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ABSTRACT: The functionalization of nanomaterials with dendri-

tic surface moieties was recently demonstrated to be an effec-

tive means of displaying biological ligands and potentially

modulating the biological properties of these materials. With

the aim of extending this surface functionalization approach to

biodegradable polymer assemblies, poly(ethylene oxide)-poly-

caprolactone (PEO-PCL) block copolymers with terminal azide

or methoxy groups were prepared and were assembled to

form micelles or vesicles with varying loadings of surface

azides. Dendrons bearing peripheral amines, guanidines, or

hydroxyls were prepared and conjugated to the assemblies,

and the conjugation yields were measured and compared as a

function of azide loading and assembly type (micelle versus

vesicle). A small molecule rhodamine derivative was also con-

jugated, allowing the effect of sterics to be studied. The effects

of the surface functionalization on the aggregation state of the

assemblies were studied by light scattering and transmission

electron microscopy. Overall, the results revealed interesting

differences between the two systems with respect to both the

reaction yields and the stabilities. Furthermore, micelles function-

alized with dendrons bearing peripheral guanidines were found

to exhibit enhanced cell uptake relative to control micelles, dem-

onstrating that this approach can be used to modulate the bio-

logical properties of the materials. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION In solution, amphiphilic block copolymers
can undergo self-assembly, forming a diverse range of struc-
tures from spherical micelles1 to helical rods,2 toroids,3

vesicles,4,5 tubes,6 and multicompartment cylinders.7 In
recent years, micelles and vesicles have received significant
attention as they can be readily accessed using a wide range
of block copolymers by controlling the relative volume frac-
tions of the constituent blocks.8 Relative to their counter-
parts formed from low molecular weight (MW) surfactants,9

these assemblies typically exhibit much lower critical aggre-
gation concentrations and enhanced thermodynamic and
kinetic stabilities.7,10 Because of these properties, there has
been particular interest in biomedical applications of these
materials, and they have been demonstrated as promising
carriers of proteins,11–13 hydrophilic and hydrophobic
drugs,14–17 and imaging contrast agents.18–20 Micelles and
vesicles are complementary systems in that micelles possess
a hydrophobic core that is typically used to encapsulate
hydrophobic species, whereas vesicles possess an aqueous
core capable of encapsulating water soluble species. How-
ever, vesicles also possess a hydrophobic membrane that can
also encapsulate hydrophobes, making these assemblies
multifunctional.

While much research, thus far, has focused on controlling the
assembly and encapsulation properties of block copolymers
and their corresponding assemblies,21–23 the functionaliza-
tion of micelle and vesicle surfaces is emerging as an impor-
tant area of research. The surfaces of the materials will
come into direct contact with biological systems and will
therefore play a critical role in determining their properties
such as toxicity and biodistribution behavior.16 Furthermore,
the conjugation of ligands to the surface can potentially lead
to targeting of specific tissues such as tumors in vivo.24,25

Our group has recently reported a method for the introduc-
tion of dendritic groups to the surfaces of polymer vesicles
using the widely applicable Cu(I)-catalyzed click reaction
between vesicle azide groups and dendrons bearing focal
point alkynes.26 Owing to the high multivalency of the den-
drons, this approach provides a rapid means of controlling
the surface functionalities on the assembly. Furthermore,
using mannose as a model biological ligand, it was demon-
strated that binding to the target receptors was significantly
enhanced using a dendritic approach in comparison to the
conjugation of small molecules directly to the vesicle
surface.27 This result was also generalizable to polymer func-
tionalized nanoparticles and was attributed to the increased
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availability of the ligands on the surface of the nanomaterial
when presented on the dendritic framework, as well as the
clustered nature of the ligand display.

Overall, the results of our previous studies suggested that
this dendritic surface functionalization approach is highly
promising for controlling the surface functionalities of nano-
materials in order to impart specific biological properties
and functions such as targeting. However, this initial work
was performed on vesicles composed of poly(ethylene ox-
ide)-b-polybutadiene (PEO-PBD), a nonbiodegradable poly-
mer with unknown biocompatibility. Furthermore, the
micron-scale sizes of these vesicles were unsuitable for
in vivo circulation.28 To address these limitations, and thus
provide a significant advancement toward biomedical appli-
cations, we describe here the application of the dendritic
surface functionalization approach to nanosized poly(ethyl-
ene oxide)-polycaprolactone (PEO-PCL) vesicles and micelles.
PCL is a well-known biodegradable polymer that is currently
FDA approved for uses in tissue engineering29,30 and drug
delivery.31,32 Although PEO is not biodegradable, it is gener-
ally considered nontoxic and is currently used in several
FDA-approved products, including PEG-INTRON, ONCASPAR,
and NEULASTA. Both micelles33–39 and vesicles15,39–47 based
on PEO-PCL have been previously reported and have been
investigated as delivery vehicles for drugs such as doxorubi-
cin,41 paclitaxel,15 docetaxel,37 hemoglobin,42 dihydrotestos-
terone,34 cyclosporine A,35 and rapamycin.36 In this work,
we describe the synthesis of azide-terminated PEO-PCL block
copolymers, their assembly into micelles and vesicles, and
the conjugation of dendrons bearing different surface func-
tionalities, including hydroxyls, amines, and guanidines, as
well as a small molecule rhodamine derivative to both
vesicles and micelles. The effects of these conjugations on
the properties of the assemblies are explored.

RESULTS AND DISCUSSION

Synthesis of Block Copolymers
To functionalize polymer assemblies using the previously
described azide þ alkyne click chemistry approach, new
PEO-PCL block copolymers bearing terminal azides on the
hydrophilic PEO blocks were required. As the polymeriza-
tion of e-caprolactone is generally initiated from small mol-
ecule48,49 or macromolecular alcohols,50–52 these target
copolymers could be most readily derived from asymmetri-
cally functionalized PEOs bearing azide and hydroxyl ter-
mini (N3-PEO-OH). While there are numerous reports
describing the asymmetric functionalization of oligo(ethy-
lene glycol)s,53–55 their higher MW analogues, particularly
those lacking charged moieties are more difficult to prepare
due to the purification challenges associated with statistical
functionalization reactions. For example, in recent work,

Hillmyer and coworkers56 did not succeed in purifying their
target asymmetrically functionalized PEO and, therefore,
used the statistical mixture of end-functionalized molecules
in the preparation of a block copolymer. They later sepa-
rated the resulting copolymers based on their differing sol-
ubilities and sizes. On the other hand, Taton and co-
workers57 have recently reported asymmetric PEOs that
were obtained directly from the ring-opening polymeriza-
tion of ethylene oxide using N-heterocyclic carbenes as
catalysts.

