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ABSTRACT
Purpose To investigate the effects of small aliphatic pen-
dent groups conjugated through an acid-sensitive linker to
the core of brushed block copolymer micelles on particle
properties.
Methods The brushed block copolymers were synthesized by
conjugating five types of 2-alkanone (2-butanone, 2-hexanone,
2-octanone, 2-decanone, and 2-dodecanone) through an acid-
labile hydrazone linker to poly(ethylene glycol)-poly(aspartate
hydrazide) block copolymers.
Results Only block copolymers with 2-hexanone and 2-
octanone (PEG-HEX and PEG-OCT) formed micelles with
a clinically relevant size (< 50 nm in diameter), low critical
micelle concentration (CMC, < 20 μM), and drug entrap-
ment yields (approximately 5 wt.%). Both micelles degraded
in aqueous solutions in a pH-dependent manner, while the
degradation was accelerated in an acidic condition (pH 5.0)
in comparison to pH 7.4. Despite these similar properties,
PEG-OCT micelles controlled the entrapment and pH-
dependent release of a hydrophobic drug most efficiently,
without altering particle size, shape, and stability. The mo-
lecular weight of PEG (12 kDa vs 5 kDa) induced no change
in pH-controlled drug release rates of PEG-OCT micelles.
Conclusion Acid-labile small aliphatic pendant groups are use-
ful to control the entrapment and release of a hydrophobic drug
physically entrapped in the core of brushed block copolymer
micelles.
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INTRODUCTION

Biocompatible nanoparticles have drawn attention for past
decades as drug carriers for cancer treatment because they
can improve water solubility of hydrophobic anticancer drugs
and deliver the drugs preferentially to tumors (1–3).
Compared to small molecule drugs, nanoparticles are too
large to get removed through renal clearance, yet still small
enough to pass through leaky tumor blood vessels, suppressing
non-specific drug accumulation (4–7). Among such nanopar-
ticle drug carriers, polymer micelles have been successfully
used in several preclinical and clinical studies (8–10). Polymer
micelles are spherical molecular assemblies from self-
assembling block copolymers, and they are characterized by
the nanoscale size (20~100 nm) and a well-defined core-shell
structure. The micelles entrap various payloads, such as hy-
drophobic drugs, proteins, nucleotide drugs, and imaging
agents in the core enveloped with a hydrophilic shell that
suppress protein adsorption in the body (11–14).

Chemical conjugation and physical entrapment are two
common methods for entrapping drug payloads in the mi-
celles. For the chemical conjugation approach, micelle-
forming polymers and drugs are often modified with de-
gradable linkers. Ester, hydrazone, and carbonate are ex-
amples of such degradable linkers, which allow controlled
release of drug in the body (15,16). In vivo signals, such as
pH, redox reaction, and enzymatic activity, are used to
degrade the linkers in a controlled manner (17,18). The
physical entrapment approach is inevitable for drugs that
do not have modifiable groups for chemical conjugation.
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Hydrophobic or ionic interactions are the driving forces of
physical drug entrapment in many cases (19–21). The re-
lease of drugs physically entrapped in nanoparticles is time-
dependent and controlled by modulating interactions be-
tween the drug and the nanoparticle core. The interactions
often depend on lipophilicity, ionization, and morphology of
the nanoparticle core (22–24). Many polymer micelles have
been developed for either chemical conjugation or physical
entrapment of the drug payloads separately, but each drug
entrapment approach has its own advantage. For example,
the chemical conjugation approach provides better control
over drug release while the physical entrapment approach
requires no chemical modification of the drug payload. A
chemically modified drug is considered as a new compound
that is completely different from the parent active pharma-
ceutical ingredient (API), and raises the use hurdle for approv-
al of use in humans. Drug carriers entrapping unmodified
APIs are expected to facilitate clinical translation. Therefore,
combined use of chemical conjugation and physical entrap-
ment approaches would improve polymer micelles as thera-
peutic tools more viable for clinical applications.

