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ABSTRACT: We report the synthesis and functionalization of f %o 8 Functional
amphiphilic dendrimer-like star polymers (DLSPs) with a R T
hydrophobic star-shaped poly(L-lactide) (PLLA) core and a 3?‘@ ) nﬁxfa .
hydrophilic poly(amidoamine) (PAMAM) dendron shell. First, :fixgz’\ﬁ ) kY ;/{
carboxylic acid-functionalized PLLA star polymer was synthe- m&:’é Minw;”“
sized by ring-opening polymerization of L-lactide followed by ;,{5‘*: )
functionalization with succinic anhydride. Second, 1-, 2-, and & 6"%«% N
3-generation PAMAM dendrons with a primary amine at the ﬁ?"}f KA
dendron root and benzyl ester protections at the periphery were R:?”:Eﬂ pd 2

prepared via a divergent method. By amide coupling between éu}q Jﬂ%’ e on
the carboxylic acid-terminated PLLA star polymer and six zﬂ;f }‘? ACCHORCH
PAMAM dendrons, amphiphilic DLSPs were successfully R R R
synthesized. To enhance bioactivity and bioconjugation cap-

ability, the benzyl ester surface groups in these DLSPs were converted to carboxylic acid, primary amine, and triethylene glycol
functional groups, respectively. Nuclear magnetic resonance spectroscopy and size-exclusion chromatography were used to
confirm quantitative functionalization. These functional DLSPs exhibited a unique unimolecular micelle (14—28 nm) behavior
in aqueous solution with a small amount of aggregation (205—344 nm), as studied by dynamic light scattering. In addition, they
also exhibited large differences in thermal behaviors depending on the nature of different surface groups. Experimental results
showed that these DLSPs had good solubility in aqueous solutions (ca. 10—25 mg/mL) and could greatly enhance the water
solubility of hydrophobic drugs. Therefore, these amphiphilic DLSPs are promising candidates for controlled hydrophobic drug
delivery.

H INTRODUCTION side effects, prolong the circulation time, and reduce the uptake
by the reticuloendothelial system (RES).>* Typically, poly-
(lactic acid) or polylactides (PLA), poly(lactic-co-glycolic acid)
(PLGA), and poly(e-caprolactone) (PCL) are copolymerized
with PEG to form either AB or ABA block copolymers and are
the most frequently used as biomaterials for drug delivery
because of their outstanding biodegradability and bio-
compatibility.”” '® These amphiphilic biodegradable (at least
partially) copolymers can easily self-assemble in aqueous solu-
tion to form nanoparticles with an average size ranging from 50
to 500 nm, and the self-assembled hydrophobic cores are used to
encapsulate hydrophobic drugs. In certain practical applications,
however, the size of nanoparticles is important to the biodis-
tribution in vivo."" Previous studies using liposomes as drug
carriers have shown that the amount of sequestrated liposome

Even though many new anticancer drugs have been developed
by the pharmaceutical industry, the clinical use of new che-
motherapeutical drugs is still limited, and more than 6 million
people die from cancer around the world every year.' New
experimental approaches are being actively sought and re-
searched to enhance delivery efficacy and reduce side effects
and systemic damage. One of many research tasks is to enhance
water solubility for anticancer drugs such as most alkylating
agents and plant alkaloids and terpenoids (e.g., paclitaxel and
docetaxel), while remaining anticancer potency. For example,
conjunction with surfactants or covalent conjugation with a
hydrophilic tail such as poly(ethylene glycol) (PEG) have been
attempted to improve water solubility.” It is noted that a decrease
in efficacy and harmful side effects potentially exist for this
conjugation methodology.
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nanog)articles in spleen decreased with decreasing the particle
size'”"? and smaller nanoparticles (e.g,, 8—20 nm) may deliver
drugs more effectively.'* '

