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Abstract: With the goal of developing a pH-responsive micelle system, linear-dendritic block copolymers
comprising poly(ethylene oxide) and either a polylysine or polyester dendron were prepared and hydrophobic
groups were attached to the dendrimer periphery by highly acid-sensitive cyclic acetals. These copolymers
were designed to form stable micelles in agqueous solution at neutral pH but to disintegrate into unimers at
mildly acidic pH following loss of the hydrophobic groups upon acetal hydrolysis. Micelle formation was
demonstrated by encapsulation of the fluorescent probe Nile Red, and the micelle sizes were determined
by dynamic light scattering. The structure of the dendrimer block, its generation, and the synthetic method
for linking the acetal groups to its periphery all had an influence on the critical micelle concentration and
the micelle size. The rate of hydrolysis of the acetals at the micelle core was measured for each system
at pH 7.4 and pH 5, and it was found that all systems were stable at neutral pH but underwent significant
hydrolysis at pH 5 over several hours. The rate of hydrolysis at pH 5 was dependent on the structure of the
copolymer, most notably the hydrophobicity of the core-forming block. To demonstrate the potential of
these systems for controlled release, the release of Nile Red as a “model payload” was examined. At pH
7.4, the fluorescence of micelle-encapsulated Nile Red was relatively constant, indicating it was retained
in the micelle, while at pH 5, the fluorescence decreased, consistent with its release into the aqueous
environment. The rate of release was strongly correlated with the rate of acetal hydrolysis and was therefore
controlled by the chemical structure of the copolymer. The mechanism of Nile Red release was investigated
by monitoring the change in size of the micelles over time at acidic pH. Dynamic light scattering measurement
showed a size decrease over time, eventually reaching the size of a unimer, thus providing evidence for
the proposed micelle disintegration.

Introduction attractive for applications involving biological systems because
fof the numerous pH gradients that exist in both normal and
pathophysiological states. For example, the extracellular pH of
tumord as well as the endosomal and lysosomal compartments
of cells are slightly more acidic than blood and normal tissues.
Current approaches toward the development of pH- responsive
micelles involve either the incorporation of “titratable” groups
including amine%or carboxylic acids into the copolyni€ror
the use of linkages such as hydrazdhes ortho esters that

The development of self-assembling polymeric systems is o
interest for a wide range of applications, including catalysis,
nanosciencé,and drug delivery. The ability to control the
polymeric assembly in such systems has the potential to
significantly enhance their performance by tuning the catalyst
microenvironment, turning on and off the activity of nanoscale
devices, or triggering payload release selectively at the target.
Thus far, a number of copolymer micelle systems have been
developed that are reSponSive to stimuli such as ultragaamd (5) (a) Cammas, S.; Suzuki, K.; Sone, C.; Sakurai, Y.; Kataoka, K.; Okano, T.
changes in temperatt?rer pH.e Changing the pH is particularly J. Controlled Releas&997 48, 157—164. (b) Chung, J. E.; Yokoyama,

M.; Okano, T.J. Controlled Releas200Q 65, 93—103.
(6) Gillies, E. R.; Ffehet, J. M. JPure Appl. Chem.in press.

(1) (a) Kunitake, T.; Shinkai, S.; Hirotsu, S. Org. Chem1977, 42, 306— (7) (a) Engin, K.; Leeper, D. B.; Cater, J. R.; Thistlethwaite, A. J.; Tupchong,
312. (b) Patrickios, C. S.; Simmons, M. Rolloids Surf., A200Q 167, L.; McFarlane, J. DInt. J. Hyperthermial995 11, 211-216. (b) Gerweck,
61—-72. (c) Persigehl, P.; Jordan, R.; Nuyken, acromolecule200Q L. E.; Seetharaman, KCancer Res1996 56, 1194-1198.

33, 6977-6981. (8) Mellman, I.; Fuchs, R.; Helenius, Annu. Re. Biochem1986 55, 773—

(2) (a) Matsui, J.; Mitsuishi, M.; Aoki, A.; Miyashita, TJ. Am. Chem. Soc. 700.

