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A polymeric micelle. based on the poly(benzyl-L-histidine)-4-poly(ethylene glycol) (polyBz-His-4-PEG)
diblock copolymer. was designed as a hunor-specific targeting carrier. The micelles (particle size: 67-80 nm.
critical micelle concentration (CMC): 2-3 ug/mL) were formed from the diafilteration method at pH 7.4, as a
result of self-assembly of the polyBz-His block at the core and PEG block on the shell. Removing benzyl (Bz)
group from polyBz-His block provided pH-sensitivity of the micellar core: the micelles were physically
destabilized in the pH range of pH 7.4-3.5. depending on the content of the His group free from Bz group. The
ionization of His group at a slightly acidic pH promoted the deformation of the interior core. These pH-
dependent physical changes of the micelles provide the mechanism for pH-triggering anticancer drug (e.g..
doxorubicin: DOX) release from the micelle in response to the tumor’s extracellular pH range (pH 7.2-6.5).
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Introduction

Recently medical application of a polymeric micelle
system'™* has burst onto the scene with challenging inno-
vations. designed to enable spatial site-specific drug deli-
very.'=*¢ Especially. in tumor treatment. effectively regress-
ing tumor while minimizing damage to healthy tissues is
undeniably linked to this drug delivery system.’ For ex-
ample. delivery of high doses of therapeutic agents to target
tumor sites and minimal accumulation of therapeutic agents
in healthy tissue has been achieved using nano-sized mi-
cellar carrier systems * This is primarily attributed to passive
accumulation in solid fumors by the enhanced permeability
retention (EPR) effect” of the micellar carriers with nano-
size (20-200 nm).’ followed by passive diffusional release of
the drug in the extracellular space and/or active internali-
zation into the tumor cells v/er various entry mechanisms. ™'
Herein. to further improve local high-dose tumor therapy.
drug-carrying polymeric micelles need to be inert. meaning
minimal interactions with biological components and negli-
gible drug release while circulating in the blood stream.’
However. upon reaching their target sites. the micelles may
need to switch their nature to induce enhanced drug release
kinetics.™!! The switching property could be endowed by
employing stimuli-sensitive components when constructing
nanocarriers. Hyperthermia.'~'* ultrasound." specific enzyme-
induced cleavable bonds.'™'" and specific ligands or anti-
bodies'®~! have been intensively investigated for this pur-
pose using micelle systems.

Recently. a pH-sensitive polymeric micelle system has
been potentially used for targeted antitumor drug delivery,™*-
based on the observation that one of the consistent differ-
ences between various solid tumors and the surrounding
normal tissue is the acidity of the surrounding tissue.*- The
extracellular pH (pH.) in most mumors is more acidic (pH.

6.5-7.2) than in normal tissues.*** In all measurements
(involving either invasive or noninvasive methods) of the
pH. of human and animal solid tumors. more than 80% of all
measured values consistently fell below a pH of 7.2 It is
interesting to note that this physical difference in pH is
intrinsic in distinguishing diseased tissue (i.e.. tumor) from
normal tissue. In this respect. the development of pH-sensi-
tive drug-carriers is unique for tumor targeting compared to
the cultivation of drug carriers depending external stimuli
(such as hyperthermia and ultrasound).” In particular. the
polvHis™** is a promising component for constructing a
pH-sensitive polymeric micellar carrier capable of targeting
tumor cells. The imidazole ring of a polyHis-block (pKe ~
7.0) has lone pairs of electrons on the unsaturated nitrogen
that endow it with pH-dependent amphoteric properties®:
polvHis is lipophilic above pKy but lipophobic (resulting
from ionization of polyHis) below pKy.” These properties of
polvHis have been utilized for the development of tumor
acidic pH-sensitive polymeric micelle system.™-* Consider-
ing that the micelle system with pH-labile chemical bonds
(such as hvdrazone and acetal) between the drug and the
micelle. responds only to pH 3.0-3.5.7""-* a polyHis-based
mixed micelle system may be more useful for mumor acidic
pH (pH 7.2-6.3) targeting. In previous studies. pH-sensitive
mixed micelles based on polyHis-5-PEG and poly(L-lactic
acid)-5-PEG (PLA-A-PEG) block copolymers contributed
improved anticancer activity and enhanced drug release
when they were triggered to release their cargo by tumor-
associated acidic pH."** However. despite its significant
potential. this system depended on complicated interactions
between the polymers in the mixed micellar core. Addition-
ally. homogenous mixing of the two block copolymers was
required for the micelles to exhibit reproducible behavior. ¥4+

To improve upon this design. therefore. we prepared pH-
sensitive polvmeric micelles from one block copolymer.
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Figure 1. Schematic diagram depicting the central concept.

polyBz-His-A-PEG The benzyl (Bz) group (used as a
protecting group for polvHis svnthesis)**> remaining in
polvHis. as shown in Figure 1. may be useful in tuning drug
release behaviors of the polvmer micelle with pH.>*>>! For
proof of this concept, we examined the pH-sensitive proper-
ties of the polyBz-His-A-PEG micelles and momitored pH-
dependent cell cyvtotoxicity against human breast carcinoma
cells (MCF-7).