In this work, to obtain the target N3-PEO-OH, hydroxyl-termi-
nated PEO (HO-PEO-OH, 1) with a MW of 2000 g mol�1 was
first reacted with 1.1 equiv. of p-toluenesulfonyl chloride in
the presence of 4-(dimethylamino)pyridine (DMAP) as a
catalyst and NEt3 (Scheme 1). The crude product was then
reacted with sodium azide to obtain the target N3-PEO-OH
(2), along with the diazide N3-PEO-N3, and diol HO-PEO-OH
resulting from the statistical functionalization. Although the
properties of the three products were quite similar to each
other, using very careful column chromatography, it was
possible to isolate an 18% yield (out of a possible 50% theo-
retical yield) of the target compound 2 in pure form as
evidenced by matrix-assisted laser desorption ionization
(MALDI) mass spectrometry (Supporting Information).
Despite the relatively low yield, the low cost of all of the
reagents and starting materials for this chemistry resulted in
this being a viable route for the preparation of the required
macroinitiator.

As shown in Scheme 2, N3-PEO-OH (2) was then used as a
macroinitiator in the ring-opening polymerization of e-capro-
lactone (CL). The commercially available PEO monomethyl
ether (MeO-PEO-OH) was also used as a macroinitiator to
provide block copolymers without terminal azides. These

SCHEME 1 Synthesis of HO-PEO-

N3 (2).

SCHEME 2 Synthesis of PEO-PCL block copolymers.
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non-functionalized copolymers were required in the prepara-
tion of the assemblies to control the number of surface az-
ide groups and, thus, the degree of functionalization with
the dendritic groups. Most reports involving the preparation
of PEO-PCL have involved the use of metal catalysts such as
stannous(II) octanoate,38,43,45,58 zinc bis[bis(trimethylsilyl)a-
mide],40 or triethylaluminum.59–61 For in vivo applications,
the use of nonmetallic catalysts is highly desired to mini-
mize the potential toxicity effects. Acids such as HCl,37,62 tri-
fluoromethanesulfonic acid,63 and methanesulfonic acid63

(MSA) have been reported to polymerize CL with small mol-
ecule alcohols as initiator. Among these catalysts, MSA was
shown to produce PCLs with lower polydispersity indices
(PDIs) and in shorter reaction times. For these reasons, MSA
was selected as the catalyst for this work, and the polymer-
ization was conducted at 30 �C for 2.5–3.5 h. Based on pre-
vious reports that PEO-PCL block copolymers with monomer
ratios of approximately 44:9–44:40 assemble into spherical
micelles, whereas those with ratios of 44:82–44:105 assem-
ble into vesicles, the four block copolymers 3–6 shown in
Table 1 were synthesized with the aim of preparing both
micelles and vesicles from these materials.

The MWs of the resulting polymers were determined by 1H
NMR spectroscopy and size exclusion chromatography with
detection by multi-angle light scattering (SEC-MALS). The
MW characteristics of the synthesized block copolymers are
summarized in Table 1, and SECs of the polymers are shown
in Figure 1. It is worth noting that high reaction yields and
relatively low polydispersity indices were generally obtained,
with the measured MWs in agreement with target monomer
ratios.

Synthesis of Alkyne Functionalized Dendrons
To explore the functionalization of the PEO-PCL vesicles and
micelles, two different dendrons with focal point alkynes
were initially explored. The third generation dendron 7 bear-
ing peripheral amine functional groups and statistically one
rhodamine dye per molecule was selected, as this dendron
was used in previous work with the PEO-PBD vesicles26 and
would allow comparison between the different vesicle
systems. Additionally, to demonstrate that the dendritic
surface functionalization approach can impart new functions,
the guanidine-functionalized dendron 9 was prepared by
first reacting 726 with the Boc-protected guanidine derivative
864 in the presence of O-(benzotriazol-1-yl)-N,N,N0,N0-

TABLE 1 Molecular Weight Characteristics of PEO-PCL Block Copolymers

Copolymers

MWexpected

(g mol�1)a
MWNMR

(g mol�1)b
Mw

(gmol�1)c PDId Yield (%)

MeO-PEO44-PCL24 (3) 4,700 4,800 5,500 1.14 97

N3-PEO44-PCL24 (4) 4,700 5,000 4,600 1.18 97

MeO-PEO44-PCL82 (5) 11,300 11,300 12,400 1.40 95

N3-PEO44-PCL82 (6) 11,300 11,600 12,000 1.19 93

a Molecular weight expected from the polymerization based on the initiator and monomer ratio.
b Molecular weight determined by 1H NMR spectroscopy in CDCl3.
c Weight average molecular weight obtained from SEC-MALS.
d Polydispersity index determined from SEC-MALS.

FIGURE 1 Size exclusion chroma-

tography traces for copolymers: (a)

3 and 4 and (b) 5 and 6. Detection

was based on light scattering (90�

trace shown).
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tetramethyluronium hexafluorophosphate (HBTU), 1-hydroxy-
benzotriazole (HOBt), and N,N-diisopropylethylamine
(DIPEA), then removing the Boc groups by treatment with
1/1 trifluoroacetic acid (TFA)/CH2Cl2 (Scheme 3). Similar
guanidine-functionalized dendrons64 have been demon-
strated by our group to have cell penetrating properties
comparable to those of the well-known HIV Tat peptide65,66

and were capable of enhancing the transport of iron oxide
nanoparticles into cells.64 Therefore, they might enhance the
capacity of these micelles and vesicles to carry cargo into
cells. The extinction coefficients (e) for dendrons 7 and 9
were determined by UV–visible spectroscopy to enable the
quantification of their conjugation yields to the surfaces of
the nanoassemblies. Finally, as the conjugation yields for the
dendrons can be limited by steric hindrance at the surface of
the assembly, it was also of interest to compare these reac-
tions with those of a small molecule alkyne. Thus, the rhoda-
mine derivative 1067 was reacted with propargyl bromide to
provide 11 (Scheme 4). As the local environment of the dye
may alter its extinction coefficient, rhodamine-functionalized
derivatives of copolymers 4 and 6 were also prepared as
shown in Scheme 5, and the extinction coefficients of the
resulting polymers 12 and 13 were measured to enable the
accurate quantification of the conjugation yields for 11.