2004 126, 3708-3709. (b) Yu, S.-C.; Kwok, C.-C.; Chan, W.-K.; Che, (9) (a) Martin, T. J.; Prochazka, K.; Munk, P.; Webber, SMacromolecules
C.-M. Adv. Mater. 2003 15, 1643-1647. (c) Kim, J.Pure Appl. Chem. 1996 29, 6071-6073. (b) Gohy, J.-F.; Willet, N.; Varshney, S.; Zhang,
2002 74, 2031-2044. (d) Fendler, J. HChem. Mater2001, 13, 3196~ J.-X.; Jeome, R.Angew. Chem., Int. E®001, 40, 3214-3216. (c) Lee,
3210. (e) Tew, G. N.; Pralle, M. U.; Stupp, S.Angew. Chem., Int. Ed. A. S.; Gast, A. P.; Btin, V.; Armes, S. PMacromoleculesl999 32,
200Q 39, 517-521. 4302-4310. (d) Lee, E. S.; Na, K.; Bae, Y. H. Controlled Releas2003

(3) (a) Kataoka, K.; Harada, A.; Nagasaki, Adv. Drug Delivery Re.. 2001, 91, 103-113.

47, 113-131. (b) Lavasanifar, A.; Samuel, J.; Kwon, G. Adv. Drug (10) (a) Yusa, S.-l.; Shimada, Y.; Mitsukami, Y.; Yamamoto, T.; Morishima,

Delivery Rev. 2002 54, 169-190. (c) Kabanov, A. V.; Batrakova, E. V.;
Alakhov, V. Y. J. Controlled Releas2002 82, 189-212.

(4) (a) Husseini, G. A.; Myrup, G. D.; Pitt, W. G.; Christensen, D. A.; Rapoport,
N. Y. J. Controlled Releas200Q 69, 43—52. (b) Rapoport, N.; Pitt, W.
G.; Sun, H.; Nelson, J. LJ. Controlled Releas2003 91, 85-95.
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Y. Macromolecule®003 36, 4208-4215. (b) Dou, H.; Jiang, M.; Peng,
H.; Chen, D.; Hong, YAngew. Chem., Int. E@003 42, 1516-1519. (c)
Checot, F.; Lecommandoux, S.; Gnanou, Y.; Klok, H.-Angew. Chem.,
Int. Ed.2002 41, 1340-1343. (d) Leroux, J.; Roux, E.; Garrec, D.; Hong,
K.; Drummond, D. CJ. Controlled Releas2001, 72, 71—-84.
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L] carboxylic acid groups remained along the copolymer back-

(@5\0 bone!® Since then, we have determined that it is possible to

quantitatively convert pendant amine groups along a copolymer

pH decrease '.BD ¢ backbone to carbamates by reaction with 4-nitrophenyl carbon-
.&b ates. Methods for the high-yielding functionalization of hydroxyl

encapsulated ‘% groups on a polymeric backbone have also been previously
payload *® developed in our grouf. With these issues in mind, the target

copolymers for this work are designed to contain blocks with
pendant amines or hydroxyl groups for functionalization.
Although linear block copolymers of PEO with polylysine

Figure 1. Schematic for drug release from a pH-sensitive micelle.

degrade under acidic conditiofsHowever, the number of . : :
systems that are responsive within the physiologically accessible@"d Polyserine have the desired pendant amine and hydroxyl
pH range of approximately 4-57.4 is quite limited. Here we groups, respectively, a drawback to this approach is that the

describe the development of a new and general approach toPolymerization of amino acidN-carboxyanhydrides initiate_d
stimuli-responsive micelles using PE@endrimer hybrids as oM PEO-NH,'%in our hands was not well controlled, leading
the copolymer backbone. This approach involves the attachment© "elatively high polydispersities and homopolymer impurities

of hydrophobic groups to the surface of the core-forming that were difficult to remove. Linear-dendrimer hybrid copoly-
dendrimer block by highly sensitive acetal linkag@sThe mers are attractive alternatives because they can be prepared

system is designed such that upon hydrolysis of the acetals, thePY @ stepwise sequence Iea<_jing to well-d_efined structures with
hydrophobic dendrimer periphery becomes hydrophilic, thus & controlled number of peripheral functional groups on the
removing the driving force for self-assembly and destabilizing dendrimer for subsequent functionalization. The self-assembly

the micelle. This destabilization should enable release of the ©f various linear-dendrimer hybrids in water has been investi-
contents of the micelle from its encapsulating compartment as 9ted by several groups, who have reported the formation of
illustrated in Figure 1. aggregates ranging from unimolecular micelles to multimolecu-

