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Background: Paclitaxel (PTX) is widely used in the treatment of advanced esophageal and gastric
cancer. Polymeric micelles can improve the drug-loading efficiency of PTX. However, the end groups on
the amphiphilic blocks affect the drug-loading efficiency and the release kinetics of polymeric micelles.
Therefore, there is an urgent need to disclose the tailoring of the core-/shell-forming terminal groups.
Methods: Different from the conventional block copolymer synthesis in the reversible addition-
fragmentation chain-transfer polymerization, which has a hydrophilic end group on the core-forming
blocks, an alternative monomer addition method was applied to tune and obtain two block copolymers with
symmetrical and similar block length PBMA, -s-PNAM,, [PNAM, poly(N-acryloylmorpholine); PBMA,
poly(n-butyl methacrylate)] but distinct end groups on the hydrophobic core-forming blocks, that is,
HOOC-PBMA-PNAM-Phen and HOOC-PNAM-PBMA-Phen. The chemical structure of the resulting
copolymers was elucidated by proton nuclear magnetic resonance spectroscopy and differential scanning
calorimetry. The spherical morphology revealed by transmission electron microscopy and the uniform
particle size revealed by dynamic light scattering analysis clearly confirmed the successful preparation of a
PTX-polymeric micelle complex.

Results: The particle sizes of HOOC-PBMA-PNAM-Phen and HOOC-PNAM-PBMA-Phen were about
40 and 235 nm respectively. The PTX loading efficiency of HOOC-PBMA-PNAM-Phen was much lower than
that of HOOC-PNAM-PBMA-Phen. The PTX release from HOOC-PBMA-PNAM-Phen was much slower
than that of HOOC-PNAM-PBMA-Phen. The polymers had glass transition temperature (7,) values of 70.24
and 74.22 °C, which was from the HOOC-PBMA-PNAM-Phen and HOOC-PNAM-PBMA-Phen micelles,
respectively. The systematic study on the PTX loading and releasing profile disclosed that, compared with
the HOOC-PBMA-PNAM-Phen, the micelles with Phen group on the hydrophobic block (HOOC-PNAM-
PBMA-Phen) enhanced drug loading and prolonged drug release but with a larger particle size.
Conclusions: The results indicated that the hydrophobic end group Phen on the core-forming blocks can

promote hydrophobic drug loading and suppress burst release.
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Introduction

Paclitaxel (PTX) is widely used in the treatment of
esophageal and gastric cancer (1,2). PTX is insoluble in
water, limiting its anti-tumor effect. Nanotechnology is
expected to solve this problem (3,4). Block copolymers
have been synthesized by various methods over the past
few decades for building micelles for hydrophobic drug
delivery (5,6). Amphiphilic block copolymers containing both
hydrophilic and hydrophobic segments are known for their
ability to self-assemble into nano-organized morphologies
(e.g., micelles, nanobubbles, or nanorods) when being
dissolved in a solvent that selectively dissolves one of the
two segments (7-10). The aggregation of these copolymers,
which leads to the formation of micelles, is driven by adverse
interactions between selective solvents and insoluble blocks.
The blocks tend to aggregate and minimize their contact
with the solvent. This process produces micellar systems
comprising core-shell structures, with a corona consisting of
the soluble blocks. In aqueous media, these amphiphilic block
copolymers can form spherical micelles with a core/shell
structure (11). Typically, the core is formed by hydrophobic
block, and the shell is formed by hydrophilic block (12).
These polymeric micelles have some unique features
making them effective carrier systems (12-14). Firstly, the
polymeric micelles may be water-soluble if the solubility
of the number of monomers in the shell-forming block is
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e Compared with the HOOC-PBMA-PNAM-Phen, the micelles
with Phen group on the hydrophobic block (HOOC-PNAM-
PBMA-Phen) enhanced drug loading and prolonged drug release,
but larger particle size.

What is known and what is new?

