in vitro cell killing efficacy of PTX-loaded
(non)cross-linked polymeric micelles and the Taxol formula-
tion. Figure 9A shows that the Taxol vehicle (mixture of
Cremophor EL and ethanol) substantially affected the viability
of HUVEC: at a concentration of 0.01 mg/mL, while the cells
were fully compatible with the (non)cross-linked polymeric
micelle at polymer concentrations up to 0.5 mg/mL. This
demonstrates a much better cytocompatibility of the (non)-
cross-linked polymeric micelles as compared to the Taxol
vehicle. On the other hand, a comparable cytotoxicity of PTX-
loaded (non)cross-linked polymeric micelles and the Taxol
formulation on B16F10 cells was displayed, which points that
the pharmacological effect of PTX was preserved upon
encapsulation in the polymeric micelles. PTX encapsulated in
the non-cross-linked polymeric micelles could induce a
cytotoxic effect following its release from the particles either
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Figure 9. Cytotoxicity of (A) empty and (B) PTX-loaded (non)cross-linked polymeric micelles on (A) HUVECs and (B) B16F10 cells.

extra- or intracellularly. The cytotoxicity of PTX-loaded cross-
linked polymeric micelles likely occurs because of the cleavage
of the cross-links and accelerated PTX release inside cellular
organelles with low pHs as endo/lysozomes.

4. CONCLUSION

A triblock copolymer of p(HPMAm)-b-p(AMPO)-b-p-
(HPMAm-Bz-co-HPMAm-Lac) was synthesized by RAFT
polymerization and the triblock copolymer forms micelles in
aqueous solution above 3 °C. The micelles can be interfacially
cross-linked by ADH with pH-sensitive hydrazone bonds.
These cross-linked micelles were stable at low temperature
below the CMT of the non-cross-linked micelles or at high pH,
but dissociated at pH 5.0 after the lactate and benzoate groups
were hydrolyzed at pH 10.0. PTX-release from the interfacially
cross-linked micelles was slower than from non-cross-linked
micelles, but can be triggered at pH 5.0. In vitro studies showed
that the (non)cross-linked polymeric micelles have a much
better safety profile than the Taxol vehicle used in clinics for
solubilization of PTX, while the micellar PTX formulations
displayed comparable toxicity on B16F10 cells as the Taxol
formulation. Further in vivo applications of the present
polymeric micelles for drug delivery will be conducted.
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