In this study, we tested our hypothesis that polymer
micelles prepared from block copolymer with acid-sensitive
pendant groups will control the release patterns of hydro-
phobic drugs physically entrapped in the micelles (Fig. 1).
To test this hypothesis, we synthesized poly(ethylene glycol)-
poly(aspartate hydrazide) block copolymer (PEG-HYD) to
which 2-alkanone (ALK) with a different chain length was
conjugated through an acid-labile hydrazone linker, and
prepared polymer micelles loading a model anticancer drug
(17-N-allylamino-17-demethoxygeldanamycin: 17-AAG)
through physical entrapment. We have developed polymer
micelles from PEG-HYD for pH-controlled drug delivery,
which are compatible with other PEG-poly(aspartate) poly-
mer micelles in several clinical studies (25–32). In our pre-
vious studies, we confirmed that PEG-HYD polymer
micelles suppressed drug release in a physiological condition
(pH 7.4) and accelerated drug release at an acidic pH (5.0)
corresponding to intracellular lysosomes. Such an acid-
accelerated drug release may be useful because tumor tissues
are also acidic (pH<7.0) due to the Warburg effect which
explains inefficient consumption of glucose into energy in

Fig. 1 Brushed block copolymer
micelles for controlled release of
hydrophobic drugs physically
entrapped in the core.

Fig. 2 Synthesis of PEG-ALK block copolymers.
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cancer cells producing a large amount of lactic acids (18) and
results in tumor acidosis (33). It addition to lysosomes, late
endosomes are also acidic with pH ranging 5~6.5 (34). The

PEG-HYD micelles reduced toxicity of entrapped drugs by
delivering the drug to tumor tissues preferentially and sparing
normal tissues.

Fig. 3 1H-NMR spectra of block
copolymers: (a) PEG-BUT; (b)
PEG-HEX; (c) PEG-OCT; (d)
PEG-DEC; and (e) PEG-DOD;
and micelles: (f) PEG-HEX;
and (g) PEG-OCT.

Fig. 4 Particle size distribution of
PEG-HEX and PEG-OCT
micelles.
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PEG-HYD was modified with ALK that has a ketone
group on its 2 position and a different chain length to
prepare polymer micelles from poly(ethylene glycol)-
poly(aspartate hydrazide 2-alkanone) (PEG-ALK). As show
in Fig. 1, the PEG-ALK micelles were designed to degrade
in an acidic condition and accelerate the release of physi-
cally entrapped drugs in a pH-dependent manner. To in-
vestigate the effects of the lipophilicity of ALK on drug
entrapment and release patterns of the micelles, we evalu-
ated five ALK compounds, including 2-butanone (BUT), 2-
haxanone (HEX), 2-octanone (OCT), 2-decanone (DEC),
and 2-dodecanone (DOD). PEG-ALK micelles were used to
entrap 17-AAG, which is a potent inhibitor of 90 kDa heat
shock protein that regulates expression of various
oncoproteins in most tumor cells. Despite its unique mode
of action, 17-AAG has low water solubility and requires the
development of effective delivery tools (35–39).

MATERIALS AND METHODS

Materials

Following chemicals were purchased from Sigma-Aldrich
(USA): L-aspartic acid β-benzyl ester (BLA), triphosgene,

anhydrous tetrahydrofuran (THF), anhydrous hexane, anhy-
drous dimethylsulfoxide (DMSO), anhydrous ethyl ether, an-
hydrous benzene, anhydrous hydrazine, BUT, HEX, OCT,
DEC, DOD, ace t on i t r i l e (ACN) , ch lo ro f o rm ,
dimethylsulfoxide-d6 (DMSO-d6), deuterium oxide (D2O),
pyrene, acetone, acetate buffer solutions, phosphate buffer
solutions. α-Methoxy-ω-amino poly(ethylene glycol) (mPEG-
NH2) with molecular weight (MW) of 5 or 12 kDa was pur-
chased from NOF Corporation (Japan). 17-AAG was pur-
chased from LC Laboratories (USA). Regenerated cellulose
dialysis bags with molecular weight cut off (MWCO) 6~
8 kDa and Slide-A-Lyzer G2 dialysis cassettes with MWCO
10 kDa were purchased from Fisher Scientific (USA).