The stepwise synthesis and plurivalency of linear-dendrimer la; spherical ;nicelles End T\ven vesic’:éﬂ;rgj p;%nezri'n_g wolrk,
block copolymers make them ideal copolymer scaffolds for the c apman and Co-workers have prepare en rItIC.pO y-
development of these pH-responsive systems. The length of thelysme copolymgrs ha"'”g amine or BOC-protected amine groups
linear poly(ethylene oxide) block and the dendrimer generation on tTe dend;:me_r per_lph"ery, with .the. BOC-functlor;nged
can be easily tuned to afford micelles with a range of sizes and copohymefrs N howm% m!cedarhprqpeLt|esIO|Inbaqueou_;lso on. h
stabilities. In addition, subtle changes in the copolymer structure W(_et eretore ypot esize that it should be possible to atta_c
affect the microenvironment at the micelle core and can aud-serpmve hydrophobm gcetal groups to the perlpheral amine
significantly affect the rate of acetal hydrolysis, enabling the groups in an efficient coupling reaction to afford acid-sensitive

control of the rate of micelle degradation. Because these micellem'ce_lles'I zEGdendI:'t'C_ p(cj)l_yester bIockbco;;]olyme_rs”hav_e
systems are designed to be very stable at neutral or physiologica'orev'ou_S Y heen synt esgze In our gr(;]tu;ar#tt er m|c|:e lzation
pH (7.4), but degrade under mildly acidic conditions, they are properties have not yet been investig -NESE Copolymers

potentially applicable as pH-responsive drug delivery systems have per;pher.al h?/grmgil grfoups or:1 the defnorllrlmers tlhatucgn
capable of selectively releasing drug molecules in tumor tissue serve as functional handles for attachment of the acetals. Using

or within tumor cells. both qf these weII-(_jefined syste_ms, it _s_hould_be possible to tgne

the micelle properties such as size, critical micelle concentration

Results and Discussion (CMC), and drug release rates by varying the length of the PEO

chain, the dendrimer generation, and the linkage between the
k. acetals and dendrimer backbone.

Synthesis.To prepare the target acetal with a single remaining
reactive group available for subsequent coupling to the amine
functionalized copolymers, 2,4,6-trimethoxybenzaldehybe (
was reacted with 1,1,1-tris(hydroxymethyl)ethane in dry THF
in the presence of molecular sieves and catalgtioluene-
sulfonic acid to give the acetal The remaining hydroxyl group
was then activated by reaction with 4-nitrophenyl chloroformate,
f providing the carbonat8 as shown in Scheme 1. The third-
generation PE©dendritic polylysine copolymera (PEO-5K-

Design. Acetals formed from the 1,3-diols and 2,4,6-
trimethoxybenzaldehyde were chosen as the pH-sensitive lin
ages such that polar diol moieties are revealed on the core-
forming block upon hydrolysis. While cyclic acetals are known
to hydrolyze relatively slowly in comparison to their noncyclic
analogues? the electron-donating methoxy groups in the ortho
and para positions accelerate the rate of hydrolysis, providing
a half-life o 1 h at pH 5.0 and 37C as previously measured
for low molecular weight model compound.

The amine of a diol such as serinol or the third hydroxyl o
1,1,1-tris(hydroxymethyl)ethane can provide a functional handle
for attachment of the acetals to the polymer backbone. Although (15 (a) Ihre, H.; Padilla De JéspO. L.; Frehet, J. M. J.J. Am. Chem. Soc.

in initi i i i i i 2001, 123 5908. (b) Grayson, S. M.; Feket, J. M. JMacromolecules
in initial studies the amine of serinol could be conjugated directly 5001 6o 8ban.

to a copolymer backbone having pendant carboxylic acids, the (16) (a) Harada, A.; Kataoka, KMacromoleculesl995 28, 5294-5299. (b)

yields for this conjugation were not quantitative and titratable ~ Thunemann, A. F.; Beyermann, J.; Kukula, Macromolecule2000 33,
(17) (a) Gitsov, I.; Wooley, K. L.; Frehet, J. M. JAngew. Chem., Int. Ed.