Experimental

Materials. Triethvlanune (TEA). dunethylsulfoxide
(DMSO0), dimethylformanude (DMF). anhvdrous liquid
anmmonia, metallic sodium. HCL. NaOH. ammonium chlo-
ride. diethyl ether, tetrazolium salt MTT. L-glutamine. #-
propyl galate, glvcerol. and DOX HCI were purchased from
Sigma-Aldnich (St.Louis, MO. USA). Penicillin-streptomycin,
Tris-HCI (pH 8.4). fetal bovine serum (FBS), 0.25% (w/v)
trypsin-0.03% (w/v) EDTA solution, and RPMI1640 medium
were purchased from Gibco (Uxbridge. UK). PolyBz-His-5-
PEG (repeating unit of Bz-His = 28 M, of PEG = 2000) was
synthesized by ring-opening co-polymerization of His N-
carboxyanhydride (NCA) HCL. followed by PEG conjugation.
as described in detail in our previous reports.”**

Controlling deprotection of Bz group. The protecting Bz
group of His was deprotected using metallic sodium and
anhydrous liquid ammonia ™ Briefly. the suspension of
polyBz-His-h-PEG (1 g) in anhydrous liquid ammoma (20
ml) was mixed with metallic sodium (0 (His0), 0.03 (Hisl).
0.05 (His2). 0.10 (His3). 0.20 (His4) g. Table 1) over a

Table 1. Characterization of pelvmer and micelle system
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period of 15 min. After evaporation of liquid amumonia, the
residue was dissolved m 1 M HC1 (10 mL). The 1 M HCI
solution was extracted three times with diethyl ether (10
mL). The | M HCI solution was neutralized with 3 M NaOH
solution and the precipitate was filtered. The precipitate was
three times washed with diethyl ether and was dried i vacuo
for 2 days. His or Bz-His mol% m polymer was estunated
from the '"H-NMR spectrum (DMSO-d¢ with TMS) using
the integration ratio of the peaks from the midazole ring unit
(67.6, -N-CH=) and the Bz umit (67.21, -C=CH-).

PKs determination from acid-base titration. The poly-
mer and NaCl (control) were dissolved i 30 mL of deioni-
zed water (30 mmol/L) and the solution was adjusted to pH
12 with | N NaOH. The diluted solution was titrated by
stepwise addition of 0.1 N HCI solution to obtamn the
titration profile.””

Preparation of polymeric micelle. The polymer (20 mg)
dissolved m DMSO (20 mL) was transferred to a pre-
swollen dialysis membrane tube (Spectra/Por; MWCO 15
K) and dialvzed aganst HCl (or NaOH)-Na:BsQ; buffer
solution (pH 7.4. 20 mM) for 24 hours. The outer phase was
three times replaced with fresh Na:B4O; buffer solution. The
solution was then mixed with phosphate buffer saline (PBS)
solution (pH 7.4). The solution (ion strength: 0.15) was
subsequently lvophilized after filtering through a 0.8 xm
svringe filter. The vield (wt.%) of micelles was 91 + 7 wt.%.

Fluorescence spectroscopy. For the measurement of
steady-state fluorescence spectra. the pyrene solution (6.0 x
107 M) in acetone was added to deionized water to give a
pyrene concentration of 12 x 1077 M. The solution was then
distilled under vacuwn at 60 “C for | hour to remove acetone
from the solution. The acetone-free pyrene solution was
mixed with the polymeric micelles (1 x 107 ~ [ x 107 g/L),
vielding final pyrene concentration of 6.0 x 1077 M. The
change of the intensity ratio (I:37/1:33) of the pyrene with
polymer concentration was plotted from excitation spectra
from 300 to 360 nm at emission wavelength 390 nm.> The
CMC (ug/mL) at pH 7.4 was determined from crossover
point at low polymer concentration on this plot.> In order to
quantify the polarity around the pyrene molecules retained in
the polvmeric micelle (0.1 g/L) with pH. the intensity ratio
(13371323, higher ratios means a less polar environment) of
the pyrene at different pHs (pH 7.4-5.5) was measured.