Synthesis of PEG-BLA Template Block Copolymers

A monomer, β-Benzyl-L-aspartate N-carboxy anhydride
(BLA-NCA), was prepared for polymer synthesis by the
Fuchs-Farthing method as previously reported (27,40).
Briefly, BLA was reacted with triphosgene (1.3 molar equiv-
alent) in dry THF under nitrogen at 45°C until the solution
became clear. Anhydrous hexane was slowly added to the
solution until NCA crystals appeared and disappeared
quickly. The solution was recrystallized at −20°C overnight.
BLA-NCA crystals were dried under vacuum. Ring-opening

Fig. 5 Critical micelle
concentrations of PEG-HEX and
PEG-OCT micelles.

Fig. 6 Particle size changes of
PEG-HEX and PEG-OCT
micelles in different pH conditions
(7.4 and 5.0) at 37°C.
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polymerization of BLA-NCA was conducted by using
mPEG-NH2 (12 kDa or 5 kDa) as an initiator to prepare
poly(ethylene glycol)-poly(β-benzyl L-aspartate) block copol-
ymer (PEG-BLA) in anhydrous DMSO at 40°C for 2 days.
PEG-BLA in the reaction solution was precipitated in ether
and collected by freeze drying from benzene. Proton nuclear
magnetic resonance (1H-NMR, Varian, 500 MHz) was used
to determine the composition of PEG-BLA.

Synthesis of PEG-ALK Micelles

The benzyl groups of PEG-BLA were replaced with hydra-
zide through aminolysis reaction to obtain PEG-HYD block
copolymers. Excess hydrazine with respect to the number of
BLA repeating units (10 fold) was reacted with PEG-BLA in
DMSO at 40°C for 1 h. The product was purified through
repetitive ether precipitation and collected by freeze drying.
PEG-ALK was obtained after conjugation of various ALKs
to PEG-HYD through a hydrazone bond (Fig. 2). For ex-
ample, PEG-HYD was dissolved in DMSO and reacted
with 2 fold of BUT with respect to the repeating HYD units
to prepare PEG-BUT. After the reaction at room temper-
ature for 48 h, final products were purified through repet-
itive ether precipitation and collected by freeze drying.
PEG-HEX, PEG-OCT, PEG-DOC, and PEG-DOD were
prepared by the same method. 1H-NMR was used to con-
firm the synthesis of these polymers. PEG-ALK micelles

were then prepared by the oil-in-water method. For exam-
ple, PEG-ALK (20 mg) was dissolved in DMSO (2 mL) first,
and added dropwise to 8 mL deionized water under vigor-
ous stirring. The solution was dialyzed against deionized
water and freeze dried.

Critical Micelle Concentration (CMC) Measurements

A serial dilution of PEG-ALK micelles was prepared in
aqueous solutions at various concentrations ranging
2 μg/mL to 2 mg/mL. Each solution (200 μL) was trans-
ferred in the wells of a 96-well plate, and mixed with pyrene
in acetone (2 μL, 30 μM). The plate was incubated at a
room temperature under a dark condition overnight prior to
measuring the fluorescence of pyrene. Excitation spectra of
pyrene incubated with micelles were observed by fluores-
cence spectroscopy (SpectraMax M5, Molecular Devices)
with emission at 390 nm. The ratio between intensities at
334 nm and 338 nm (intensity ratio, I334/I338) was deter-
mined for each sample in triplicate.

Determination of PEG-ALK Micelle Degradation
in Different pH Conditions

PEG-ALK micelles were prepared at 2 mg/mL in a phos-
phate buffer solution (10 mM, pH 7.4) or acetate buffer
solution (10 mM, pH 5.0). All micelle solutions were passed
through a 0.22 μm filter prior to further characterization.

Fig. 7 Light scattering intensity
changes of PEG-HEX and PEG-
OCT micelles in different pH
conditions (7.4 and 5.0) at 37°C.

Fig. 8 GPC spectra of PEG-
HEX and PEG-OCT micelles
incubated in different pH
conditions (7.4 and 5.0) at 37°C
for 24 h.
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Particle size and light-scattering intensity were determined
by using a dynamic light scattering (DLS) detector (Zetasizer
Nano 90, Malvern). Data were collected for 3 days while
incubating the micelles at pH 7.4 or 5.0, 37°C. The micelle
degradation was also confirmed with gel permeation chro-
matography (GPC) equipped with RI and UV detectors
(Shimadzu LC20, PEG standard, 1× PBS saline mobile
phase).

