JIAIC[S

COMMUNICATIONS

Published on Web 04/05/2007

A Protein Nanocarrier from Charge-Conversion Polymer in Response to
Endosomal pH

Yan Lee,' Shigeto Fukushima,* Younsoo Bae,"$ Shigehiro Hiki,*! Takehiko Ishii,# and
Kazunori Kataoka*t+8/l#

Division of Clinical Biotechnology, Center for Disease Biology and IntegeatVledicine, Graduate School of

Medicine, Department of Materials Engineering, Center for NanoBio Integration, CREST, Japan Science and

Technology Corporation, and Department of Bioengineeringv&hsity of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan

Received February 14, 2007; E-mail: kataoka@bmw.t.u-tokyo.ac.jp

Smart polymers, whose characteristics change in response to arScheme 1. Synthesis of PEG-pAsp(EDA-Cit): (a) BLA-NCA/DMF;
external signal, such as electric potential, magnetic field, temper- () Ethylenediamine/DMF; (c) Citraconic Anhydride (or Succinic
. . . . . Anhydride)/pyridine
ature, light, and pH, etc., are spotlighted in various research fields

. . . . . ) . . o]
including analytical chemistry, tissue engineering, and drug deliv- o (a) M (b)
. ) / o) NH
ery! Especially, the smart polymers, which are sensitive to %/\o);;/\NHQ - ‘(/\o s\ ’
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71
biosignals, that is, reductive potenfial pH, are very attractive in 1 o
the drug delivery field requiring selective controlled-release. Some o
pH-sensitive polymers are even facilitating the endosomal escape
of drugs by a membrane interaction and/or an increase in the local

osmotic pressure.

pH-Sensitive polymers developed so far that release drugs in 0 o R
the endosomal component use acetal, hydrazone, and orthoester/o{/\oMN NHy () /°~(/\o>/\/‘<N NH
bonds, eté. Although they showed a selective degradation in the N ) m H o
endosome, their drug release in response to pH was relatively 3 HN
passive and slow. A more active and prompt response to a small 1

HN

pH drop is needed for more effective drug delivery, for example, NH, 3&0 N

the specific release in the early endosome. 4R= -ofp\
Citraconic anhydride is ara-methyl derivative of maleic

anhydride, which can be used to mask the charge of proteins. As g

shown in Scheme 1, amide bonds are formed from the reaction

between primary amines and citraconic anhydride. The resulting 5:R= »j"

amides have negative charges owing to the carboxylate groups at °

the end. The citraconic amide is stable at both neutral and basic o

pH, but it becomes unstable at acidic pH and promptly degrades
back into the cationic primary amine. It has been reported that the

citraconic amide degrades around pFiEherefore, we considered the reaction produced The prepare@ was further modified into

ity 0 he polymers that can be selecavely funcionalized curing. PEC-POM(2-aminoethyaspartamide) by aminolyss with excess
ethylenediamine. Finally4 was synthesized fron8 and the

the early endosome in a cell. Because the degradation was directly . i . o . .
related to the charge-conversion, it could also provide an abrupt citraconic anhydride in the pyridine solvent. The detailed synthetic

change in the interaction with counter-ions procedures are described in the Supporting Information.

In this study, we synthesized a block copolymer with combtype 4 ;Zesﬂg\;fne?ner;?enrtedfg_rrideagzn rr:cggzoor: trgfec\',tfs%:fé e}‘r;gi; t?f
side groups of the citraconic amide and characterized their casurement of t%l:a rir.nar ami?ne concentration in theu ol me?
physicochemical properties such as the degree of degradability and" P y poly

. . . at 37°C. The fluorescamine method was used for the quantification
the charge conversion. With this polymer, we also developed a novel of the amine concentratiohin the meantime, PEG-pAsp(EDA-
nanocontainer that can promptly release its protein cargo by : : Ime, PASP

generating a repulsive electrostatic force owing to the charge- Suc)_(s_) was syr_lthe_5|zed as th? negat_lve contrpl by mixingith
conversion at the endosomal pH. succinic anhydride instead of citraconic anhydride. AlthoGdias

The synthesis of the diblock copolymer, poly(ethylene glycol)- a structure similar to4, 5 does not degrade under acidic pH

- . ' conditions. The experiments showed that approximately 80% of
oly[(N'-citraconyl-2-aminoethyl)aspartamide] (PEG-pAsp(EDA- . . i .
?:it));[((4) is iIIustrthed in Schemye)l. El)'he dibloc]:k(copols 2 p(as the citraconic amides was degraded in the acetate buffer (pH 5.5)