Particle size analysis. Photon correlation spectroscopy
(PCS) was conducted using a Zetasizer 2000 (Malvern
Instruments. USA) with a He-Ne Laser beam at a wave-
length of 633 nm. and a fixed scattering angle of 90°. The

His content {mol%o) BZ-His content (mol%)

CMC (gg/mL)ot micelle  Particle size of micelle

in polyBz-His in polyBz-His PKs atpH 7.4 atpH 74
His0 0 100 - 21+06 67 nm
Hisl 48 52 6.10 26+04 70 nm
His2 71 29 6.54 25+03 78 nm
His3 86 14 6.83 26+05 76 nm
Hisd 100 0 7.02 28+04 80 nm
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polv¥meric micelles (0.1 g/L. ion strength: 0.15) were then
exposed to different pH values (pH 7.4-3.5) at 37 °C for 24
hours before measurement of the particle size and particle

536

size distribution.”

DOX loading. DOX-HCI (1 mole) was stirred with TEA
(2 mole) in DMSO for overmight. in order to detach HCI salt
and make DOX lipophilic.™*® And then DOX (2 mg) was
blended with polvmer (10 mg) in DMSO (20 mL). The
mixture was transferred to a preswollen dialysis membrane
{(Spectra/Por molecular weight cut-off 15 K) and dialvzed
against HCI (or NaOH)-Na:B,O- buffer solution (pH 7.4. 20
mM) for 24 hours. The medium was exchanged several
times and the content nside the dialvsis tube was sub-
sequently lvophilized. The amount of entrapped DOX was
deternuned by measuring the UV absorbance at 48] nm of
the drug-loaded polymernic nucelles dissolved in DMSO.
The DOX loading efficiency was 80-90 wt.% calculated by
dividing the loaded DOX concentration with the mmtial DOX
concentration.

DOX release. DOX-loaded micelles in PBS pH 7.4
solution (1 mL, ionic strength: 0.15) in a dialysis membrane
tube (Spectra/Por MWCO 15 K) were unmersed 1n a vial
containing fresh PBS (20 mL) with different pHs (pH 7.4-
5.3) at 37 °C. including mechanical shaking (100 rev./nun).
DOX concentration was determined with a UV/Visible
spectrophotometer.™®

Cell cytotoxicity. Human breast carcinoma MCF-7 cells
(from Korean Cell Line Bank) were mamtained in RPMI-
1640/PBS medium (Gibco) with 0.5 M PBS, 2 mM L-
glutamine (Sigma). 3% penicillin-streptomycin (Gibeo), 10
% fetal bovine serum (Gibco) in a humidified incubator at
37°C and 3% CO:; atmosphere. Before testing. cultured cell
(1 x 10° cellsyrmL) monolavers were harvested by 0.25%
(w/v) trypsin-0.03% (w/v) EDTA solution (Gibco). For
cvtotoxicity test, free DOX (53 gg/ml), equivalent DOX-
loaded nucelles (DOX 3 geg/mL. polvmer 33 g#g/mL). blank
micelles (polymer 0-200 ug/mL. no DOX) i RPMI-1640/
PBS medium were added to the medium-removed 96-well
palate. The pH of culture medium was readjusted with 0.1 N
HCI or 0.1 N NaCl** During 24 hours incubation, no
considerable pH shift in the culture medium was observed.
After the incubation. chemosensitivity was measured using
tetrazolium salt MTT assay. >

Results and Discussion

pH-sensitive polymer. PolvyBz-His was prepared by the
ring-opening polvmerization of His N-carboxyanhydride.™
PolyBz-His was coupled with PEG by sumple 1.3-dicvclo-
hexylcarbodiimide (DCC) chemistry.™ The deprotection of
the Bz group was managed to evaluate the effect of Bz on
the pH-sensitivity of polyHis. The pH-dependent amphoteric
properties of the His component may be affected by the pH-
insensitive lipophilic Bz component. similar to our previous
polyHis-based mixed micelle application.* Physical blend-
ing of the pH-mnsensitive block (polv(L-lactic acid)) to
polvyHis micelle shifted the micelle destabilizing pH to
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Figure 2. The particle size distribution of Hisl.

below pH 7.0. depending on the amount of pH-msensitive
block.* Table 1 shows that increasing the Bz content reduced
the pKy value of the polvmer. The pK, of His2 and His3
were found to be 6.83 and 6.54, respectvely (Table 1).

pH-sensitivity of micelles. The micelles constructed by
the self-assembling process of these polvmers presents
relatively low CMCs (2-3 gg/mL) and average 67-80 nm
sizes at pH 7.4. All micelles showed a narrow particle size
distribution as shown in Figure 2.