To achieve smaller particle sizes, dendrimer, star, and hyper-
branched polymers are attractive as potential drug carriers. Com-
pared to linear polymers, dendrimers possess many unique
advantages, such as small particle size (e.g, only several
nanometers), large number of tunable surface functional groups,
high surface area-to-volume ratios, and small polydispersity indices
(PDI) with well-defined structures."”'® Therefore, dendrimer-
based supermolecules are of widespread interest for many applica-
tions including drug delivery,'”” *' gene delivery,”” *° tissue
sealants,”®~*® catalysis,”*>' and light harvesting.*>”** In particu-
lar, the tunable surface functional groups allow a great opportunity
for further chemical conjugation with other molecules, such as
targeting molecules and polymers, fluorescence dye, or even drugs.
Research on biodegradable and amphiphilic dendrimers for drug
delivery has attracted substantial attention.”> *' Neverthe-
less, synthesis of these dendrimers, which involves either a
divergent“’43 or a convergent‘M_47 method, is nontrivial, and
especially, high generations are necessary to obtain large enough
unimolecular particles for drug encapsulation.

Alternatively, segment- and surface-block dendrimers and
dendritic—linear hybrids have been pursued to simplify the
synthetic steps.** ' The amphiphilicity of these dendrimer-
based supermolecules can be easily tuned by introducing either a
hydrophobic or a hydrophilic linear chain. Depending on the
composition and hydrophobicity/hydrophilicity of the linear
polymer and the dendron, these supermolecules may still self-
assemble to form large aggregates in aqueous solution. Another
seemingly good candidate is the amphiphilic dendrimer-like star
polymer (DLSP), which has a similar structure to dendrimers but
the hydrophobic core is replaced by a star polymer.”* *° In
addition to the advantages of dendrimers, amphiphilic DLSPs
consisting of a hydrophobic core and a hydrophilic dendron shell
have several advantages for drug delivery. (1) Unimolecualr
micelles can be achieved and the particle size can be easily
adjusted by controlling the molecular weight of the star polymer.
(2) The ampbhiphilicity can be tuned by changing the ratio of the
hydrophobic core to the hydrophilic shell in order to achieve
good water solubility. (3) The synthesis can be easier because
high-generation dendrons are not necessary to obtain large enough
unimolecular micelles for hydrophobic drug encapsulation.
(4) In contrast to the rigid inner structure of dendrimers, the
flexible hydrophobic core in DLSP favors more encapsulation of
hydrophobic drugs.

Most amphiphilic DLSPs have so far been developed as new
materials for microelectronic industry.>”*® In this study, we
designed a novel DLSP comprised of a hydrophobic PLLA star
polymer and six hydrophilic PAMAM dendrons with different
generations. The surface of the DLSP could be quantitatively
functionalized with various groups such as carboxylic acid,
primary amine, and triethylene glycol. Their unimolecular mi-
celles in aqueous solution were studied by dynamic laser light
scattering (DLS). Intriguingly, these DLSPs had good solubility
in aqueous solutions and could greatly enhance the water
solubility of hydrophobic drugs.

B EXPERIMENTAL SECTION

Materials. r-Lactide (Purac Inc.) was recrystallized from toluene
twice and dried in a vacuum oven at room temperature for 3 days before

use. Anhydrous toluene was dried over Na and distilled and stored under
a dry N, atmosphere. Stannous(II) 2-ethylhexanoate [Sn(Oct),],
ethylenediamine, methyl acrylate, and all other chemicals were pur-
chased from Sigma-Aldrich, Fluka, or Alfa Aesar and used without
further purification. The PLLA star polymer was prepared according to
procedures developed before.*” Its number-average molecular weight
was 9200 g/mol as determined by end-group analysis from proton
nuclear magnetic resonance (*"H NMR) and molecular weight distribu-
tion was 1.09 as determined by size-exclusion chromatography (SEC).