(11) (a) Yoo, H. S.; Lee, E. A,; Park, T. G. Controlled Releas@002 82, Engl.1992 31, 1200-1202. (b) Gitsov, |.; Frehet, J. M. JMacromolecules
17-27. (b) Bae, Y.; Fukushima, S.; Harada, A.; KataokaAKgew. Chem., 1993 26, 6536-6546. (c) van Hest, J. C. M.; Delnoye, D. A. P.; Baars,
Int. Ed. 2003 42, 4640-4643. M. W. P. L.; van Genderen, M. H. P.; Meijer, E. \Bciencel995 268

(12) (a) Heller, J.; Barr, J.; Ng, S. Y.; Abdellauoi, K. S.; Gurny,Rl. Drug 1592-1595. (d) lyer, J.; Fleming, K.; Hammond, P. Macromolecules
Delivery Rev. 2002 54, 1015-1039. (b) Ng, S. Y.; Heller, J. U.S. Patent 1998 31, 8757-8765. (e) Chang, Y.; Kwon, Y. C.; Lee, S. C.; Kim, C.
2,003,152,630, 2003. Macromolecule200Q 33, 4496-4500.

(13) Gillies, E. R.; Frehet, 3. M. JChem. Commur2003 1640-1641. (18) Chapman, T. M.; Hillyer, G. L.; Mahan, E. J.; Shaffer, K.JAAm. Chem.

(14) Fife, T.; Jao, LJ. Org. Chem1965 30, 1492-1495. So0c.1994 116 11195-11196.
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[G-3]-polylysine-NH) and 4b (PEO-10K-[G-3]-polylysine- carbamate linkage (Scheme 3). This approach was also carried
NH,) with eight peripheral primary amine groups were prepared out on a PEG-dendritic polyester copolymer (PEO MW 10 000
using the previously reported divergent approach starting from g/mol) with a fourth-generation dendrimer having 16 hydroxyl
O-(2-aminoethyl)©’-methylpoly(ethylene glycol) (PE©NH,) groups to afford the 4-nitrophenyl carbonate-functionalized
with molecular weights (MW) 5000 and 10 000 g/mol, respec- copolymer 11 (PEO-10K-[G-4]-polyester-PNPC) and finally
tively.18 The peripheral amine groups could then be reacted copolymerl2 (PEO-10K-[G-4]-polyester-carbamate-acetal) with
efficiently with excess o8 in the presence of 4-(dimethylami- 16 acetal groups on the dendrimer periphery. AccordintHto
no)pyridine (DMAP) to provide the target pH-sensitive am- NMR spectroscopy, both the activation of the hydroxyl groups
phiphilic copolymersa (PEO-5K-[G-3]-polylysine-acetal) and  and the carbamate formation were essentially quantitative
5b (PEO-10K-[G-3]-polylysin-acetal) as shown in Scheme 2, reactions leading to near complete functionalization of the
followed by purification by dialysis to remove low MW  dendrimer periphery in each case.
material. In the case of the 10 000 MW PE@H “initiator”, Because the method for attaching the acetal to the dendrimer
the PEG-dendritic polylysine copolymer was extended to the periphery influences the hydrophobicity of the dendrimer block
fourth generation with 16 peripheral amine groups and was and thus the core environment of the resulting micelle, we were
coupled with 3 to afford the target6é (PEO-10K-[G-4]- interested in exploring other attachment strategies involving
polylysine-acetal)!H NMR spectroscopy was used to confirm  esters in addition to carbamates for conjugating the acetals to
that at least 8590% of the peripheral amine groups had been the peripheral hydroxyl groups. In contrast to the carbamate,
successfully converted to carbamates and that no residualan ester lacks the hydrogen bond donor ability, and thus it is
primary amine groups were detected by ninhydrin staining.  expected that a more hydrophobic micelle core will be obtained
The PEO-dendritic polyester copolymerga (PEO-5K-[G- with ester linkages. An acetal having a carboxylic acid functional
3]-polyester-OH) andb (PEO-10K-[G-3]-polyester-OH) with  handle can be conveniently prepared as shown in Scheme 4
eight peripheral hydroxyl groups were prepared by the previ- from the monomer 2,2-bis(hydroxymethyl)propionic adig
ously reported divergent method starting from poly(ethylene which constitutes the dendrimer repeat unit. The resulting acetal
glycol) monomethyl ether of MWs 5000 and 10 000 g/mol, must be isolated and used as its triethylamine Balbecause
respectively:>3In one acetal attachment strategy, the dendrimer of the incompatibility of a carboxylic acid group with the highly
hydroxyl groups could be activated as 4-nitrophenyl carbonates acid-sensitive acetal. Coupling b4 to the peripheral hydroxyl
by reaction with 4-nitrophenyl chloroformate to provide co- groups of copolyme7awas achieved using 1,3-dicyclohexyl-
polymers8a (PEO-5K-[G-3]-polyester-PNPC) argb (PEO- carbodiimide (DCC) in the presence of DMAP and 4-(dimeth-
10K-[G-3]-polyester-PNPC). These activated carbonates could ylamino)pyridiniump-toluenesulfonate (DPTS)to provide the
then be efficiently coupled to our previously reported amine- target15 (PEO-5K-[G-3]-polyester-ester-acetal).
functionalized aceta® in the presence of DMAP to provide In contrast to the ester linkage that was expected to make
the target copolymeri0a(PEO-5K-[G-3]-polyester-carbamate-  the micelle core more hydrophobic, we were also interested in
acetal) andLOb (PEO-10K-[G-3]-polyester-carbamate-acetal),
where the acetals are attached to the dendrimer periphery by g19) Stupp, S. I.; Moore, J. $4acromolecule98§ 21, 1228-1234.
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incorporating a more hydrophilic spacer to determine its effect
on the micelle properties. Therefore, 2-aminoethoxyethdr@ (