The CMC and particle size of the micelles decreased as
the Bz-His content increased. which may be due to the
enhanced lipophilicity™ of the micellar core by the presence
of Bz. In addition. 67-80 mm sizes of micelles will be useful
to the extravasation of micelles due to the EPR effect.”

The 10mzanon of His in the micellar core will facilitate
micelle destabilization (Figure 1). Non-ionized His (7.¢.. Bz-
His) 1s expected to shift the micelle destabilizing pH to a
lower value. reducing ionization of the lipophilic core.
Figure 3 shows that the particle size of the Hisl. His2, His3,
His4 micelles decreased with a pH drop. The particle size of
the His3 micelles decreased from 80 nm at pH 7.0 to less
than 10 nm at pH 6.5, which exhibits disintegration of the
polymeric micelles at a low pH. While. the HisO micelles
(without ionizable His groups) present a negligible particle
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Figure 3. The particle size change (n = 3) of His( (@), Hisl (W),
His2 (a), His3 (¥), His4 (@) with pH of the solution. The
micellar solution (1onic strength: 0.13) was kept 1o 0.1 g/L.
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(n = 3) of each micelle (was kept to 0.1 ¢/L) with pH of the solution
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size change with pH.

The micelle formation by self-assembly of polyBz-His-b-
PEG was monitored by fluorometry in the presence of
pvrene as a fluorescent probe.> Pyrene is highly hvdro-
phobic and therefore preferentially nugrates mto the nucellar
core in an aqueous solution.® When pyrene is located in a
non-polar environment (/... micellar core). 1t shows strong
fluorescence. However. in a polar environment (7.¢. . outside
of micellar core). it shows a weak fluorescent intensity and a
shift of the excitation peak. The change in the intensity ratio
(I537/1335) of the pyrene extracted from the excitation graph
indicates whether the polvmer forms the nucelle or exists as
the unimer.**** The CMCs of polyBz-His-4-PEG micelles
ranged to 2-3 mg/mL (Table 1), as estimated from the
crossover pont of the ntensity ratio (Iaz7/1233) at low poly-
mer concentration.”® These CMCs of the micelles were
changed with pH (Figure 4(a)). The CMC of His2 nucelles
were remarkably elevated below pH 6.8. The CMC of His3
micelles significantly increased below pH 7.0. Similarly. the
CMC of His4 micelles with 100 mol% His group. increased
below pH 7.4. wlle the HisO micelles showed a neghgible
CMC change. It 1s evident that the 1omzation of the His
groups 1 the polvmer at a lower pH level causes a reduction
in lipophilicity. leading to an mncrease n CMC. In addition.
higher His amount m the polvmer induced CMC change at a
higher pH. These behaviors of the micelles were also sup-
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ported by the momtormg of nucropolanty m the nucellar
core with pH (Figure 4(b)). The decrease of the pyrene
mtensity ratio (Iss+/I333) under the same polymer concen-
tration (0.1 g/L) (Figure 4(b)) demonstrated that the His2
micelles or His3 mucelles expenenced a sharp mcrease m
polarity as the pH decreased from 6.8 to 6.5. or from 7.0 to
6.8, respectvely. In addiion. the Hisl or Hisd nucelles
present a constant mcrease as the pH decreased from 6.8 to
6.0, or from 7.4 to 6.5. respectively. The amount of His n
the mucellar core affected mucelle dismtegration. A decrease
m His (or an merease in Bz-His) content decreased micelle
dismtegratmg pH. reducing the 10mzanon of the nucellar
core.

Figure 3(a) shows the cumulative DOX release from the
DOX-loaded polymenc mucelles with pH. The pH-depen-
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Figure 5. (a) The pH-dependent cumulative DOX release from the
HisO (@), Hisl (m), His2 (a ), His3 (' ¥), and Hisd (@) with pH (n
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dent nucelle properties facilitated pH-induced DOX release
from the micelles. The His0 micelles showed no pH-depen-
dent DOX release. However. the Hisl micelles released 30
wt.% of DOX at pH 6.8 and 43 wt.% of DOX at pH 6.5. The
His2 mucelles released 20-36 wt.% of DOX at pH 7.4-6.8
and 76 wt.% of DOX at pH 6.5 (e.g.. endosomal pH targeted
for cvtosolic drug delivery™’). The His3 micelles showed a
desirable tumor extracellular pH-dependency such that 20-
30 wt.% of DOX was released at pH 7.4-7.0 and 75 wt.% of
DOX at pH 6.8 {(¢.g. tumor extracellular pH), as well as 80
wt.% of DOX at pH 6.5. Unlike His0. Hisl, His2, and His3
micelles that released approxunately 20 wt.% of DOX at pH
7.4. the His4 micelles released 33 wt.% of DOX at pH 7.4.
indicating relative mstabihity of His4 micelles at blood pH.*
In addition, the DOX release pattern with the tune followed
nearly first-order kinetics and reached a plateau n 8 hours
(His2) or 4 hours (His3) (Figure 3(b)-5(c)).