Measurements and Instrumentation. 'H and '*C NMR
spectra were recorded on Bruker DRX-400 and DRX-500 (400 and
500 MHz, respectively), using either CDCl; or DMSO-di as the solvent
depending on the solubility of compounds. Mass spectrometer (MS)
analysis of PAMAM dendrons with various generations was performed
on either a VG Quattro II mass spectrometer equipped with an
electrospray ionization source or a QSTAR Elite mass spectrometer.
Methanol/water (50/50 vol/vol) with 0.1% formic acid was used as the
solvent and eluent. The molecular weight distribution was determined
by SEC using a Waters 150C Plus gel permeation chromatograph
equipped with a Waters 410 differential refractometer. Dimethylaceta-
mide (DMAc) with 0.05 M LiBr was used as the mobile phase at a flow
rate of 1.0 mL/min, and poly(methyl methacrylate) standards were used
for conventional calibration. Differential scanning calorimetry (DSC)
was carried out on a TA Instruments DSC Q-20 with a scanning rate of
10 °C/min. The hydrodynamic sizes for micelles and aggregates in
aqueous solutions were determined by DLS using a Malvern Zetasizer
Nano S equipped with a 633 nm laser. The measurement was performed
at 20 °C with a detection angle of 90°. All polymer solutions (0.5 mg/
mL) were filtered through Millipore membranes with a pore size of
0.4S pm prior to measurements. The hydrodynamic diameters were calcu-
lated using the Zetasizer Nano Series software provided by the manu-
facturer. The morphology of the micelles was studied using transmission
electron microscopy (TEM) on a Tecnai T12 operating at an accelerat-
ing voltage of 120 kV. One drop of the aqueous solution (0.2 mg/mL) of
micelles was placed on a carbon-coated copper grid, which was irradiated
with UV light to increase the hydrophilicity of the carbon film for 1 min.
Excess solution was blotted away with a filter paper and dried in a
vacuum oven overnight before being stained with RuO, for 15 min at
ambient temperature.

Synthesis of Carboxylic Acid-Functionalized PLLA Star
Polymer [G1-(COOH)g] 1. Succinic anhydride (1.304 g, 13.04
mmol) and 4-(dimethylamino)pyridine (DMAP) (0.08 g, 0.65 mmol)
were dissolved in a mixture solvent of 20 mL of dichloromethane and 5.0
mL of pyridine. After the reaction flask was flushed with dry N, 15 mL of
dichloromethane solution containing 1.0 g (0.11 mmol) of G1-(OH)s
was added dropwise into the above solution at 0 °C. The mixture was
reacted for 2 days at room temperature. Afterward, the solvent was
removed under reduced pressure. The crude sample was redissolved in
dichloromethane and precipitated into methanol twice. The precipitate
was filtered and dried in a vacuum oven for 2 days to give 0.95 g of final
product, [G1-(COOH),] 1 (yield: 89%). "H NMR (CDCl, 6): 1.41 (s,
9H, —CCH;(CH,0),—), 1.49—1.60 (m, poly, —CHj), 2.12—2.15 (br,
3H, —C(CH;)(Ar);), 2.63—2.71 (m, 24H, —COCH,—), 4.36—4.52
(m, 12H, —CCH;3(CH,0—),), 5.14—5.20 (m, poly, —CH—), 6.91—
7.06 (dd, 12H, Ar—). 3C NMR (CDCly, 0): 16.76, 16.94, 17.78, 20.62,
28.74,46.90, 65.86, 68.78, 69.13, 120.85, 129.85, 146.49, 148.66, 169.72,
170.24,170.88,171.70, 176.61. DSC results: a single melting temperature
at 107 °C upon the first heating and only a glass transition temperature
(Tg) at 54 °C upon the second heating. SEC results: PDI = 1.09.

Synthesis of N-Boc-ethylenediamine 2. A dichloromethane
solution (100 mL) of di-fert-butyl dicarbonate (4.0 g, 18.33 mmol) was
added dropwise into S0 mL of dichloromethane solution of ethylene-
diamine (6.6 ¢, 110 mmol) at 0 °C. The reaction mixture was then stirred
at room temperature overnight. The solvent was removed using a rotary
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evaporator, and the crude product was dissolved in 50 mL of doubly
distilled water, filtered, and then extracted with 100 mL of dichloro-
methane twice. The final product was obtained as a viscous and colorless
oil (2.5 g, yield: 85%). "H NMR (CDCl, 8): 1.41 (s, 9H, —C(CHs)3),
2.76—2.79 (br, 2H, —CH,NH,), 3.14—3.27 (br, 2H, —~NHCH,—),
5.28 (br, 1H, BocNH—). >*C NMR (CDCls, 8): 28.48, 41.84, 43.30,
79.15, 156.37. MS results for C,H;4N,O,: calculated 160.2 and
found 160.9.