* To control the release of drugs according to the actual clinical
needs, many methods, such as micelles and emulsions, have been
tried out but they all come up with limited effects, especially on the
control of the explosive release of drugs.

® The hydrophobic end groups on the hydrophobic blocks seem
much better for the hydrophobic drug such as PTX loading,
which might suppress the undesired burst drug release in
pharmacokinetics.

What is the implication, and what should change now?
® The hydrophobic end group Phen on the core-forming blocks can
promote hydrophobic drug loading and suppress burst of drug

release.
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greater than the number of monomers in the core-forming
block. This hydrophilicity can stabilize polymer micelles
core and further load the hydrophobic chemotherapy
drug in water systems. It also effectively prevents protein
adsorption and cell adhesion, thus helping micelles avoid
recognition as they circulate in the blood (15). Secondly,
the hydrophobic blocks serve as nano-reservoirs for the
loading and release of hydrophobic drug molecules such as
PTX that are conjugated or complexed with the polymeric
backbone, or physically encapsulated in the core by similar-
to-similar interaction (16). Thirdly, polymeric micelles are
often serum-stable than other particles iz vivo. Nanoscale
delivery systems have relatively long circulation time and
are amenable to extravasation at permeable tumor sites
(17-19). Various organs of the human body are suitable for
nano-carriers of different sizes (12).

Traditionally, for the hydrophobic drug delivery system
based on above-mentioned micelles, scientists have generally
focused on ways to improve micellar properties such as
working on the temperature, pH and re-dox response for
improving the drug accumulation at tumor site. Actually,
the drug-loading efficiency and the release kinetics depend
strongly on the amphiphilic block copolymers, which are
key factors on the chemotherapy. This depends on various
factors, such as their molecular weight and composition, the
chemical structure of the diblock copolymer, the molecular
volume of solubilization, the interfacial tension with regard
to water, and the length of the core- and shell-forming
blocks in the copolymer (20,21).

Typically, the block copolymers are prepared by the well-
known reversible addition—fragmentation chain-transfer
polymerization (RAFT) resulting in hydrophilic end group
on the hydrophobic blocks while hydrophobic end group on
the hydrophilic blocks. The stability of the micellar structure
is a prerequisite for control over the rate of drug release.
Drug release is dependent on the rate of drug diffusion
through the micelle, or the rate of break-up of the micelle
when it physically encapsulates the drug. The physical states
of the micelle core and the encapsulated drug also play an
important role (22). Jiaying et a/. have reported that the drug-
loading efficiency of nanoparticles increases dramatically
when the carboxylic acid content of the block copolymer
is increased (23). In contrast, the drug release rate from
nanoparticles comprising copolymers with high carboxylic
acid contents is much lower. These results may be associated
with extensive interactions between the carboxylic groups of
the copolymers and the drug (24,25). Moreover, functional
groups contained in the hydrophobic or hydrophilic block
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of the copolymer have important effects on drug-loading
efficiency and release kinetics (26,27).

As evaluated by the Flory-Huggins interaction parameter,
the similar-to-similar interaction was very important
in the drug-loading efficiency and release kinetics of
copolymer (28). Moreover, as most of the chemotherapy
drugs are insolvable in water, it is reasonable that the
hydrophobic end groups on the hydrophobic blocks seem
much better for the hydrophobic drug, as in the case of
PTX loading which might suppress the undesired burst
drug release in pharmacokinetics.

In the present study, the chemical structure and
composition of the diblock copolymer, especially the effects
of end group on the core-forming blocks on the miracle
drug loading and release were systemically investigated. To
do so, PBMA-PNAM diblock copolymers was synthesized
by RAFT. The end group effects on PTX loading capacity
and release behavior were systemically compared. We
present this article in accordance with the MDAR reporting
checklist (available at https://jgo.amegroups.com/article/
view/10.21037/jgo-23-206/rc).