17-AAG Entrapment in PEG-ALK Micelles

PEG-ALK and 17-AAG were dissolved in DMSO and mixed
for 30 min. The mixed solution (2 mL) was titrated to deion-
ized water (6 mL) under vigorous stirring. Precipitates were
removed by centrifuge, and the clear supernatant of drug-
loaded micelles was dialyzed against deionized water to re-
move DMSO. The micelles were collected by freeze drying. A
drug entrapment yield was determined by UV–vis spectros-
copy (SpectraMax M5, Molecular Devices) at 365 nm, and
expressed as weight % (wt%) of drugs in micelles.

Drug Release Experiments

Drug release experiments were conducted under the sink con-
dition following the dialysis methods previously reported with
slight modification (41–44). Drug-loaded micelles in deionized
water (2 mg/mL) were put in six dialysis cassettes (MWCO
10 kDa). Three dialysis cassettes were placed in containers filled

with releasing media (buffer solutions at pH 7.4 or 5.0) at 37°C
for 24 h while gentlemagnetic stirring. To ensure drug diffusion
from the dialysis cassette to the releasing medium was constant,
the volume (5 L) of the releasing mediumwas maintained 3,000
times greater than the volume of the micelle solution in each
dialysis cassette (1.5 mL). Drugs remaining in the dialysis cas-
sette were measured at 0, 1, 3, 6 and 24 h. Data were expressed
as means±SD (n=3). The drug release was analyzed by using
the first order kinetics model, Ct/C0=e

−kt where Ct/C0 is the
proportion of the concentration drug remaining (Ct) at a given
time (t) with respect to the initial drug concentration (C0), and k
is the first-order rate constant of drug release.

RESULTS AND DISCUSSION

Synthesis of PEG-ALK Micelles

PEG-HYD and PEG-ALK were prepared as shown in
Fig. 2. PEG-HYD was used to prepare all types of PEG-ALK
to keep the composition of polymer backbone consistent. 1H-
NMR data show that PEG-HYD with 12 kDa PEG and 33
HYD units was successfully conjugated with five different ALK
pendant groups (BUT, HEX, OCT, DEC, and DOD in
Fig. 3a–e, respectively). PEG-HEX and PEG-OCT micelles
showed predominant PEG peaks in D2O (Fig. 3f and g),
suggesting that these block copolymers self-assembled to form
a core enveloped with a PEG shell. PEG-HEX micelles

Fig. 9 Effects of PEG molecular
weight on particle size and the
CMC of PEG-OCT micelles.

Table I Characterization of PEG-ALK Micelles

Block copolymer CMC (μM) Size (nm) 17-AAG entrapment (wt %) First-order drug release rate
constant, k (h-1) a

Blank micelles 17-AAG-entrapped micelles pH 7.4 pH 5.0

PEG-HEX 12-33 17.1 43.9±7.4 36.9±8.0 0.77 – –

PEG-OCT 12-33 11.6 45.8±8.8 53.9±3.2 4.9 0.252 0.469

PEG-OCT 5-33 10.9 42.8±6.6 45.0±3.6 4.2 0.277 0.506

a Goodness of fitting (R2 ) is 0.980~0.995
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however still show small peaks from the HEX segment (Fig. 3f).
Molecular packing of PEG-HEX in the core might not be tight
enough to suppress the magnetic resonance. In comparison,
PEG-OCTmicelles showed the PEG peak with no other peaks
from OCT (Fig. 3g). These results indicate that PEG-OCT
formed the micelles with the most hydrophobic core where
polymer chains were tightly packed.