Synthesis of g0-[Boc, (COOCH5),] 3 and General Synthesis
Procedure for Boc-Protected and Methyl Ester-Terminated
PAMAM Dendrons 4 and 5. A solution of 2.0 g (12.48 mmol) N-
Boc-ethylenediamine 2 in 7.0 mL of methanol was added dropwise to a
stirred solution of 4.33 g of methyl acrylate (49.92 mmol) in 8.0 mL of
methanol at 0 °C. The resulting solution was then allowed to warm up to
room temperature and stirred for 2 days. The solvent and the majority of
the excess methyl acrylate were removed under reduced pressure using a
rotary evaporator. The residue was further purified in a vacuum oven for
2 days to give the final product as a viscous yellowish oil 3 (4.11 g, yield:
99%). Similar procedures were used for the preparation of Boc-
protected and methyl ester-terminated PAMAM dendrons 4 and S.

g0-[Boc, (COOCH;,),] 3. '"H NMR (CDCly, 8): 1.41 (s, 9H, —
C(CH,)s), 2.29—241 (t, 4H, —CH,CO,—), 2.41—2.50 (t, 2H, —
CH,N(CH,),), 2.61—2.77 (t, 4H, —CH,N(CH,),), 3.14—3.16 (br,
2H, BocNHCH,—), 3.64 (s, 6H, —OCHj), 5.28 (br, 1H, BocNHCH,—).
13C NMR (CDCls, 0): 28.58, 32.79, 38.22, 49.34, 51.70, 53.24, 78.96,
156.22, 173.07. MS results for C;sH,sN,Og: calculated 332.4 and
found: 332.5.

gl-[Boc, (COOCH,),] 4. '"H NMR (CDCly, 8): 1.41 (s, 9H, —
C(CH3)3), 2.31—2.37 (t, 4H, —CH,CONH—), 2.37—2.43 (t, 8H, —
CH,CO,—), 2.47—2.59 (t, 6H, —CH,N(CH,)), 2.68—2.81 (m, 12H,
—CH,N(CH,),), 3.09—3.21 (br, 2H, BocNHCH,—), 3.25—3.33 (q,
4H, —CONHCH,—), 3.64 (s, 12H, —OCH;), 543 (br, 1H,
BocNHCH,—), 6.96 (br, 2H, —CONHCH,—). *C NMR (CDCl,,
0): 28.30, 32.48, 33.63, 36.92, 38.25, 49.05, 49.68, $1.45, 52.42, 52.83,
78.60, 155.93, 172.08, 172.85. MS results for C33HgoNgO,: calculated
732.9 and found 732.8.

g2-[Boc, (COOCH,)s] 5. "H NMR (CDCly, 8): 1.41 (s, 9H, —
C(CH,)3), 2.28—2.42 (m, 12H, —CH,CONH—), 2.42—2.51 (t, 16H,
—CH,CO,—), 2.51—2.65 (m, 14H, —CH,N(CH,),), 2.70—2.84 (m,
28H, —CH,N(CH,),), 3.09—3.17 (br, 2H, BocNHCH,—), 3.19—3.34
(g, 12H, —CONHCH,—), 3.64 (s, 24H, —OCHj3), 5.63 (br, 1H,
BocNHCH,—), 6.98 (br, 4H, —CONHCH,—), 7.64 (br, 2H, —
CONHCH,—). *C NMR (CDCl;, 0): 28.52, 32.72, 33.82, 37.25,
37.51, 38.50, 49.29, 49.84, 50.03, S1.68, 52.58, 52.63, 52.96, 78.87,
156.26, 172.48, 172.56, 173.11. MS results for C4oH 24N 40,4: calcu-
lated 1533.8 and found 1534.2.