Methods
Firstly, PBMA-b-PNAM was prepared. Secondly, the

micelles were self-assembled in the water. Thirdly,
the size distribution was determined by dynamic light
scattering, and the micelle morphology was determined by
transmission electron microscopy (TEM). Fourthly, the
PTX loading and releasing profile were verified by reverse-
phase high-performance liquid chromatography (r-HPLC).
Lastly, the thermal stability and thermal transition behavior
of the polymer were studied by differential scanning
calorimeter (DSC).

Materials

The chemical reagents and materials were consistent with
the previous published papers (28-30). The Milli-Q water
was purified by Milli-Q A10 water purification system
(Millipore, Billerica, MA, USA). A 4-cyanopentanoic acid
dithiobenzene (CPADB) RAFT agent was prepared using

previously described methods with some modifications.
Preparation of PBMA-b-PNAM

Diblock copolymer synthesis by RAFT
The PBMA-5-PNAM nanoparticles were synthesized as
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follows [PBMA, poly(n-butyl methacrylate); PNAM, poly(N-
acryloylmorpholine)]. As shown in Figure 1A, hydrophobic
PBMA homopolymers with approximately 28 or
62 monomer units were prepared using CPADB as a chain
transfer agent (CTA). BMA (1.0 M for BMA, or 2.0 M for
BMA,,), CPADB (25 mM), and V501 (5 mM) were dissolved
in 50 mL of benzene. The solution was depressurized and
degassed during the thawing cycle of three refrigeration
pumps. The polymerization was carried out for 7 h in a pre-
heated water (70 °C). After polymerization, the polymer was
fully precipitated in methanol/water mixture for 3 times (30%
water by volume), then thoroughly dried under vacuum. The
obtained pink PBMA, and PBMA, polymers, which were
to be used as macro-CTAs, were stored at low temperature.
PBMA-#-PNAM block copolymers with various hydrophobic
and hydrophilic block lengths, in which the hydrophobic
and hydrophilic monomer unit numbers were written as
BMA, and NAM,, were synthesized by conventional RAFT
polymerization, as described in the previous literature
(8,24,25,29-31).

PBMA-b-PNAM diblock copolymers were synthesized
using PBMA, or PBMA, as the macro-CTA, as shown in
Figure 1B. The weight of the monomer was calculated in
proportion. NAM (1.0 and 2.0 M), PBAM (10 mM), and
V501 (2.0 mM) were dissolved in 10 mL of 1,4-dioxane.
The solution was depressurized and degassed during
the thawing cycle of three refrigeration pumps. The
polymerization was carried out over approximately 22 h in a
pre-heated water (70 °C). After polymerization, the solution
was precipitated in ether for 3 times. Then, dry under
vacuum to recover the solid powder.

Aminolysis and conversion of polymer termini

Figure 14 shows the conversion of a dithiobenzoate
end group to a hydrophilic maleimide group. Briefly, a
propositional amount of the PBMA-4-PNAM diblock
copolymer (0.015 mmol), 2 mol equivalents of Na,S,0,,
and 40 mol equivalents of maleimide (versus the terminal
groups) were dissolved in 5 mL of tetrahydrofuran (THF).
THEF was reduced by N, for 1 h. 2-ethanolamine in 1mL of
pre-deoxidized THF was slowly dripped into the polymer
solution as N, bubbles through. Let the mixture react
at 24 °C for 20 h. When the reaction was complete, the
solution was dialyzed against Milli-Q water (Millipore, CA,
USA) using a dialysis membrane (MWCO =1,000 D) until
the unreacted chemicals and THF had been completely
removed. Finally, the white polymer product containing
maleimide end groups was recovered by freeze-drying (32).
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Figure 1 Synthesis of HOOC-PBMA-PNAM-Phen (A) and HOOC-PNAM-PBMA-Phen (B) by RAFT polymerization. PBMA,
poly (n-butyl methacrylate); PNAM, poly(N-acryloylmorpholine); RAFT, reversible addition-fragmentation chain-transfer.

