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Amphiphilic core-shell structured nanocarriers have attracted Scheme 1
much attention recently because of their many potential applications
including controlled drug delivery and reledsphase transfet,
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preparation of nanomaterial$,and catalysi§:®* As one example, oram - :;em =
dendrimers having amphiphilic corshell structures were shown PEG =il N
. . . . - hydrophilic
to have interesting unimolecular micelle propertiesBecause of | "PEG shel
the unique dendritic architecture and the covalent linkage between
. . . Scheme 2
the hydrophobic and hydrophilic segments, these unimolecular
micelles are much more stable than conventional micelles formed — . \‘/Y\o/?'\ﬁ%\/oi DCaystd
. . . . . U = TBDPS Copolymer 1
from small molecule amphiphiles, making them attractive candidates s i) EtgNH-3HF
as molecular nanocarriers for the above-mentioned applications. ?
Whereas perfect dendrimers offer precise structural control and D Catalyst 4 NN .
uniformity, the multistep synthesis involved in their preparations _, _~ M otsors .:‘:;::e"-‘ A0 PE-(OH), ’p{'“rf ‘al“’F Copolymer 2
i yridine, TH

limits their general applicability. It is desirable to develop more
efficient syntheses to access dendritic molecular nanocarriers. In
addition, most of the reported dendritic unimolecular micelles are (MALS) detector. The comonomer incorporation rati (vas
reverse micelles soluble only in organic solvents. The general determined to be 24 mol % biH NMR. A much larger core
approach for their preparation was hydrophobization of hydrophilic shell copolyme® was synthesized by a two-step approach (Scheme
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dendrimer cores, such as alkylation of polyamidoamine (PAM-
AM), 19 poly(propylene imines) (PP, and hyperbranched poly-
glycerolst?13Water-soluble unimolecular micelles having hydro-
philic shells and hydrophobic cores, although more relevant to
biological applications, are less explored due to synthetic diffi-
culties?14-16 Here, we report the first transition metal-catalyzed

2). An ethylene copolyme8 having many hydroxyl groups was
first prepared and subsequently coupled to PEG to afford the
copolymer2. Copolymer2 has a much higher molecular weight
(M, = 463 000 g/mol, radius of gyratioRy = 20.8 nm in THF)

but a similar comonomer incorporation ratio=€ 26 mol %). Both
copolymersl and 2 are soluble in water with solubility up to 10

one-pot synthesis of water-soluble dendritic molecular nanocarriers g/L. They form a stable molecular solution in water as evidenced

having a hydrophobic core and a hydrophilic shell (Scheme 1).
By copolymerizing ethylene with a comonomer having a poly-
(ethyleneglycol) (PEG) tail using the Brookhart palladiem-
diimine chain walking catalysf,*®a core-shell dendritic polymer
with a hydrophobic polyethylene (PE) core and a hydrophilic PEG

by light-scattering (LS) studies. The hydrodynamic radRg and

Ry for the copolymer2 in water were measured to be 26.0 and
17.7 nm, respectively. The slight decreasé&gin water versus in
THF was presumably due to contraction of the hydrophobic PE
core in water. The ratio oRy/Ry is around 1.4, which is close to

shell was obtained in one step (Scheme 1). We have shownthe theoretical value of a filled sphere, #/3These data support

previously that the branching topology of ethylene homo- and
copolymers can be systematically tuned in a single synthetic
operation by using the chain walking catal$st? Linear, hyper-
branched, and dendritic copolymers containing a range of func-
tionalities were obtained by changing ethylene pressures for
copolymerizationd? Because dendritic topology is obtained at low

that the copolymers exist as unimolecular nanospheres in water (see
Supporting Information for detailed LS characterizations).

Nile Red, a common hydrophobic dye and an excellent UV/vis
and fluorescence proB&was chosen for investigating the uni-
molecular micellar properties of copolymerand2 in water. Nile
Red is insoluble and does not fluoresce in water, but once it is

ethylene pressure and the insertion of substituted olefins occursencapsulated inside micelles, its aqueous solution starts to fluoresce.