to copolymer 8a to afford the target21l (PEO-5K-[G-3]-
polyester-linker-acetal).

Characterization. Critical micelle concentrations for the
different copolymers were determined at pH 7.4 using the
fluorescent probe technique. Nile Red was chosen as the
hydrophobic dye constituting the micellar payload because its
fluorescence is negligible in agueous solution but is known to
increase substantially in the hydrophobic environments found
in some membranes or micell&sEurthermore, its absorption
Amax is at 553 nm, far from interfering absorbances of the
aromatic groups of the copolymer. The results are summarized
in Table 1, showing the effect of the dendrimer backbone,
dendrimer generation, linear PEO length, and nature of the
linkage between the acetal and the dendrimer. The CMCs for
the copolymers having the polylysine dendrimer block rather
than the polyester dendrimer are typically higher. This can be
attributed to the increased polarity and hydrogen bonding ability
of the polylysine backbone. The effect of increasing the length
of the PEO block on the CMC is quite minimal, while increasing
the generation of the dendrimer block, thus doubling the number
of hydrophobic groups attached to the periphery, lowers the
CMC significantly for the polylysine copolyme8. This is
probably because of the large increase in hydrophobicity of the
core-forming block that strongly favors its self-assembly in
water. In the case of the polyester system, the effect of the
attachment strategy for linking the acetals to the dendrimer
periphery on the CMC is quite significant. For copolyniér
with the ester linkage, the CMC is lowered almost 3-fold
compared to that of copolyméfawith the carbamate linkage.
The CMC for copolymer21 with the hydrophilic spacer is
increased 3-fold, consistent with the hydrophobicity argument.

For biological applications, micelle size is an important factor.
To avoid clearance by the liver and spleen, while at the same
time facilitating uptake by nonphagocytic cells such as tumor
cells, a size of less than 100 nm is idé&Tlhe micelle size and
polydispersity was determined for each copolymer system by
dynamic light scattering. A comparison of the volume average
sizes determined in 10 mM pH 7.4 buffer at 37 is shown in
Table 1. The micelles were in the ideal size range, with larger
aggregates of 166200 nm being observed only for copolymers
5aand21. As expected, doubling the length of the PEO chain
from 5000 to 10 000 MW somewhat increases the size of the
micelles, while the size is increased even more dramatically by
increasing the dendrimer generation to [G-4]. This may be due
either to the increased size of the micelle core itself or to a
higher aggregation number due to its greater hydrophobicity.
An example of a size distribution profile is shown for copolymer
5b in Figure 2.

The hydrolysis rates of the acetal groups located at the micelle
cores were determined for each copolymer system at pH 7.4
and pH 5.0 at 37°C. The kinetics could be conveniently
monitored by U\-visible spectroscopy because the 2,4,6-

was chosen as the starting material for the linker synthesis, andtrimethoxybenzaldehyde that is released in the hydrolysis

the amine group was protected as a trifluoroacetamide by
reaction with ethyl trifluoroacetate to provid& as shown in
Scheme 5. The hydroxyl group was then oxidized to a carboxylic
acid under Jones conditions, giviag, which could be coupled

to the amined using DCC to afford the acetal with a protected
linker (19). Amine 20 was then obtained by removal of the
trifluoroacetamide group under basic conditions and was coupled

absorbs strongly at 290 nm. The results for the lysine-based
copolymers are shown in Figure 3a. The rates of hydrolysis for

(20) (a) Greenspan, P.; Mayer, E. P.; Fowler, S.JDCell Biol. 1985 100,
965-973. (b) Krishna, M. M. GJ. Phys. Chem. A999 103 3589-
3595.