Characterization of PBMA-5-PNAM

The number-average molecular weight of the PBMA-4-
PNAM diblock copolymer was detected by the proton
nuclear magnetic resonance ('H NMR) spectra (400 MHz)
as previously described in the literature (32). Tetramethyl
silane was used as internal standard, and deuterated
chloroform (CDCI;) was used as solvent.

Fabrication and characterization of the micelles

Fabrication of the micelles
The micelles were prepared by the method described in
the literature (8,24,25,29-31). The resulting solution had

© Journal of Gastrointestinal Oncology. All rights reserved.

a calculated micelle concentration of 2.0 mg/mL and was
stored until required for further characterization.

Size distribution determined by dynamic light
scattering

The hydrodynamic diameter and size distribution were
detected by dynamic light scattering (DLS) using ZetaSizer
Nano-ZS (Malvern Instruments, Malvern, UK). The
micelle concentration of the sample was 2.0 mg/mL.

Micelle morphology determined by TEM
We prepared stained specimens for typical transmission
electron microscopy experiments using a Hitachi H-7000
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electron microscope as previously described in the
literature (32).

Calibration of PTX by r-HPLC

We verified the PTX concentration by HPLC using
LiChrosorb RP-18 (Agilent Technologies Inc, USA). The
mobile phase was water (A)/acetonitrile (B) (v/v =60:50).
The maximal absorption for PTX was at 11 min. The
concentration of PTX was about 0.00243, 0.00814, 0.0252,
0.0744, and 0.221 mg/mL for the calibration.

PTX loading

Preparation of the PTX-micelle complex

The PTX was dissolved in ethanol with concentrations
around 5.0 mg/mL. Then 0.3 mL of the PTX solution
was added to 3 mL of the micelle solution. To completely
remove the ethanol, the resulting mixed solution was then
dialyzed with Milli-Q water for 3 h at 24 °C using a dialysis
membrane (MWCO =1,000 D). The loading content was
calculated by the following equation:

drug inside micelle (1]

Loading content =
weight of the micelle

Determination of the PTX loading level

The size and stability of the PTX-micelle complex was then
obtained by DLS. The PTX loading level was evaluated
by HPLC by mixing approximately 0.5 mL of AN with
0.5 mL of the PTX-micelle solution. Then HPLC was
used to determine the PTX content with a UV detector at
227 nm and calculated by the above-mentioned calibration.

PTX release

A dialysis bag containing approximately 6.0 mL of the
PTX-micelle solution was placed in a beaker with 1,000 mL
of Mill-Q water at pH 7.4. The C, of PTX in the micelles
was approximately 0.15 mg/mL. In PBS solution, the PTX-
micellar mixture was continued dialysis. The HPLC was
used to analyze the C, of PTX at fixed time.

Differential scanning calorimeter

The thermal stability and thermal transition behavior of the
polymer were studied by DSC. DSC carried out nitrogen
atmosphere on Netzsch 204F1 system. Indium standard
was used for temperature and energy calibration. Each
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sample was heated from 25 to 200 °C, maintained at this
temperature for 3 minutes to eliminate its thermal history,
cooled to room temperature, and finally reheated from 25
to 200 °C. The heating or cooling rate was 10 °C/min.

Statistical analysis

Chi-square tests were used for categorical variables, while
t-tests were used to examine differences between the
variables. P<0.05 was considered statistically significant.

Results
'H NMR spectrum

The number-average molecular weight of the copolymer
was detected by '"H NMR using CDCI, as a solvent. In
the "H NMR spectrum of PBMA--PNAM, the signals at
~2.2 ppm and ~3.4-3.7 ppm were attributed to the -CH,O
and —CH,N protons of the morpholine group indicating
that the NAM monomer had been successfully introduced
into the chain. It is known that the hydrophobic block was
embed in the hydrophobic core of the micelle when the
diblock copolymer self-assembled in water, as a result of
the, core-shell structure as shown in Figure 1. The structure
of the polymer was elucidated by '"H NMR. In the '"H NMR
spectrum (Figure 2), the chemical shifts at 1.26 and 1.5 ppm
were attributable to the terminal protons of the polymeric
side chains, and the chemical shifts at 3.5 and 3.6 can be
assigned to the reactions.