Synthesis of g0-[Boc, (NH,),] 6 and General Synthesis
Procedure for Boc-Protected and Amine-Terminated PA-
MAM Dendrons 7 and 8. Methyl ester-terminated PAMAM den-
dron g0-[Boc, (COOCHj;)s] 3 (4.0 g, 12.03 mmol) was dissolved in 20
mL of methanol and was then added dropwise to a cold (0 °C) 30 mL
methanol solution of 43.4 g (0.722 mol) of ethylenediamine over a
period of 1 h. The reaction mixture was allowed to warm up to room
temperature and stirred for S days. Afterward, the solvent was removed
under reduced pressure using a rotary evaporator. The excess ethylene-
diamine was distilled off as an azeotrope with toluene/methanol, and the
remaining toluene was removed by vacuum distillation. The residue was
dried in a vacuum oven for 2 days to give the amino-terminated product
as a honey-like oil 6 (4.58 g, yield: 98%). Similar procedures were used
for the preparation of Boc-protected and amine-terminated PAMAM
dendrons 7 and 8.

g0-[Boc, (NH,),] 6. "HNMR (CDCls, ): 1.41 (s, 9H, —C(CHs);),
225—240 (t, 4H, —CH,CONH-), 2.41—2.55 (t, 2H, —CH,N-
(CH,),), 2.57—2.72 (t, 4H, —CH,N(CH,),), 2.72—2.88 (t, 4H, —

CH,CH,NH,), 3.06—3.20 (br, 2H, BocNHCH, —), 3.25—3.31 (q, 4H,
—CH,CH,NH,), 638 (br, 1H, BocNHCH,—), 7.23 (br, 2H, —
CONHCH,—). *C NMR (CDCl;, 6): 28.60, 33.98, 38.48, 41.37,
41.97, 50.40, 53.28, 79.09, 156.51, 172.81. MS results for C,,H;sNgO,:
calculated 388.5 and found: 388.8.

gl-[Boc, (NH,),] 7. 'HNMR (CDCly, 6): 1.41 (s, 9H, —C(CHs);),
2.25—2.40 (m, 12H, —CH,CONH-), 2.42—2.57 (t, 6H, —CH,N-
(CH,),), 2.60—2.78 (t, 12H, —CH,N(CH,),), 2.78—2.88 (t, 8H, —
CH,CH,NH,), 3.09—3.17 (br, 2H, BocNHCH,—), 3.17—3.32 (q,
12H, —CONHCH,—), 5.61 (br, 1H, BocNHCH,—), 7.45 (br, 4H, —
CONHCH,—), 7.86 (br, 2H, —CONHCH,—). "*C NMR (CDCl,, §):
28.57, 33.95, 34.32, 37.86, 38.56, 41.53, 42.25, 50.11, 52.93, 78.14,
156.48, 172.95, 173.26. MS results for C3,H7¢N4Og: calculated 8435.1
and found: 845.2.

g2-[Boc, (NH,)s] 8. 'H NMR (DMSO-dg, 8): 1.36 (s, 9H, —
C(CH3)3), 2.14—2.26 (m, 28H, —CH,CONH—), 2.39—2.46 (m,
14H, —CH,N(CH,),), 2.53—2.59 (m, 16H, —CH,CH,NH,), 2.60—
2.70 (m, 28H, —CH,N(CH,),), 2.90—2.99 (br, 2H, BocNHCH,—),
3.00—3.14 (m, 28H, —CONHCH,—), 6.55 (br, 1H, BocNHCH,—),
7.88 (br, 14H, —CONHCH,—). >*C NMR (DMSO-d,, 0): 28.24,
33.25, 33.32, 36.92, 41.28, 42.15, 49.58, 49.68, 52.24, 77.52, 155.56,
171.26, 171.48. MS results for C57H;5sN300¢: calculated 1758.3 and
found: 1758.6.