Despite the difference in core environment, both PEG-
HEX and PEG-OCT micelles were similar in particle size
(44 nm and 46 nm, respectively), showing a monodisperse
distribution (Fig. 4). It must be noted that, among the five types
of PEG-ALK, only PEG-HEX and PEG-OCT formed mi-
celles. PEG-BUT, which had the shortest ALK pendant group,
generated particles smaller than 10 nm in diameter, suggesting
that BUT segments were not lipophilic enough to trigger self-
assembling of block copolymers and form micelles. On the
other hand, PEG-DEC and PEG-DOD with longer ALK
pendant groups precipitated in aqueous solutions. We tested
other methods to prepare micelles from PEG-DEC and PEG-
DOC by using the dialysis or thin-film method with various
organic solvents that effectively dissolved the polymer, such as
DMSO, ACN, THF, and chloroform, but the attempts were
unsuccessful. These results demonstrate that the degree of
lipophilicity of PEG-ALK is important to prepare polymer
micelles. Therefore, we selected PEG-HEX and PEG-OCT
micelles for further characterization.

Particle stability of PEG-HEX and PEG-OCTmicelles was
characterized by measuring the CMC. As shown in Fig. 5, the
pyrene intensity ratios (I338/I334) increased as the concentra-
tions of PEG-HEX and PEG-OCT increased. Such changes
demonstrate that PEG-HEG and PEG-OCT self-assemble
into micelles, and the micelles have a core hydrophobic
enough to entrap pyrene molecules. The CMCs determined
from the breakpoint on the plot were 17.1 and 11.6 μM for
PEG-HEX and PEG-OCT micelles, respectively. These re-
sults clearly demonstrate that PEG-OCT with more lipophilic
ALK pendant groups can produce more stable micelles with a
tightly packed core than PEG-HEX although both block co-
polymers have the same polymer backbone.

Degradation of PEG-ALK Micelles

PEG-HEX and PEG-OCT micelles were characterized to
determine their particle stability in different pH conditions.
Figure 6 shows that PEG-HEX micelles degraded into small
pieces at pH 7.4 and 5.0 in 24 h. It is noticeable that PEG-
HEX micelles degraded as soon as they were incubated at
pH 5.0, while remaining stable at pH 7.4 in the initial stage
of incubation. On the other hand, PEG-OCT micelles
showed almost no degradation at both pH 7.4 and 5.0 for
3 days. Measurements of time-dependent changes in light
scattering intensity revealed that PEG-OCT micelles also

Fig. 10 Effects of PEG molecular
weight on drug release profiles of
PEG-OCT micelles.

Fig. 11 First-order kinetic
analysis of drug release from
12kPEG-OCT and 5kPEG-OCT
micelles.
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degraded in aqueous solutions in a pH-dependent manner,
although no change was observed in particle size. Figure 7
shows that light scattering intensity of PEG-HEX micelles
decreased to the background level when the micelles were
incubated at pH 5.0. This observation is consistent with the
result in Fig. 6. On the other hand, the light scattering inten-
sity of PEG-OCT micelles decreased gradually at pH 7.4 and
5.0 (Fig. 7). These results indicate that both PEG-HEX and
PEG-OCT micelles can degrade pH-dependently in aqueous
solutions, while PEG-OCT micelles slow down the rate of
particle degradation in comparison to PEG-HEX micelles.

PEG-HEX and PEG-OCT micelles were prepared from
the same PEG-HYD backbone, but they showed significant-
ly different degradation patterns in aqueous solutions
depending on the ALK pendant group attached. PEG-
HEX micelles degraded instantly when they were exposed
to an acidic solution, and the micelles dissociated completely
even at pH 7.4 in 24 h. However, PEG-OCT micelles
showed no changes in particle size although their light
scattering intensity decreased gradually over 72 h. In order
to understand the mechanism behind these observations, we
conducted GPC analysis of the micelles in the process of
degradation. Figure 8 clearly shows that three components
are generated during the degradation process of PEG-HEX
and PEG-OCT micelles, which include micelles, polymers
and ALK pendant groups. In comparison to PEG-HEX
that broke down to polymers and generated HEX, PEG-
OCT micelles appeared primarily in the high molecular
weight range on the GPC throughout the degradation pro-
cess. These results suggest that PEG-OCT is hydrophobic
enough to self-assemble into micelles with a smaller aggre-
gation number of polymer chains per micelle.