only when Pd walks to a primary carbon, that is, a chain%nd,
copolymerization of ethylene and an PEG containing olefin at low
ethylene pressure will produce a dendritic copolymer with a
hydrophobic PE core and a hydrophilic PEG shell (Scheme 1).
The synthesis of the water-soluble cehell copolymers is
shown in Scheme 2. Comonom&rwith a hexa(ethyleneglycol)
tail was prepared by coupling tert-butyldiphenylsilyl (TBDPS)
protected mono-alcohol with 2,2-dimethylpent-4-enyl chlorofor-
mate. Copolymerization of ethylene aldat 0.1 atm ethylene
pressure followed by deprotection of TBDPS afforded copolymer
1 in one step. The number-averaged molecular weityh) for
copolymer 1 is 9800 g/mol as measured by size exclusion
chromatography (SEC) coupled with a multiangle light-scattering
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We monitored the fluorescence intensity as we added different
amounts of copolymet or 2 into an aqueous dispersion of Nile
Red (16 mg/L). For comparison, a classical small molecule
surfactant, sodium dodecyl sulfate (SDS), was also used to
encapsulate the dye in water.

Figure 1a shows that the fluorescence intensity of Nile Red
increases gradually with the increase of copolyfheoncentration,
indicating copolymed is effective in encapsulating Nile Red. The
fluorescence intensities at,ax of excitation spectra for Nile Red
were plotted against the concentration of copolytheropolymer
2, and SDS, respectively (Figure 1b). For SDS, a typical S-shaped
curve was obtained with the deflection point at its critical micelle
concentration (CMG= 2.3 mg/mL or 8 mM)i¢ At concentrations
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Figure 1. (a) Excitation spectraltm = 650 nm) for Nile Red in water at
different concentrations of copolymér (b) Fluorescence intensity &tax

for excitation spectra of Nile Red as a function of concentration of
copolymer 1 (blue M), copolymer?2 (red a), and SDS (purple®),
respectively.
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Figure 2. Concentration of encapsulated Nile Red as a function of the
concentration of copolymen (blue W) and copolymer2 (red a),
respectively.

below its CMC, there is no micelle formation, and SDS is unable

to encapsulate Nile Red. There is a rapid increase in the number

of SDS micelles above CMC, causing a sharp increase of
encapsulated Nile Red. For the copolymeend2, on the contrary,
the fluorescence intensity At for Nile Red increases gradually
with the concentration of copolymers. No sharp transition was
observed because there is no CMC for the covalently linked
unimolecular nanocarriers.

To further gain quantitative information of dye encapsulation,
UV/vis absorption experiments were conducted. Thex values
for the UV/vis spectra of Nile Red are 554, 551, and 578 nm after
addition of the copolymetf, 2, and SDS, respectively. The blue
shift in Aqax indicates the cores of our copolymers are more
hydrophobic than that of the SDS micelle. The concentration of
encapsulated Nile Red was obtained from its absorbanég.at
using Beer’'s Law, which was plotted against the concentration of
copolymer 1 or 2 (Figure 2). The nearly linear increase of
encapsulated dye with increasing concentration of copolymers
indicates the copolymers behave as unimolecular micelles in Water.
The dye encapsulation capacities for copolymerand 2 were
quantified on the basis of the UV/vis data. The amounts of Nile
Red being encapsulated by unit amounts of copolyiner 2 are
nearly the same, that is, 18nol of Nile Red per gram of copolymer
or 0.46 wt %. This value is about twice as much as for SDS micelle
(0.21 wt % at 4 mg/mL of SDS). Copolymérhas a number-of-
dye per polymer molecule of 0.15, while copolyn@shows a 50-

between the number-of-dye per polymer molecule and the molecular
structure of the copolymers indicates that the dye encapsulation
capacity for our copolymer is mainly determined by the size of the
hydrophobic core.

In summary, we have shown the first example of transition metal-
catalyzed one-pot synthesis of water-soluble amphiphilic molecular
nanocarriers behaving like unimolecular micelles. Using the chain
walking catalyst, copolymerization of ethylene and comono&er
afforded, in one step, amphiphilic copolymg&rhaving a hydro-
phobic core and a hydrophilic shell. The light-scattering, fluores-
cence, and UV/vis studies of Nile Red in aqueous solution showed
unimolecular micellar properties for the copolymers. Quantitative
data indicated that the dye encapsulation capacity is nearly
proportional to theM, of the hydrophobic core. The unimolecular
micellar properties coupled with the good water solubility and
biocompatibility of PEG make these molecular nanocarriers promis-
ing candidates for many applications including drug delivery and
controlled drug release.
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Supporting Information Available: Experimental details for the
synthesis, light-scattering, and spectroscopic studies (PDF). This
material is available free of charge via the Internet at http:/pubs.acs.org.
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