Dynamic light scattering and transmission electron
microscope

Figure 3 shows the hydrodynamic diameter and size
distribution of the micelle-PTX complex obtained by
DLS. The two peaks in Figure 34 were the size of the
empty PBMA-/-PNAM micelle, the approximately 40 and
235 nm was referring to the HOOC-PBMA-PNAM-Phen
(red) and HOOC-PNAM-PBMA-Phen (black), which was
similar to the previous study (29). In addition, Figure 3B
indicates the size of the micelle entrapped the PTX. The
size and size distribution of two micellar systems has little
changes, which indicated their stable spherical structure.
The size distribution was similar to hydrodynamic diameter
as obtained by DLS and clearly confirmed that the micelle-
PTX complex was successfully prepared with well-defined
core-shell structure. The morphology of the polymeric
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Figure 2 'H NMR spectrum of the PBMA-6-PNAM diblock copolymer in deuterated chloroform (CDCI;) obtained at 20 °C. PBMA,

poly(n-butyl methacrylate); PNAM, poly(N-acryloylmorpholine).

A j T T T
20.0 F micelle
235 nm, 0.06
15.0 F 40 nm, 0.039
X
Z
‘@
$ 100 F
IS
50F
0.0 1 T W 1

10! 102 108
Diameter, nm

B 20.0 _mlcelle+015PTX ]
40 nm, 0.068

15.0 b 235nm, 0.11 |
X
=
k%)
S 100 F -
£

50 1

0.0

10‘ ‘102 103

Diameter, nm

Figure 3 Hydrodynamic diameter and size distribution of the micelle-PTX complex. (A) Blank micelles; (B) PTX-loaded micelles. HOOC-

PBMA-PNAM-Phen (red) and HOOC-PNAM-PBMA-Phen (black).

micelles was determined by DLS. The microstructure of
the micelles was investigated by TEM. Figure 4 shows
TEM images of the micelles formed by HOOC-PBMA-
PNAM-Phen and HOOC-PNAM-PBMA-Phen in aqueous
solution. The images were obtained at a copolymer solution
concentration of 0.04 mg/mL. The results of TEM and
DLS were consistent.

PTX loading profile
Figure 5 shows the PTX loading profile of PBMA-5-PNAM

© Journal of Gastrointestinal Oncology. All rights reserved.

micelles with exchanged hydrophobic and hydrophilic block
lengths [HOOC-PBMA-PNAM-Phen (red) and HOOC-
PNAM-PBMA-Phen (black)]. Comparing the peaks of
PTX obtained in HPLC, it is easily to find that, the PTX
loading efficiency of HOOC-PNAM-PBMA-Phen (red)
was much lower than that of HOOC-PNAM-PBMA-Phen
(black). Based on the interaction between hydrophobic
drug and hydrophobic blocks, it is reasonable that the low
PTX loading of micellar drug delivery systems of HOOC-
PNAM-PBMA-Phen (red) is due to the limited drug
retention capacity of the hydrophobic core. In addition, the
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aqueous solution. The pictures at the bottom show the morphologies of the micelles. PBMA, poly(z-butyl methacrylate); PNAM, poly(N-
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Figure 5 Comparison of the PTX loading profiles of the
HOOC-PBMA-PNAM-Phen (red) and HOOC-PNAM-PBMA-
Phen (black) micelles. PTX, paclitaxel; PBMA, poly(z-butyl
methacrylate); PNAM, poly(N-acryloylmorpholine).

increasing drug loading level can be realized by increasing
the hydrophobicity of the core without changing the micelle
size or deforming.