Formation of Nanoassemblies and Surface
Functionalization Reactions
PEO-PCL vesicles and micelles can be formed through a
number of different methods including rehydration of co-
polymer thin films on roughened teflon plates37,44,45 and
nanoprecipitation.39,43,46,47 In our hands, thin-film rehydra-
tion of copolymers 3 and 4 provided micelles with diameters
on the order of 25 nm. With copolymers 5 and 6, rehydra-
tion of copolymer thin films on roughened teflon plates
resulted in the formation of micron-sized vesicles, accompa-
nied by many aggregates. The large sizes and aggregation
were undesirable, so this method was not explored further.
On the other hand, using a nanoprecipitation method involv-
ing the dissolution of the copolymer in tetrahydrofuran
(THF), followed by a gradual addition of water and then dial-
ysis against water to remove the THF, led reproducibly to

micelles with diameters of approximately 20 nm (copoly-
mers 3 and 4) and vesicles with diameters of approximately
140 nm (copolymers 5 and 6) as measured by both dynamic
light scattering (DLS) (Fig. 2) and transmission electron
microscopy (TEM) (Fig. 3). As materials smaller than
100 nm are desired for in vivo applications, it was demon-
strated that the vesicles could be extruded through a 100-
nm polycarbonate membrane at 65 �C. This resulted in a
decrease in the vesicle diameter to about 65 nm.

Micelles and vesicles with varying densities of surface azides
were prepared from mixtures of copolymers 3 and 4 or 5
and 6, respectively, using the nanoprecipitation method
described above. Click reactions were subsequently

SCHEME 3 Synthesis of rhodamine-labeled guanidine dendron 9.

SCHEME 4 Synthesis of alkyne-functionalized rhodamine 11.
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performed using CuCl2, sodium ascorbate, and four equiva-
lents of the alkyne 7, 9, or 11 relative to the azide (Scheme
6). After 18 h, the excess alkyne and other reagents were
removed by dialysis. Following the removal of water, the
materials resulting from each reaction were dissolved in
CHCl3/MeOH (3/2), and their UV–visible absorbances were
measured. Using the extinction coefficients measured for 7,
9, 12, and 13, the yields of the alkynes conjugated to the
micelle and vesicle surfaces were then calculated.

The conjugation yields for the vesicles are shown in Fig-
ure 4(a). It was found that the yields for the conjugation of
dendron 7, bearing peripheral amines were very similar to
those previously obtained with PEO-PBD vesicles.26 It should
be noted that approximately 50% of the azides should be
located in the interior of the vesicles, and thus inaccessible to
the dendron, which is unlikely to diffuse through the vesicle
membrane. Nevertheless, as previously reported,26 conjuga-
tion yields higher than 50% were obtained at low azide load-
ings. This may be attributed to the dynamic nature of the
vesicles, allowing azides from the vesicle interior to migrate
to the vesicle surface during the 18-h reaction time and then
subsequently react. The slow migration of dendron 7 from
the reaction solution into the vesicle core also cannot be
excluded. To ensure that the high reaction yields were not the
result of noncovalently immobilized dendron remaining after
dialysis, a control experiment was also run on vesicles com-
posed entirely of copolymer 5 but with the same excess of
dendron and other reaction and purification conditions used
for vesicles containing 10% copolymer 6. In this case, the
apparent ‘‘yield’’ was only �1% indicating that no significant
amount of noncovalently immobilized dendron remained after

dialysis. Therefore, noncovalently bound dendron would not
explain the high reaction yields. As the azide loading
increased beyond 20%, the reaction yields decreased. This
was likely due to the steric hindrance at the vesicle surface,
which restricted the conjugation of dendrons. The yields for
the conjugation of the guanidine-functionalized dendron 9
were consistently lower than those for dendron 7. This result
was not surprising considering the larger size of this dendron.

Yields for the conjugation of the small molecule rhodamine
derivative 11, calculated using the extinction coefficient of
13, were consistently greater than 90% for azide loadings of
1–40%. To ensure that the measured reaction yields accu-
rately reflected covalently conjugated dye, and not simply
dye entrapped within the vesicle core or membrane, these
yields were determined following not only the usual aqueous
dialysis but also a dialysis against N,N-dimethylformamide
(DMF), which would disrupt the vesicles and enable the
release of any noncovalently bound dye. Indeed, these yields
are lower than those observed after just the aqueous dialy-
sis, which were consistently greater than 100% (at all azide
loadings). Furthermore, a control experiment performed on
vesicles composed of copolymer 5 using the same reaction
and purification conditions used for those containing 10%
copolymer 6 showed that the apparent yield was only �2%.
This demonstrates the effectiveness of the multiple dialyses
in removing all but trace amounts of noncovalently immobi-
lized dye. Overall, these results suggested that the dye can
diffuse across the vesicle membrane during the reaction time
and react with azides on the interior membrane surface.
Consistent with this hypothesis, we have observed the
release of noncovalently encapsulated rhodamine out of

SCHEME 5 Synthesis of rhodamine-labeled PEO-PCL block copolymers 12 and 13.

FIGURE 2 Size distribution profiles measured by dynamic light scattering for: (a) micelles prepared from copolymer 3; (b) vesicles

prepared from copolymer 5; (c) extruded vesicles prepared from copolymer 5.
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vesicle cores over a 24-h period suggesting that the reverse
process could also occur given the appropriate concentration
gradient. Somewhat surprisingly, the reaction yields even for
this small molecule dropped off at higher azide loadings
above 20%. This might be attributed to the presence of dye
molecules on the membrane disrupting the availability of
nearby azides or perhaps due to diffusion of the rhodamine
across the vesicle membrane providing insufficient concen-
trations of rhodamine to react with all of the azides at the
vesicle core.

In the conjugation reactions of dendron 7 with the micelles,
it was expected that the yields would approach 100% at low
azide loadings, as all of the azides should be available for
reaction at the micelles surface. However, as shown in Figure
4(b), this was not the case, and surprisingly, the conjugation
yields were consistently lower than those obtained for the
vesicles. The reasons for these lower yields are still unclear
at this time but could perhaps be related to the large size of
the dendrons relative to the micelles. The yields for the con-
jugation of the guanidine-functionalized dendron 9 were sim-
ilar to those obtained with dendron 7 and were similar to
the yields obtained on the vesicles. Like for the vesicles, the
conjugation yields for the small molecule rhodamine 11
were high but unlike for the vesicles, these yields did not
drop off as significantly at higher azide loadings. This sug-
gests that the decrease in yields observed for the vesicles at
high azide loading was more likely due to insufficient quanti-
ties of rhodamine 11 for reaction with the interior azides
due to its limited diffusion across the vesicle membrane,
rather than due to the presence of dye molecules hindering
the reaction of nearby azides. Furthermore, in the context of
the micelles, it suggests that the lower conjugation yields
obtained for the dendrons were likely related to their size. It
should also be noted that to investigate the reproducibility
of the conjugation reactions, each reaction combination was

FIGURE 3 TEM images of (a) micelles prepared from copoly-

mer 3 and (b) vesicles prepared from copolymer 5.