Synthesis of g1-[Boc, (COOBnN),] 9 and General Synthesis
Procedure for Boc-Protected and Benzyl Ester-Terminated
PAMAM Dendrons 10 and 11. Amine-terminated PAMAM den-
dron, g0-[Boc, (NH,),] 6 (1.0 g, 2.57 mmol), and benzyl acrylate (3.34
g, 20.59 mmol) were flushed with dry N, and stirred at 80 °C for S days.
The reaction mixture was then cooled to room temperature. The crude
product was purified by column chromatography on silica gel with the
eluting solvent changing from ethyl acetate to methanol, yielding 2.32 g
(87%) of 9 in the form of a viscous and yellowish oil. Similar procedures
were used for the preparation of Boc-protected and benzyl ester-
terminated PAMAM dendrons 10 and 11.

gl-[Boc, (COOBn),] 9. 'H NMR (CDCly, 0): 1.41 (s, 9H, —
C(CHs;);),2.31—2.37 (m, 4H, —CH,CONH—), 2.37—2.43 (m, 8H, —
CH,CO,—), 2.47—2.59 (m, 6H, —CH,N(CH,),), 2.68—2.81 (m,
12H, —CH,N(CH,),), 3.09—3.21 (br, 2H, BocNHCH,—), 3.25—
3.33 (m, 4H, —CONHCH,—), 5.10 (s, 8H, —CH,Ph), 5.42 (br, 1H,
BocNHCH,—), 6.93 (br, 2H, —CONHCH,—), 7.25—7.38 (m, 20H, —
CH,Ph). "*C NMR (CDCls, §):28.58, 32.78, 33.79, 37.24, 38.52, 49.26,
49.90, 52.64, 53.06, 66.47, 78.97, 128.37, 128.67, 135.90, 156.18, 172.29,
172.50. MS results for Cs7H;cNgO1,: calculated 1037.2 and found:
1037.2.

g2-[Boc, (COOBn)g] 10. 'H NMR (CDCls, 0): 1.41 (s, 9H, —
C(CHs;);),2.28—2.42 (m, 12H, —CH,CONH—), 2.42—2.51 (m, 16H,
—CH,CO,—), 2.51—2.65 (m, 14H, —CH,N(CH,),), 2.70—2.84 (m,
28H, —CH,N(CH,),), 3.09—3.17 (br, 2H, BocNHCH,—), 3.19—3.34
(m, 12H, —CONHCH,—), 5.10 (s, 16H, —CH,Ph), 5.63 (br, 1H,
BocNHCH,—), 6.96 (br, 4H, —CONHCH,—), 7.25—7.38 (m, 40H, —
CH,Ph), 7.65 (br, 2H, —CONHCH,—). ">*C NMR (CDCl,, 6): 28.65,
32.91,33.87,37.41,37.59, 38.63,49.37,49.93, 50.12, 52.58, 52.73, 53.03,
66.48,78.91, 128.41, 128.71, 135.97, 156.31, 172.45, 172.55. MS results
for Cy17H56N14054: calculated 2142.6 and found: 2143.2.