(21) Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P.
Molecular Biology of the Cellth ed.; Garland Science: New York, 2002;
p 746.
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Scheme 4
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Table 1. Critical Micelle Concentrations and Diameters of Micelles Formed from the PEO—Dendritic Copolymers

copolymer CMC (mg/L) volume average size (nm) polydispersity
5a (PEO-5K-[G-3]-polylysine-acetal) 120 20 0.49
5b (PEO-10K-[G-3]-polylysine-acetal) 110 26 0.24
6 (PEO-10K-[G-4]-polylysine-acetal) 40 34 0.02
10a(PEO-5K-[G-3]-polyester-carbamate-acetal) 55 22 0.19
10b (PEO-10K-[G-3]-polyester-carbamate-acetal) 40 27 0.30
12 (PEO-10K-[G-4]-polyester-carbamate-acetal) 32 50 0.19
15 (PEO-5K-[G-3]-polyester-ester-acetal) 20 22 0.21
21 (PEO-5K-[G-3]-polyester-linker-acetal) 150 a7 0.41

aLarger aggregates of 16@00 nm were also formed.

copolymersba and5b having [G-3] dendrimer blocks are very  nanoenvironment at the micelle core in these systems when
similar, with 50% of the acetals hydrolyzed after approximately compared to the previous system. Both the decreased local
2.5 h at pH 5.0. Interestingly, this is somewhat slower than the concentration of water and the destabilization of polar and

rate of hydrolysis for the same acetal in our previously reported charged transition states that are involved in the acetal hydrolysis
system and for a low MW model compound, both of which mechanism likely contribute to the rate decrease. This effect of
have half-lives 61 h at pH5.013 The decrease in reaction rate  the nanoenvironment on the reaction rate is similar to that

is presumably due to the increased hydrophobicity of the observed in enzymatic catalysis and has previously been

11940 J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004
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18 hydrolysis is reached after 1.5 h only. Therefore, it is clear that
16 . the hydrophobicity of the dendron constituting the micellar core
has a strong influence on the rate of acetal hydrolysis.

14 . .
The ability of the micelles to release encapsulated molecules

12 in response to acetal hydrolysis at acidic pH was also investi-
§ 10 | gated using Nile Red. Release from the micelle environment to
5 ol aqueous solution is easily monitored by fluorescence spectros-
S copy since the intensity of emission from Nile Red is decreased
6 - dramatically in aqueous solution relative to in the micellar
4. environment® Therefore, the fluorescence of Nile Red encap-
sulated in micelles was monitored over time at pH 7.4 and pH
2 5.0 at 37°C. The micelles were first equilibrated with Nile Red
0 . : overnight in 10 mM pH 7.4 buffer, and then the pH was adjusted
1 10 100 1000 to 5.0 by addition of a small volume of concentrated pH 5.0
Diameter (nm) acetate buffer. A sample at pH 7.4 was adjusted to the same
Figure 2. Size distribution profile for micelles of copolymBb, measured salt concentration (100 mM), confirming that the micelles are
by dynamic light scattering. stable to this 10-fold increase in salt concentration and that the

fluorescence intensity of Nile Red was not affected. As shown

exploited in micellar systems to accelerate react@ns. the Lo ;
in Figure 4a for the PEO-[G-3]-polylysine syste&and5b,

case of our system, the environment is constantly changing X i
throughout the hydrolysis reaction as hydrophobic groups are the fluor_es_cence of Nile Red decreases at pH 5'0 over a time
released to reveal more hydrophilic hydroxyl groups. Therefore, scale similar to that of the acetal hydrolys!s, while .the
the rate of the reaction does not follow simple pseudo-first- fluorescence of the sample at pH 7.4 remained relatively
order kinetics, and the measurement of a true half-life for constantover this time period. These observations are consistent