SCHEME 6 Preparation of functionalized (a) vesicles and (b) micelles.
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repeated three times at the azide loading of 10%. The stand-
ard deviations, represented as error bars in Figure 4 ranged
from 62 to 69%, indicating that the results were quite
reproducible.

Effects of Surface Functionalization on the
Nanoassemblies
During the conjugation reactions, all of the micelles and
vesicles remained well dispersed, and the solutions were
clear. As shown in Figure 5(a,d), TEM confirmed that the
micelles and vesicles remained intact following the click
reaction. However, on removal of the excess alkyne and other
reagents by aqueous dialysis, aggregation was observed in
some cases. In the case of dendron 7 with the vesicles, DLS
measurements revealed aggregation, even at low azide load-
ings [Fig. 6(a)], and beyond 10% azide loading, macroscopic
aggregates were observed that could not even be measured
by DLS. In our previous work with PEO-PBD, vesicle aggre-
gates were observed at azide loadings beyond approximately
20%, but at low loadings, the vesicles remained well dis-
persed based on fluorescence confocal microscopy images.26

Thus, the PEO-PCL vesicles appear to be more sensitive to
aggregation. In the case of the guanidine dendron 9, the
aggregation was even more extensive. The aggregates formed
at 2% azide loading were detected by DLS [Fig. 6(a)] and
were imaged by TEM [Fig. 5(b,c)]. Based on the TEM images,
these aggregates seem to be composed primarily of vesicles.
Beyond 2% azide, macroscopic precipitates were formed,
and unfortunately, it was not possible to image these by
TEM.

The high sensitivity of the vesicles to aggregation on den-
dron conjugation may be in part due to the resulting linear-
dendritic copolymers being architecturally unfavorable for
membrane formation. In addition, incorporation of the den-
dron may disrupt the hydrophilic–hydrophobic balance of
the copolymer that is required for vesicle formation. These
factors may destabilize the vesicle membrane. Nevertheless,
the formation of the aggregates only on dialysis suggests
that these are not the only factors. It is noteworthy that den-
drons 7 and 9 both possess cationic charges and it is possi-
ble that the presence of the excess dendrons somehow help
to stabilize the dispersed vesicles through hydrogen bonding
or ionic interactions. To further investigate this aggregation
phenomenon additional experiments were performed. First,
a fourth generation polyester dendron 15 with a focal point
alkyne was prepared as shown in Scheme 7.68 This dendron
was selected, as it was estimated to have a size similar to

FIGURE 4 Click reaction yields as a function of azide loading

on (a) vesicles (remaining copolymer is 5) and (b) micelles

(remaining copolymer is 3).

FIGURE 5 TEM images of (a) vesicles with 2% azide loading, following conjugation of dendron 9 (before dialysis); (b and c)

vesicles with 2% azide loading, following conjugation of dendron 9 and dialysis, showing aggregation; (d) micelles with 20% azide

loading, following conjugation of dendron 9 and dialysis.
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dendron 7 but without the cationic charges. Dendron conju-
gation at azide loadings from 5% to 40% was investigated,
and no aggregation was detected in any of these cases, even
after dialysis [Fig. 6(a)]. This suggests that the dendritic
architecture alone is not sufficient to trigger aggregation in
this system, and that the charge of the dendrons was
involved. The use of NaCl solutions (0.2 or 0.5 M) rather
than pure water for the dialyses was also investigated as a
means of controlling the counterion and ionic strength of the
medium, but aggregation was still observed. Furthermore,
dialyses using 0.1 M pH 6 phosphate buffer or 0.1 M pH 5
acetate buffer did not result in any detectable reduction in
aggregation. The role of the rhodamine dye molecule was
also investigated. Vesicles functionalized with alkyne 11, did
exhibit some aggregation, likely due to the dye’s cationic
charge, and the tendency of polycyclic aromatic systems to
undergo p–p stacking (Supporting Information).69 However,
the rhodamine was certainly not the only contributor, as the
conjugation of previously reported dendrons analogous to
dendrons 7 and 9 but lacking the rhodamine26,64 led to the
same degree of vesicle aggregation as observed with the
dye-labeled dendrons. Therefore, it appears that the PEO-
PCL vesicles are sensitive to aggregation, particularly on con-
jugation of cationic molecules. On the other hand, uncharged

dendritic molecules, despite their architecture, seem to be
well tolerated and will be the focus of future work.

In the case of dendron conjugation to the micelles, much less
aggregation was observed. For example, on conjugation of
amine-functionalized dendron 7, no significant aggregation
was observed, even at azide loadings up to 100% [Fig. 6(b)].
The guanidine dendron 9 and the rhodamine 11 could also
be conjugated at azide loadings up to 100% without signifi-
cant aggregation [Fig. 6(b)]. Thus, overall the micelles were
much less sensitive to aggregation than the vesicles. Unlike
the vesicles, the incorporation of linear-dendritic polymers
into micelles is known to be well tolerated, and there are
several examples of micelles comprising linear dendritic
copolymers where the dendritic block is hydrophilic or even
hydrophobic.70–72 Furthermore, micelle formation is gener-
ally favored for block copolymers possessing hydrophilic
volume fractions of >50%.8 Thus, the formation of micelles
may be less affected by the increase in hydrophilic volume
fraction imparted by the dendritic groups. The micelles also
seem to be able to tolerate the introduction of charged
groups much better than the vesicles. This may be attributed

FIGURE 6 Size distribution profiles following click reactions

and dialysis, measured by dynamic light scattering for (a)

vesicles and (b) micelles.

SCHEME 7 Synthesis of dendron 15.
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to the inherent structural differences between the micelles
and vesicles. If the introduction of cationic groups to the ves-
icle surfaces results in repulsive interactions that destabilize
the membrane, the hydrophobic portions of the membranes
can perhaps become exposed, triggering the aggregation. In
contrast, the micelles posses much shorter hydrophobic
blocks that are well buried at the cores of the micelles. This
may make them inherently more resistant to the aggregation
phenomena observed in this work.