g3-[Boc, (COOBn);¢] 11. '"H NMR (CDCls, 8): 1.41 (s, 9H, —
C(CHs;);),2.25—2.40 (m, 28H, —CH,CONH—), 2.40—2.49 (m, 32H,
—CH,CO,—), 2.49—2.62 (m, 30H, —CH,N(CH,),), 2.65—2.84 (m,
60H, —CH,N(CHS,),), 3.09—3.19 (br, 2H, BocNHCH,—), 3.19—3.34
(m, 28H, —CONHCH,—), 5.10 (s, 32H, —CH,Ph), 5.73 (br, 1H,
BocNHCH,—), 6.99 (br, 8H, —CONHCH,—), 7.25—7.38 (m, 80H, —
CH,Ph),7.59 (br, 4H, —CONHCH,—), 7.75 (br, 2H, —CONHCH,—).
13C NMR (CDCls, 0): 28.4, 32.63, 33.68, 37.15, 37.40, 49.11, 49.70, 49.86,
52.35,52.71, 66.16, 78.58, 128.11, 128.43, 135.72, 156.13, 172.28, 172.43.
MS results for Cy37H316N3004g: calculated 4353.2 and found: 4354.0.
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Synthesis of g1-[NH,, (COOBnN),] 12 and General Synthe-
sis Procedure for Deprotection of Boc Groups for 13 and
14. Boc-protected and benzyl ester-terminated PAMAM dendron
gl-[Boc, (COOBn),] 9 (1.0 g 0.964 mmol) was dissolved in 3.0 mL
of dichloromethane, and the solution was cooled to 0 °C. 1.5 mL of
trifluoroacetic acid (TFA) was added, and the reaction mixture was
stirred at room temperature for 12 h. The solvent and the majority of the
excess TFA were removed under reduced pressure using a rotary
evaporator. The dried solid was redissolved in 30 mL of dichloro-
methane and extracted with 10 mL of 25% aqueous solution of sodium
carbonate. The organic phase was dried by anhydrous MgSO,. The
product was dried in a vacuum oven for 2 days to give a viscous and
yellowish oil (0.81 g, yield: 90%). Similar deprotection procedures were
used to prepare benzyl ester-terminated PAMAM dendrons 10 and 11
with primary amine at the root.

gl1-[NH,, (COOBn),] 12. "HNMR (CDCly, 6): 2.23—2.35 (m, 4H,
—CH,CONH~-), 2.36—2.43 (m, 8H, —CH,CO,—), 2.43—2.54 (m,
4H, —CH,N(CH,),), 2.54—2.67 (m, 6H, —CH,N(CH,),), 2.68—2.81
(m, 8H, —CH,N(CH,),), 2.96—3.16 (br, 2H, H,NCH,—), 3.13—3.26
(m, 4H, —CONHCH,—), 5.10 (s, 8H, —CH,Ph), 6.93 (br, 2H, —
CONHCH,—), 7.25—7.38 (m, 20H, —CH,Ph). *C NMR (CDCl;, §):
32.90, 33.67, 37.38, 37.55, 48.95, 49.35, 51.21, 52.89, 66.57, 128.46,
128.76, 135.99, 172.78. MS results for Cs;HggNgO1o: calculated 937.1
and found: 937.2.

g2-[NH,, (COOBn);s] 13. 'H NMR (CDCls, 8): 2.28—2.42 (m,
12H, —CH,CONH—), 2.42—2.51 (m, 16H, —CH,CO,—), 2.51—2.65
(m, 14H, —CH,N(CH,),), 2.70—2.84 (m, 28H, —CH,N(CH,),),
3.09—3.19 (br, 2H, H,NCH,—), 3.19—3.34 (m, 12H, —CONHCH,—),
5.10 (s, 16H, —CH,Ph), 7.23 (br, 4H, —CONHCH,—), 7.25—7.38
(m, 40H, —CH,Ph), 7.54 (br, 2H, —CONHCH,—). *C NMR
(CDCl;, 0): 32.87, 33.37, 34.20, 36.56, 37.27, 37.46, 49.37, 49.89,
50.11, 52.82, 53.54, 66.43, 128.34, 128.67, 135.94, 172.54, 172.94. MS
results for C;,H 45N 1405,: calculated 2042.4 and found: 2043.3.

g3-[NH,, (COOBn),¢] 14. "H NMR (CDCl,, 6): 2.24—2.40 (m,
28H, —CH,CONH—), 2.40—2.51 (m, 32H, —CH,CO,~), 2.51—2.64
(m, 30H, —CH,N(CH,),), 2.64—2.86 (m, 60H, —CH,N(CH,),),
3.09—3.18 (br, 2H, H,NCH,—), 3.19—3.34 (m, 28H, —CONHCH,—),
5.10 (s, 32H, —CH,Ph), 6.99 (br, 8H, —CONHCH,—), 7.25—7.38
(m, 80H, —CH,Ph), 7.59 (br, 4H, —CONHCH,—), 7.75 (br, 2H, —
CONHCH,—). ®*C NMR (CDCl,, 6): 32.8, 33.56, 36.75, 37.36, 48.57,
49.28, 49.86, 50.08, 52.33, 52.85, 66.37, 128.30, 128.62, 135.90, 172.39,
172.49, 172.89. MS results for C,3,H30sN39O44: calculated 4253.1 and
found: 4254.0.