These results mean that the nicelles responded a small pH
difference (between pH 7.0 and 6.5); accelerated DOX
release from the micelles destabilized with the drop in pH.

In vitro cell viability, Figure 6(a) shows pH-dependent
cvtotoxicity of the DOX-loaded mucelles against MCF-7
cells. The acidic pH enhances the DOX release rate of the
His2 or His3 nucelles and makes the DOX-loaded His2 or
His3 micelle effective for killimg MCF-7 cells. In an f# vitro
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Figure 6. (a) pH-dependent MCF-7 cell viabilitv of DOX-loaded
(a) Hist) ( @), His2 ( &), His3 ( ¥ ) (equivalent DOX: 5 tg/mlL), and
free DOX (@) (DOX: 3 gg/mL) with pH (n = 73 (b) in viro cell
toxicity of blank micelles (HisO (@), His2 (4), and His3 (¥))
(n="7).
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cvtotoxicity test. these micelle systems demonstrated limited
cell killing effect at pH 7.4-7.0, but cell viability was greatly
reduced as the pH decreased from 6.8 to 6.5 (His2 mucelles
for endosomal pH targetng) or from 7.0 to 6.8 (His3
micelles for tumor extracellular pH targetmg). The viability
of MCF-7 cells treated with the DOX-loaded His2 nucelle
was 89% at pH 7.4, 75% at pH 6.8. and 23% at pH 6.5. On
the other hand. the viabihity of MCF-7 cells treated with the
DOX-loaded His3 mucelle was 88% at pH 7.4, 78% at pH
7.0, and 24% at pH 6.8. No cytotoxicity was observed up to
200 mg/ml of the blank micelles for MCF-7 cells after 24
hours mcubanon, regardless of culture medium pH (data not
shown). In addiion, the change m pH from 7.4 to 6.5 may
mfluence cellular physiology and cell viability. However,
acidic pH 1s a favorable environment for tumor cells,
although acidic pH has opposite effect on normal cells.”’
The cell viability expressed m this study 1s relanve to those
at each pH 1 the culture medium without DOX. Further-
more, noticeable difference m cell viability by pH was not
observed when MCF-7 cells were treated with free DOX
(data not shown). Consequently, the DOX-loaded His2 or
His3 mucelles presented twmnor cell killing effectiveness in a
pH-dependent manner. These results confumed the 1dea that
the simply prepared polyBz-His-6-PEG micelles respond to
mmute differences m pH and discrimmnates the tumor extra-
cellular pH and endosomal pH by drug release rate. In
particular. this nucelle system may be useful to replace both
the polyHis-based mixed nucelle approach’ presenting com-
plicated behaviors of polymers m the mixed nucellar core™
and the polyHis-based flower-like micelle system™ with the
ability to only target tumor extracellular pH. Of course, the
proof of this hypothesis will require further in vive mvesti-
gations mcluding tumor regression and toxicological studies.

Conclusions

PolyBz-His-A-PEG mucelles with different His content
was optunized to have pH-responsive properties for shghtly
acidic solid tumors. The micelles showed DOX mggering
release as decreasing pH from 7.4 to 5.3, The micelles with
86 mol% of His and 14 mol% of Bz-His mggered DOX
release at pH 6.8 that 1s similar to mmor extracellular pH.
The micelles with 71 mol% of His and 29 mol% of Bz-His
allowed mggenng DOX release at pH 6.5 that 1s sumilar to
endosomal pH. This pH effect was demonstrated by the pH-
dependent cell cytotoxicity results of the DOX-loaded
micelles. This approach may provide maximal therapeutic
efficacy at the mumor site. resulting in tumor pH-specific
drug accumulation. while preserving the lowest probability
of drug accumulation 1n normal tssues for reduced side
effects. Of course. this hypothesis requires further investi-
gation.
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