Cellular Uptake of the Guanidine Dendron
Functionalized Micelles
It has been shown by our group that dextran-coated super-
paramagnetic iron oxide nanoparticles bearing guanidine-
functionalized polyester dendrons exhibit enhanced cell
uptake relative to the unfunctionalized nanoparticles or
those bearing hydroxyl or amine-functionalized dendrons.64

To demonstrate that the dendritic surface functionalization
approach can impart new functions to our nanoassemblies,
the cellular uptake of micelles bearing guanidine functional-
ized dendrons was investigated in HeLa cancer cells. Micelles
were prepared from a 70/20/10 ratio of polymers 3/4/12
as described above (Fig. 7). This provided an azide loading
of 20% and the incorporation of polymer 12 provided the
rhodamine for visualization of cell uptake. A dendron analo-
gous to 9 but with an eighth guanidine in place of the rhoda-
mine64 was then conjugated to the micelle surface by the
click chemistry protocol described above. This approach was
used as the presence of the rhodamine dye in 9 might alter
the transport properties of the dendron. Micelles comprising
a 90/10 ratio of copolymers 3/12 were used as a control.
Because of their high levels of aggregation, even at low azide
loadings, guanidine-functionalized vesicles were not included
in this experiment.

Micelles were incubated with the cells at a concentration of
0.1 mg mL�1 (estimated 0.2 lM concentration of dendron)
for 4 h, and then the cells were fixed and imaged by fluores-
cence confocal microscopy. As shown in Figure 7, cells
incubated with the guanidine-functionalized micelles were
strongly fluorescent, whereas no fluorescence was detected
in cells incubated with the unfunctionalized micelles using
the same microscope settings (Supporting Information). This
suggests that the dendritic surface functionalization
approach can be used to impart cell-penetrating properties
to PEO-PCL micelles, which may allow them to more effec-
tively deliver materials such as drugs, DNA, or labels into
cells. Further experimentation will be required to quantify
the cell uptake, study the intracellular tracking of these
materials, and explore applications of these materials.

CONCLUSIONS

In conclusion, azide- and methoxy-terminated PEO-PCL block
copolymers with the appropriate relative block lengths for
formation of micelles and vesicles were prepared with the
aim of developing surface-functionalized biodegradable
assemblies. The azide- and methoxy-terminated copolymers
were combined in varying ratios to provide assemblies with
varying loadings of surface azide groups. Subsequently, den-
drons having focal point alkyne moieties and peripheral
amines, guanidines, or hydroxyl groups, as well as a small
molecule alkyne derivative of rhodamine were conjugated to
the surfaces of the micelles and vesicles using a Cu(I) cata-
lyzed azide þ alkyne cycloaddition reaction. It was found
that the conjugation yields for the dendrons on the vesicles
were similar to those reported previously for PEO-PBD
vesicles, whereas those for the small molecule were higher,
likely due its ability to cross the vesicle membrane. Conjuga-
tion yields on the micelle surface were somewhat lower than
expected for the dendrons but were high for the small

FIGURE 7 Preparation of PEO-PCL

micelles functionalized with den-

drons having peripheral guani-

dines, and their uptake into HeLa

cells as visualized by fluorescence

microscopy (detection of the rho-

damine label). In contrast, micelles

bearing the rhodamine label, but

no dendron exhibited no detecta-

ble uptake.
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molecule. While the micelles remained well dispersed follow-
ing all conjugation reactions, the vesicles exhibited a propen-
sity to aggregate, particularly on the conjugation of cationic
alkynes. To demonstrate the applicability of the dendritic
surface functionalization approach, micelles with conjugated
dendritic guanidines were shown to have enhanced cell
uptake relative to unfunctionalized micelles.

EXPERIMENTAL

General Procedures and Materials
Chemicals were purchased from Sigma-Aldrich and were
used without further purification unless otherwise noted.
Anhydrous DMF, toluene, and CH2Cl2 were obtained from a
solvent purification system. NEt3 was distilled from CaH2. CL
was stirred over CaH2 for 24 h at room temperature and
overnight at 60 �C, and then it was distilled from CaH2 at
reduced pressure under nitrogen immediately before poly-
merization. PEO derivatives were purified by precipitation
from CH2Cl2 into cold diethyl ether (1:10). The precipitated
PEO was then dried by azeotropic distillation (�3) with dry
toluene using a Schlenk line system under nitrogen. Unless
otherwise stated, all reactions were performed under a N2

atmosphere using flame or oven dried glassware. Column
chromatography was performed using silica gel (0.063–
0.200-mm particle size, 70–230 mesh). Dialyses were per-
formed using Spectra/Por regenerated cellulose membranes
with either a 12,000–14,000 g mol�1 or 3500 g mol�1

molecular weight cutoff (MWCO). 1H NMR spectra were
obtained at 400 MHz, and 13C NMR spectra were obtained at
100 MHz. NMR chemical shifts are reported in ppm and are
calibrated against residual solvent signal of CDCl3 (d 7.26
and 77 ppm), CD3OD (d 3.34 ppm), or (CD3)2SO (d 2.50 and
40 ppm). Coupling constants (J) are expressed in Hertz (Hz).
Infrared spectra were obtained as films from CH2Cl2 or THF/
MeOH (5/1) on sodium chloride (NaCl) plates. UV–visible
absorption spectroscopy was performed on a Varian Cary
300 Bio UV–visible spectrophotometer. Size exclusion chro-
matography (SEC) was performed in THF using a Waters
515 HPLC pump, Wyatt OptilabRex RI and miniDAWN-TREOS
detectors, and two ResiPore (300 � 7.5 mm) columns from
Polymer Laboratories. Polymer MWs were calculated based
on the MALS data using the Wyatt Astra software, with dn/
dc values of the polymers determined from the RI detector
using Astra. DLS data were obtained using a Zetasizer Nano
ZS instrument from Malvern Instruments. MALDI-TOF mass
spectrometry data were obtained using a 4700 Proteomics
Analyzer, MALDI TOF TOF (Applied Biosystems, Foster City,
CA). Reflectron and linear positive ion modes were used.
High-resolution mass spectrometry (HRMS) was performed
using a Finnigan MAT 8400 electron impact mass spectrome-
ter. Extinction coefficients (e) of compounds 7, 9, 11, 12, and
13 were obtained from calibration curves based on the mea-
surement of UV–visible absorbance versus concentration in
CHCl3/methanol (3/2).