. . . . . within 1 h, while 60% of the citraconic amides remained intact in
synthesized as previously reportedriefly, the ring-opening

- ¥ _ ) ) ' i the phosphate buffer (pH 7.4) even after 5 h. No degradation was
polymerization off-benzyl-aspartaté\-carboxy-anhydride (BLA observed in the case of the succinic amides under both pH

NCA) was initiated by the terminal primary amino group of
a-methoxye-amino poly(ethylene glycol)M, = 12 000) (), and
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Figure 1. The degradation of citraconic amid®)(and succinic amide
(O) in 4 and 5 at pH 5.5 (A) and pH 7.4 (B). The data are expressed as
mean values£ standard deviation) of three experiments.
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Figure 2. Formation and dissociation of the PIC micelles: (A) schematic
diagram for the formation and dissociation of the PIC micelles; the time
course of the mean diameter of the PIC micelles of (B) PEG-pAsp(EDA-
Cit) and (C) PEG-pAsp(EDA-Suc); (D) the DLS histogram of the PIC
micelles & 0 h (white) and &2 h (gray) at pH 5.5; and (E) the relative
lysozyme activity of the PIC micelles. The black do®) (represent the
data at pH 5.5 and the white dot®)(are at pH 7.4.

Following the experimental protocols, the PIC micelles were
prepared by mixing and the lysozyme. The pH-dependent stability
of the micelles was analyzed by dynamic light scattering (DLS)
measurements. The measurements demonstrated that the PI
micelles were successfully formed. More notably, it also suggested
that these micelles would be destabilized at the endosomal pH by
the degradation of the citraconic amidesdimccompanied by the
charge conversion from negative to positive (Figure 2A).

Figure 2B demonstrates that the size of the micelles prepared
from 4 and the lysozymes was stabilized with a diameter of about
130 nm at pH 7.4 even after incubation at°&7for 24 h. However,
the PIC micelles were promptly dissociated at pH 5.5 within 2 h.
The pH dependent profiles of the PIC micelles fr@mand the
lysozymes are shown in Figure 2C. As expected, the succinic amide-
based micelles were stable at both pH values after 24 h. Figure 2D
shows the size distribution of the citraconic amide-based micelles
before and after the dissociation. The micelles showed a unimodal
size distribution before the dissociation. The distribution around
4.8 nm after a 2-hr incubation resulted from the single lysozyme
molecule?

Figure 2E shows the activity of the lysozyme released from the
PIC micelles. The lysozyme activity was measured by the well-

known method using thilicrococcus luteusell suspensiof The
relative activity is expressed as a percentage of the free-lysozyme
activity. Because the activity depends on the pH, the free-lysozyme
activity at each pH was used for the calculation of relative activity.

At pH 7.4, no lysozyme activity was observed for over 5 h.
However, at pH 5.5, the PIC micelles showed a lysozyme activity
after 2 h, and it increased and reached 97% of the free-lysozyme
activity after 5 h. Interestingly, it tdo3 h more to observe the full
lysozyme activity after the dissociation of the micelles. Considering
the fact that the micelles dissociated within 2 h, it is suggested
that there is a weak interaction between the lysozyme and block
copolymer chains at leg8 h after the dissociation of the micelles.
Because the direct contact between lysozyme and the bacterial cell
wall is required for the full activity, PEG chain bound to lysozyme,
even though the binding is very weak, can reduce the lysozyme
activity. After 80% degradatior4 cannot form the PIC micelles
with lysozyme, but it can still repress the lysozyme activity below
5% (data not shown). Nevertheless, it was confirmed that the
citraconic amide-based micelles can selectively dissociate and
release the lysozyme while maintaining its enzymatic activity by
responding to the change in pH.

In summary, we synthesized the charge-converting block co-
polymer using the citraconic amide as a pH-sensitive charge
masking group. The citraconic amide-based block copolymer was
selectively degraded in response to the endosomal pH and formed
PIC micelles with the cationic model protein, that is, the lysozyme.
Most notably, the micelles selectively released the active lysozyme
promptly by sensing the change in pH corresponding to the acidic
conditions in the intracellular endosomal compartments. Therefore,
it was concluded that our stimuli-sensitive block copolymers are
promising designs for future drug and gene delivery systems.
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