PTX release profiles

Figure 6 shows the PTX release profiles of the PBMA-b-
PNAM micelles with different end groups, that is, HOOC-
PNAM-PBMA-Phen (red) and HOOC-PNAM-PBMA-
Phen (black). It is shown that the PTX release from the
micelles with hydrophobic end group on the hydrophobic
block was much slower than that of micelle with hydrophilic
end group on the hydrophobic block.
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Figure 6 Comparison of the PTX release profiles of the HOOC-
PBMA-PNAM-Phen (red) and HOOC-PNAM-PBMA-
Phen (black) micelles. PTX, paclitaxel; PBMA, poly(z-butyl
methacrylate); PNAM, poly(N-acryloylmorpholine).

Differential scanning calorimeter analysis

"The polymers have glass transition temperature (7},) values
of 70.24 and 74.22 °C which was from the HOOC-PBMA-
PNAM-Phen (red) and HOOC-PNAM-PBMA-Phen
(black) micelles, respectively as shown in Figure 7.

Discussion

For practical application, the release of uncle chemotherapy
drugs from the core of micelle system is a key issue
(29,33). To control the release of drugs according to the

actual clinical needs, many methods, such as micelles and
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emulsions, have been tried out but they all come up with
limited effects, especially on the control of the explosive
release of drugs (6). It is known that the loading and release
of hydrophobic drug are determined by the hydrophobic
blocks via the similar-to-similar interaction. Further analysis
shows that the end group on the hydrophobic block plays
an important role.

Therefore, in this study, the block copolymers PBMA-b-
PNAM with symmetrical and similar block lengths (that is,
HOOC-PBMA-PNAM-Phen and HOOC-PNAM-PBMA-
Phen) were synthesized by RAFT as shown in Figure 1.
Here, the monomers additions process was different for the
two copolymers for obtaining the different end group as
described in our previous studies (8,24,25).

The PTX release from the micelles with hydrophobic
end group on the hydrophobic block was much slower
than that of micelle with hydrophilic end group on the
hydrophobic block. The reason was shown in the drug
loading experiments.

Taken together, the end groups on the hydrophobic
blocks inside micellar core strongly dominated the drug
loading and release. The nature of the reason was that the
hydrophobic similar-to-similar interaction between the
hydrophobic drug with the hydrophobic blocks was same
as the process mentioned above. Given the illustration is
right, the rigid of the core of HOOC-PBMA-PNAM-Phen
(red) and HOOC-PNAM-PBMA-Phen (black) micelles
should be different, as reflected in the 7, of the micelles.
Subsequently, the DSC analysis was used to further analyze
the effects of end group on the hydrophobic block on the
micelle properties as shown in Figure 6.
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The polymeric micelles receive increased attention due
to their ability to load therapeutics, deliver the cargo to the
site of action, improve the pharmacokinetic of the loaded
drug and reduce off-target cytotoxicity (34). However,
maintenance of the integrity of the self-assembled system
in the circulation and disassembly for drug release at the
site of drug action remain a challenge (17). To address this
challenge, the drug loading and releasing profile need to
be overcome. This study first showed that the hydrophobic
end group Phen on the core-forming blocks can promote
hydrophobic drug loading and suppress burst release.

The degradation of micelles assembled from the block
copolymers with hydrophilic end group on the hydrophobic
block (HOOC-PNAM-PBMA-Phen, black) was higher
than that of hydrophobic end group on the hydrophobic
block (HOOC-PBMA-PNAM-Phen, red), which indicated
that the density of the hydrophobic core is looser. In this
study, DSC analysis was used to effectively monitor the
stability of micelles, which provided insight into the core
properties, the segmental rigidity and information of
viscosity of micelles.

Conclusions

In the present study, an alternative monomer addition
method was successfully applied to tune and obtain two
block copolymers: HOOC-PBMA-PNAM-Phen and
HOOC-PNAM-PBMA-Phen. Compared with the HOOC-
PBMA-PNAM-Phen, the micelles with hydrophobic Phen
group on the hydrophobic block (HOOC-PNAM-PBMA-
Phen) enhanced drug loading and prolonged drug release,
but with a larger particle size. The results indicated that the
hydrophobic end group Phen on the core-forming blocks
can promote hydrophobic drug loading and suppress burst
release.
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