Synthesis of N3-PEO-OH (2)
HO-PEO-OH (1) with a MW of 2000 g mol�1 (2.0 g, 1.0
mmol, 1.0 equiv.), p-toluenesulfonyl chloride (0.22 g, 1.1

mmol, 1.1 equiv.), and DMAP (0.061 g, 0.50 mmol, 0.50
equiv.) were dissolved in dry CH2Cl2 (30 mL). Dry NEt3
(0.12 g, 1.2 mmol, 1.2 equiv.) was then added via syringe.
The resulting mixture was stirred at room temperature for
24 h. Following this, the mixture was washed with cold 1-M
HCl solution (1 � 20 mL) and cold brine (1 � 20 mL). The
organic phase was dried over magnesium sulfate (MgSO4).
After removal of MgSO4 via filtration, CH2Cl2 was removed
under reduced pressure. The residue was taken up in mini-
mal CH2Cl2 and the product was precipitated into cold
diethyl ether. This material was then dissolved in dry DMF
(15 mL). Sodium azide (0.16 g, 2.5 mmol, 2.5 equiv. relative
to 1) was then added, and the resulting mixture was stirred
at 100 �C overnight. After cooling to room temperature,
deionized water (15 mL), and CH2Cl2 (15 mL) were added.
The organic phase was separated. The aqueous phase was
extracted with CH2Cl2 (3 � 10 mL), and the combined
CH2Cl2 layers were dried over MgSO4. After removal of
MgSO4 via filtration, the CH2Cl2 was removed under reduced
pressure. The residue was taken up in minimal CH2Cl2 and
precipitated into cold diethyl ether. Subsequent purification
by column chromatography using CH2Cl2/MeOH as eluent
(gradient: 19/1 to 14/1) gave compound 2 (0.36 g,
0.18 mmol) as a white solid.

Overall Yield: 18%. 1H NMR (400 MHz, CDCl3): d 3.42–3.80
(m, 180H, CH2AOACH2), 3.36 (t, 2H, J ¼ 4.0 Hz, ACH2AN3).
IR (film from CH2Cl2, cm

–1): 3445 (OAH), 2884 (CAH), 2102
(N3). MS calcd. for [M þ Na]þ based on functionalization
of the starting polymer 1 with a peak MW of 1802 g mol�1

(n ¼ 40): 1827. Found (MALDI-TOFþ): 1827 (Supporting
Information).

Synthesis of Copolymer 3 and General Procedure
for the Preparation of Copolymers 3–6
Dry MeO-PEO-OH (0.25 g, 0.12 mmol, 1.0 equiv.) was added
to a Schlenk flask as a solution in dry toluene (1.5 mL). CL
(0.34 g, 3.0 mmol, 24 equiv.) was then added to the macroi-
nitiator, and the resulting solution was equilibrated at 30 �C
for 10 min. MSA (0.12 mmol, 7.8 lL, 1.0 equiv.) was then
added, and the reaction mixture was stirred at 30 �C for 2.5
h. After cooling to room temperature, the mixture was
treated with AmberlystV

R

A21 to remove the catalyst. The
resin was removed by filtration, and the product was pre-
cipitated in excess cold hexane. The resulting white solid
was filtered and dried in vacuo to give 0.57 g of the product.

Yield ¼ 97%. 1H NMR (400 MHz, CDCl3): d 4.21 (t, J ¼ 6.0
Hz, 2H, AOACH2ACH2AOAC(O)A), 4.05 (t, J ¼ 8.0 Hz, 50H,
ACH2AO in PCL block), 3.46–3.82 (m, 180H, ACH2AOA
CH2A), 3.37 (s, 3H, AOCH3), 2.29 (t, J ¼ 8.0 Hz, 50H,
AC(O)ACH2), 1.63 (m, 100H, AC(O)ACH2ACH2ACH2ACH2A
CH2AOA), 1.37 (m, 50H, AC(O)ACH2ACH2ACH2ACH2A
CH2AOA). IR (film from CH2Cl2, cm

–1): 3436 (OAH), 2889
(CAH), 1724 (C¼¼O). SEC: Mw ¼ 5500 g mol�1, PDI ¼ 1.14,
dn/dc ¼ 0.086.

Synthesis of Copolymer 4
The copolymer was prepared by the same method described
above for copolymer 3 except that compound 2 was used as
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the macroinitiator. Yield ¼ 97%. 1H NMR (400 MHz, CDCl3):
d 4.21 (t, J ¼ 6.0 Hz, 2H, AOACH2ACH2AOAC(O)A), 4.05 (t,
J ¼ 8.0 Hz, 56H, ACH2AO in PCL block), 3.46–3.82 (m,
180H, ACH2AOACH2A), 3.37 (t, J ¼ 6.0 Hz, 2H, ACH2AN3),
2.29 (t, J ¼ 8.0 Hz, 56H, C(O)ACH2), 1.63 (m, 112H,
AC(O)ACH2ACH2ACH2ACH2ACH2AOA), 1.37 (m, 56H,
AC(O)ACH2ACH2ACH2ACH2ACH2AOA). IR (film from
CH2Cl2, cm

–1): 3438 (OAH), 2869 (CAH), 2105 (N3), 1724
(C¼¼O). SEC: Mw ¼ 4600 g mol�1, PDI ¼ 1.18, dn/dc ¼
0.078.

Synthesis of Copolymer 5
The copolymer was prepared by the same method described
above for copolymer 3 except that 82 equiv. of CL were used
and the reaction time was 3.5 h. Yield ¼ 95%. 1H NMR (400
MHz, CDCl3): d 4.19 (t, J ¼ 6.0 Hz, 2H, AOACH2A
CH2AOAC(O)A), 4.03 (t, J ¼ 8.0 Hz, 164H, ACH2AO in PCL
block), 3.43–3.79 (m, 180H, ACH2AOACH2A), 3.35 (s, 3H,
AOCH3), 2.28 (t, J ¼ 8.0 Hz, 164H, AC(O)ACH2A), 1.64 (m,
328H, AC(O)ACH2ACH2ACH2ACH2ACH2AOA), 1.37 (m,
164H, AC(O)ACH2ACH2ACH2ACH2ACH2AOA). IR (film
from CH2Cl2, cm

–1): 3437 (OAH), 2867 (CAH), 1724 (C¼¼O).
SEC: Mw ¼ 12,400 g mol�1, PDI ¼ 1.40, dn/dc ¼ 0.060.