hydrolysis is not straightforward. As predicted, the rate of With release of Nile Red from the micelle, and the time
hydrolysis of copolymer6 is even slower because of the _de_pgndence _Of the fluorescence _change strongly suggests that
presence of its [G-4] dendron with its increased hydrophobicity, 't iS indeed triggered by hydrolysis of the acetals. In the case
and 7 h are required to reach 50% hydrolysis at pH 5.0. All of Of the [G-4] systemé, the fluorescence does not begin to
the systems showed only negligible amounts of hydrolysis at Significantly decrease until after about 10 h, when 80%
pH 7.4 over the time period of the experiment. hydrolysis of the acetals has been hydrolyzed. This indicates
The hydrolysis rates for the acetals in the polyester systemsthat the micelles likely remain stable until a critical number of
are shown in Figure 3b. In general, the acetals in the polyesterhydrophobic groups have been lost.
system hydrolyze somewhat more slowly than those in the A similar trend is observed with the polyester systems as
polylysine system. Micelles of copolymetfaand10b with a shown in Figure 4b, where the slower hydrolysis rates cor-
[G-3] polyester dendron and a carbamate linkage reach 50%trespond to a slower release of Nile Red from the micelle. Again
hydrolysis after approximatgh h at pH5.0, while12 with the in the case of the [G-4] polymet2, a significant amount of
[G-4] dendron requires 11 h. Because of their increased acetal hydrolysis must occur before release of Nile Red can
hydrophobicity, micelles of copolymédis with the ester linkage ~ occur. The expected trend is observed for copolymers having a
also hydrolyze quite slowly, with 50% hydrolysis after about 8 different type of connection to the acetal groups, with the more
h at pH 5.0. In the case &1 with its hydrophilic spacer, 50%  hydrophobic systeri5 releasing Nile Red most slowly and the
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Figure 3. Acetal hydrolysis rates at pH 7.4 and pH 5.0 for (a) polylysine copolyrBefs and6 and (b) polyester copolymedab, 12, 15, and21
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Figure 4. pH dependence of Nile Red fluorescence in micelles of (a) polylysine copolysagrand6 and (b) polyester copolymedab, 12, 15, and
21
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Figure 5. Time dependence of micelle size (volume average diameter) for copolymel éajd (b)10b at pH 5.0 and 37C monitored by dynamic light
scattering.

hydrophilic system21 most rapidly. Overall, these results release rates. After several hours, both systems approach a size
confirm that there is a strong correlation between the hydrolysis of 5—10 nm. In the size distribution profiles for each system,
rate of the acetals within the micelle and the disruption of the rather than observing a bimodal distribution corresponding to
micelle, triggering Nile Red release. This indicates that it should intact micelles and released polymer chains, the volume average
be possible to control the rate of payload release from thesesize of one micelle population was observed to gradually
triggerable carriers by tuning the structure of the dendrimer decrease, consistent with a decreasing aggregation number of
block of the copolymer. the micelles as the acetals were hydrolyzed. The degree of scatter
Because the proposed mechanism of release from thesean the data points is likely due to the dynamic nature of the
carriers involves disintegration of the micelle structure as the disassembly process. For comparison, the size we determined
hydrophobicity of the core-forming block is lost through by light scattering for the linear PEO block alone with a MW
hydrolysis, we also explored changes in the size of the micelle of 10 000 g/mol is about 5 nm. Therefore-50 nm is a
over time at acidic pH. The size of the micelles was therefore reasonable size estimate for the resulting block copolymer.
monitored by dynamic light scattering at pH 5.0 and°&7for Therefore, these results provide convincing evidence that the
a representative polylysine systéin and the polyester system  proposed disintegration of the micelles into unimers in solution
10b. As shown in Figure 5, parts a and b, the volume average does in fact take place following hydrolysis of the acetal groups.
micelle size decreases over time for both the polylysine and -, cjusion
polyester systems, with the decrease somewhat slower for the

polyester system, consistent with the hydrolysis and Nile Red A number of Iinear-dendrimer hybrid§ consisting of FEO and
polylysine or polyester dendrimers having hydrophobic groups

(22) (a) Brown, J. M.; Elliott, R. LColloid Sci.1983 4, 180-237. (b) Bunton, attached to the dendrimer periphery by acid-sensitive linkages
C. A. Pure Appl. Chem1977, 49, 969-979. (c) Kitahara, AAdv. Colloid - ;
Interface Sci1980 12, 109-140. (d) Piotti, M. E.. Rivera. F. Bond. .. Nave been prepared and used to assemble pH-responsive
Hawker, C. J.; Frehet, J. M. JJ. Am. Chem. Sod999 121, 9471-9472. micelles. The micelles were all in the desired size range for
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