One of the possible explanations for this phenomenon is
that water molecules could get into the core of PEG-HEX
micelles more effectively than that of PEG-OCT micelles,
accelerating hydrolysis of ALK conjugation and ultimately
particle degradation. ALK plays an important role in mak-
ing the micelle core more hydrophobic and preventing
water from triggering degradation of the acid-sensitive
hydrazone in the core. PEG is another component that
can modulate the amount of water surrounding the micelle
core. To confirm the potential role of PEG on PEG-ALK
micelle degradation, we prepared micelles from PEG-OCT
with 5 kDa PEG (5kPEG-OCT micelles) and evaluated
their particle stability in comparison to PEG-OCT with
12 kDa (12kPEG-OCT micelles). Figure 9 shows that the
particle size (43 nm) and CMC (10.9 μM) of 5kPEG-OCT
micelles were similar to those of 12kPEG-OCT micelles.
These results revealed that PEG does not affect particle
stability of PEG-OCT micelles.

Loading and Release of 17-AAG Entrapment
of PEG-ALK Micelles

PEG-OCT micelles with 5 and 12 kDa PEG were then used
for entrapping 17-AAG to further evaluate their drug release
patterns at different pH conditions. Drug entrapment yields
were 4.9 and 4.2 wt.% for 12kPEG-OCT and 5kPEG-OCT,
respectively. The drug loading in PEG-OCT micelles was
significantly greater than that of PEG-HEX micelles
(Table I). The extremely low drug loading (0.77 wt.%) in
PEG-HEX micelles is unexpected from the result that PEG-
HEX and PEG-OCT micelles showed similar CMCs.
Nevertheless, these results indicate that drug entrapment is
determined largely by the core environment rather than the
molecular weight of PEG in PEG-OCT micelles.

Figure 10 shows drug release patterns of 12kPEG-OCT
and 5kPEG-OCT micelles at pH 7.4 and 5.0. Interestingly,
both micelles showed similar drug release patterns. The
acid-accelerated release of 17-AAG is consistent with deg-
radation patterns of PEG-ALK micelles. The drug release
was analyzed further by using the first order kinetics model
(Fig. 11 and Table I). The drug release rates were signifi-
cantly different between pH 7.4 and 5.0, although there was
no difference between 12kPEG-OCT and 5kPEG-OCT
micelles. The release rate of PEG-OCT micelles ranged
between 0.25~0.28 and 0.47~0.51 at pH 7.4 and 5.0,
respectively. These data demonstrate that PEG-OCT mi-
celles accelerated drug release by approximately 2 fold at
pH 5.0 compared to pH 7.4. Obtained data also indicate
that the effect of PEG shell on drug release from the PEG-
OCT micelles is limited. Therefore, it is concluded that 17-
AAG release from PEG-OCT micelles is dependent primar-
ily on pH-dependent degradation of the core which is mod-
ulated by the type of ALK pendent groups attached to the
core-forming segment of brushed block copolymer.

CONCLUSION

In this study, polymer micelles were prepared from brushed
block copolymers (PEG-ALK) to which small aliphatic pen-
dant groups with various chain lengths were conjugated
through an acid-sensitive hydrazone linker. PEG-ALK
block copolymers with HEX and OCT (PEG-HEX and
PEG-OCT that possess 6 and 8 carbons, respectively)
formed polymer micelles with a clinically relevant size (<
50 nm) and monodisperse distribution. 1H-NMR, DLS, and
GPC analyses confirmed that PEG-OCT micelles
underwent particle degradation in an acid-accelerated man-
ner (pH 7.4 vs 5.0) while entrapping a model anticancer
drug, 17-AAG (approximately 5 wt.%). Drug release from
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PEG-OCT micelles was also accelerated in an acidic con-
dition, which is in good agreement with the pH-dependent
particle degradation pattern. The molecular weight of PEG
induced no changes in drug entrapment and release patterns
of PEG-OCT micelles. Taken together, these results con-
clude that small aliphatic pendant groups, conjugated to the
core of brushed block copolymer micelles through an acid-
sensitive linker, can control the entrapment and pH-
dependent release of a hydrophobic drug entrapped physi-
cally in the micelle core. Therefore, this study provides a
better understanding of the effect of core lipophilicity on
physiochemical properties of block copolymer micelles that
are designed to physically entrap a hydrophobic drug and
degrade in a pH-dependent manner.
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