Synthesis of Copolymer 6
The copolymer was prepared by the same method described
above for copolymer 3 except that compound 2 was used as
the macroinitiator, 82 equiv. of CL were used, and the reac-
tion time was 3.5 h. Yield ¼ 93%.1H NMR (400 MHz, CDCl3):
d 4.21 (t, J ¼ 6.0 Hz, 2H, AOACH2ACH2AOAC(O)A), 4.05 (t,
J ¼ 8.0 Hz, 168H, ACH2AOA in PCL block), 3.45–3.80 (m,
180H, ACH2AOACH2A), 3.38 (t, J ¼ 4.0 Hz, 2H, ACH2AN3),
2.30 (t, J ¼ 8.0 Hz, 168H, AC(O)ACH2), 1.64 (m, 336H,
AC(O)ACH2ACH2ACH2ACH2ACH2AOA), 1.37 (m, 168H,
AC(O)ACH2ACH2ACH2ACH2ACH2AOA). IR (film from
CH2Cl2, cm

–1): 3433 (OAH), 2866 (CAH), 2100 (N3), 1725
(C¼¼O). SEC: Mw ¼ 12,000 g mol�1, PDI ¼ 1.19, dn/dc ¼
0.080.

Synthesis of Dendron 9
Dendron 726 (81 mg, 39 lmol, 1.0 equiv.) and the protected
guanidine derivative 864 (0.20 g, 0.55 mmol, 14 equiv.) were
dissolved in anhydrous DMF (7 mL) under a nitrogen atmos-
phere. HBTU (0.20 g, 0.55 mmol, 14 equiv.) was added,
followed by HOBt (73 mg, 0.55 mmol, 14 equiv.) and DIPEA
(0.14 mL, 0.78 mmol, 20 equiv.). The reaction mixture was
stirred under nitrogen in the dark for 48 h. The product was
then purified by dialysis against DMF using a 3500 MWCO
membrane for 24 h. After removal of DMF under reduced
pressure, the residue was dissolved in 2 mL of 1/1 TFA/
CH2Cl2, and the reaction mixture was stirred at room tem-
perature and in dark for 2 h. The solvent was removed
under reduced pressure to provide dendron 9 (0.11 g) with
approximately one chromophore per dendron statistically.

Yield: 87%. 1H NMR (400 MHz, CD3OD): d 7.92 (d, J ¼ 8.0
Hz, 1H, dye aromatic), 7.84–7.75 (m, 3H, dye aromatic),
7.65–7.47 (m, 3H, dye aromatic), 7.28 (d, J ¼ 12 Hz, 1H, dye
aromatic), 7.10 (dd, J ¼ 4.0 Hz and 12 Hz, 1H, dye aromatic),
7.00 (d, J ¼ 4.0 Hz, 1H, dye aromatic), 4.84–4.81 (m, 2H,

dendron AC(O)AOACH2-alkyne), 4.39–4.10 (m, 30H, den-
dron AC(O)ACACH2AO, dye ACH2AC(O)O), 3.78–3.65 (m,
8H, dye AC(O)ANACH2), 3.55–3.37 (m, 20H, dendron
ACH2NHC(O), dye AC(O)ANACH2), 3.20 (t, J ¼ 8.0 Hz, 16H,
dendron ACH2-guanidine), 3.04 (br s, 1H, terminal alkyne),
2.76–2.68 (m, 2H, dye AOACH2CH2CH2AN), 2.66–2.47 (m,
16H, dendron AC(O)ACH2CH2NHA), 2.48–2.21 (m, 20H,
dendron ANHC(O)CH2A, dye AC(O)ANACH2ACH2), 1.81–
1.55 (m, 32H, dendron ANHC(O)CH2CH2CH2CH2CH2-guan),
1.52–1.07 (m, 49H, dendron ANHC(O)CH2CH2CH2CH2CH2-
guan, dendron AC(O) ACACH3, dye Ar-NACH2ACH3). IR
(film from THF/MeOH, cm–1): 3282 (NAH), 3180 (NAH),
2943 (CAH), 2125 (CBC), 1730 (C¼¼O ester), 1670 (C¼¼O
amide), 1590 (C¼¼C aromatic), 1467 (C¼¼C aromatic). Extinc-
tion coefficient (e): 28,008 L mol–1 cm–1 at 563 nm (CHCl3/
MeOH, 3/2).

Synthesis of Rhodamine Derivative 11
To a solution of 1067 (0.40 g, 0.73 mmol, 1.0 equiv.) in anhy-
drous DMF (2 mL) were added propargyl bromide (0.11 g,
0.92 mmol, 1.2 equiv.) and DIPEA (0.16 g, 1.3 mmol, 1.8
equiv.). The reaction mixture was stirred at room tempera-
ture in the dark for 24 h. An additional 1.2 equiv. of propar-
gyl bromide and DIPEA was then added, and the resulting
solution was stirred for 2 additional h. The reaction mixture
was then partitioned between ethyl acetate and saturated
aqueous NaHCO3. The aqueous layer was extracted with iso-
propanol/CH2Cl2 (1/3). The organic layer was collected,
dried over MgSO4, filtered, and concentrated to provide 0.33
g of the desired product.Yield: 82%. 1H NMR (400 MHz,
CDCl3): d 7.69–7.67 (m, 2H, ortho to NEt2 and O), 7.56–7.54
(m, 1H, phenyl), 7.37–7.35 (m, 1H, phenyl), 7.28 (s, 1H, phe-
nyl), 7.25 (s, 1H, phenyl), 7.05–7.02 (dd, J ¼ 4.0 Hz and 12
Hz, 2H, ortho to NEt2), 6.81 (d, J ¼ 4.0 Hz, 2H, meta to
NEt2), 3.71–3.61 (m, 8H, Ar-NACH2A), 3.46–3.41 (m, 2H,
AC(O) ANACH2A), 3.38–3.32 (m, 2H, AC(O)ANACH2A),
3.26 (d, J ¼ 4.0 Hz, 2H, ANACH2-alkyne), 2.41–2.33 (m, 4H,
AC(O)ANACH2ACH2A), 2.24 (t, J ¼ 4.0 Hz, 1H, terminal
alkyne), 1.33 (t, J ¼ 8.0 Hz, 12H, Ar-NACH2ACH3).

13C NMR
(400 MHz, CDCl3): d 167.2, 157.5, 155.4, 135.2, 131.8, 130.2,
130.0, 129.7, 127.4, 114.0, 113.4, 110.7, 96.1, 73.8, 51.4,
50.7, 47.2, 46.4, 46.0, 41.3, 12.5. HRMS (m/z) calcd for
C35H42N4O2, 550.3308; found (ESI), 550.3221 [M]þ. Extinc-
tion coefficient (e): 86,201 L mol–1 cm–1 at 563 nm (CHCl3/
MeOH, 3/2).

Preparation of Rhodamine Labeled
Copolymers 12 and 13
Copolymer 4 or 6 (1.0 equiv.) and rhodamine derivative 11
(5.0 equiv.) were dissolved in THF/H2O (2/1). To the solu-
tion were added CuCl2�2H2O (5.0 equiv.) and sodium ascor-
bate (50 equiv.), and the reaction mixture was stirred in the
dark at room temperature for 20 h. The product was puri-
fied by first dialysis against distilled water for 24 h followed
by dialysis against DMF for an additional 24 h using a 3500
MWCO dialysis membrane. DMF was removed in vacuo to
give dye-labeled polymers 12 (yield: 81%) or 13 (yield:
89%), respectively. Because of the low intensity of aromatic
peaks of the dye compared to the polymer peaks, the
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integration of the 1H NMR spectrum was not possible. How-
ever, completion of the reaction was confirmed by disappear-
ance of the peaks corresponding to the methylene protons
adjacent to the azide group in the polymer (Supporting In-
formation). Extinction coefficient (e) for 12: 22,851 L mol–1

cm–1 at 563 nm (CHCl3/MeOH, 3/2). Extinction coefficient
(e) for 13: 19,847 L mol–1 cm–1 at 563 nm (CHCl3/MeOH, 3/
2).

Synthesis of Dendron 15
Dendron 1468 (0.42 g, 0.20 mmol) was dissolved in metha-
nol (150 mL), and concentrated sulfuric acid (1.5 mL) was
added. The resulting solution was stirred at room tempera-
ture for 2 h and then was then neutralized with 7 M NH3 in
MeOH to pH 7. The solution was filtered to remove the
(NH4)2SO4 precipitate, and then the solvent was removed
under reduced pressure to provide 15 (0.35 g) as a white
solid.

Yield: 99%. 1H NMR (400 MHz, DMSO-d6): d 7.35–6.80 (br s,
16H, AOH), 4.72 (d, J ¼ 7.8 Hz, 2H, alkyne-CH2AO), 4.70–
4.50 (m, 12H, AC(O)ACACH2AOA from first and second
generations), 4.21–4.07 (m, 16H, AC(O)ACACH2AOA from
third generation), 3.49–3.30 (m, 32H, AC(O)ACACH2AOH),
2.42 (t, J ¼ 7.0 Hz, 1H, terminal alkyne), 1.22 (s, 3H,
AC(O)ACACH3 from first generation), 1.18 (s, 6 H,
AC(O)ACACH3 from second generation), 1.15 (s, 12H,
AC(O)ACACH3 from third generation), 1.00 (s, 24H,
AC(O)ACACH3 from forth generation). 13C NMR (400 MHz,
DMSO-d6): d 174.5, 172.2, 171.8, 171.7, 78.3, 78.2, 64.8,
64.1, 53.3, 50.6, 46.7, 46.6, 33.7, 25.7, 24.9, 17.8, 17.6, 17.3,
17.1. MS (m/z) calcd for C78H124NaO46, 1820; found
(MALDI-TOF), 1820 [M þ Na]þ.

General Procedure for the Preparation of PEO-PCL
Micelles and Vesicles
The block copolymer (5 mg) was dissolved in THF (0.5 mL).
DI water (2 mL) was added dropwise over 10 min. with vig-
orous stirring. After the addition was complete, the resulting
nanoassembly suspension was stirred for 10 min. and then
dialyzed against 2 L of distilled water, using a 12,000–
14,000 MWCO dialysis membrane, with multiple changes for
at least 36 h to remove THF. The vesicles were extruded 10
times through a 0.1-lm polycarbonate membrane at 65 �C
using a pressure driven Lipex Thermobarrel Extruder (1.5
mL capacity, Northern Lipids).

General Procedure for Surface Functionalization
of Micelles and Vesicles
Micelles or vesicles were prepared as described above using
mixtures of copolymers 3 and 4 (micelles) or 5 and 6
(vesicles) in varying ratios (Scheme 6). To the assemblies
were added CuCl2�2H2O (0.40 equiv. relative to total poly-
mer), sodium ascorbate (4.0 equiv. relative to total polymer),
and dye-labeled dendron 7, 9 or dye 11 (4.0 equiv. relative
azides) in sequence, and the reaction mixture was stirred at
room temperature for 18 h and then dialyzed against dis-
tilled water for 24 h using a 12,000–14,000 MWCO or 3500
MWCO dialysis membrane.

Quantification of Surface Dendritic Groups
Following dialysis, the samples were lyophilized to remove
water and were then taken up in about 2 mL of CHCl3/meth-
anol 3/2. The solutions were centrifuged at 4500 rpm for 4
h to remove any insoluble material. Finally, the absorbance
was measured at 563 nm. The degree of functionalization
was calculated using the measured e for the dye-labeled den-
dron 7, dye-labeled guanidine dendron 9, or rhodamine-func-
tionalized polymers 12 or 13 in the same solvent.

Transmission Electron Microscopy
The suspension of micelles or vesicles (20 lL, 0.1 mg mL�1)
was placed on a carbon formvar grid and was left to stand
for 5 min. The excess solution was then blotted off using a
piece of filter paper. The resulting sample was dried in air
overnight before imaging. Imaging was performed using a
Phillips CM10 microscope operating at 80 kV with a 40 lm
aperture.

Uptake of Micelles into HeLa Cells
HeLa cells were maintained at 37 �C and 5% CO2 in Dulbec-
co’s Modified Eagle Medium (Invitrogen) supplemented with
10% fetal bovine serum (Invitrogen). Sterilized microscope
glass cover slips (22mm � 22mm) were placed in the wells
of a 6-well plate and 1.5 � 105 cells per well were seeded
onto each cover slip. The cells were allowed to adhere for
24 h. The culture medium was then aspirated and replaced
with fresh serum-free medium containing control or func-
tionalized micelles at a concentration of 0.1 mg mL�1 of
polymer. The experiments were completed in triplicate. The
cells were incubated at 37 �C for 4 h. They were then
washed three times with phosphate-buffered saline (PBS)
then fixed with 10% paraformaldehyde solution for 10 min.
The cells were washed again with PBS, and then the cover
slips were placed face down onto microscope slides for con-
focal microscopy. Confocal images were obtained using a
confocal laser scanning microscope (LSM 510, Carl Zeiss)
using a 63� (N.A. ¼ 1.4) oil immersion objective and an
excitation wavelength of 543 nm (He-Ne laser).

The authors thank the Natural Sciences and Engineering
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