Synthesis of G1-g1-(COOBn),,4 15 and General Synthesis
Procedure for Conjugation of the PLLA Core and Different
PAMAM Dendrons. Carboxylic acid-functionalized PLLA core 1 (1.0
g,0.102 mmol) was dissolved in 30 mL of dichloromethane, and then 0.25
g (245 mmol) of triethylenamine (TEA) and 0.64 g (1.23 mmol) of
(benzotriazol-1-yloxy)tripyrrolidinophosphonium  hexafluorophosphate
(PyBOP) were added. The reaction solution was stirred at room
temperature for 1 h, and the amine-functionalized PAMAM dendron 12
(0.86 g, 0.92 mmol) was added. The reaction mixture was stirred at room
temperature for 20 h before precipitation in methanol. The crude product
was redissolved in dichloromethane and precipitated in methanol again.
The precipitated solid was collected and washed carefully with fresh
methanol several times. The final product was obtained as a yellowish solid
15 (128 g, yield: 82%). Similar procedures were carried out for the
synthesis of G1-g2-(COOBn),s 16 and G1-g3-(COOBn)gs 17.

G1-g1-(COOBn),, 15. "H NMR (CDCls, 8): 1.41(s, 9H, —CCHj-
(CH,0),—), 1.49—1.60 (m, poly, —CHj;), 2.12—2.15 (br, 3H, —
CCHj;(Ar)3), 2.23—2.31 (m, 24H, —CH,CONH—), 2.34—2.44 (m,
48H, —CH,CO,Bn), 2.44—2.52 (m, 48H, —OCOCH,CH,CO—, —
CH,N(CH,),), 2.61—2.81 (m, 84H, —OCOCH,CH,CO—, —CH,N-
(CH,),), 3.13—3.33 (m, 36H, —CONHCH,—), 4.36—4.52 (m, 12H,

—CCH;(CH,0—),), 5.09 (s, 48H, —CH,Ph), 5.14—5.20 (m, poly, —
CH-), 6.80—6.89 (m, 12H, —CONHCH,—), 6.92—7.05 (dd, 12H,
Ar—), 7.16—7.23 (m, 6H, —CONHCH,—), 7.25—7.35 (m, 120H, —
CH,Ph). *C NMR (CDCl,, §): 16.69, 16.84, 17.71, 20.60, 29.27, 30.49,
32.85,33.90, 37.28, 37.70, 46.84, 49.28, 49.86, 52.83, 52.95, 65.81, 66.42,
68.37, 69.06, 120.78, 128.32, 128.64, 129.78, 135.87, 146.43, 148.60,
169.66, 170.38, 170.82, 171.24, 172.51. DSC results: T, at 19 °C upon
second heating. SEC results: PDI = 1.12.

G1-g2-(COOBn),s 16. '"H NMR (CDCl;, 8): 1.41 (s, 9H, —
CCH3(CH,0),—), 1.49—1.60 (m, poly, —CHj3), 2.12—2.15 (br, 3H,
—CCHs(Ar)3), 2.23—2.31 (m, 72H, —CH,CONH—), 2.34—2.44 (m,
96H, —CH,CO,Bn), 2.44—2.52 (m, 96H, —OCOCH,CH,CO—, —
CH,N(CH,),), 2.61—2.81 (m, 180H, —OCOCH,CH,CO—, —
CH,N(CH,),), 3.13—3.33 (m, 84H, —CONHCH,—), 4.36—4.52
(m, 12H, —CCH;(CH,0—),), 5.09 (s, 96H, —CH,Ph), 5.14—5.20
(m, poly, —CH—), 6.95—6.97 (m, 30H, ~CONHCH,—, Ar—), 7.08—
7.10 (d, 6H, Ar—), 7.25—7.36 (m, 240H, —CH,Ph), 7.46—7.49 (m, 6H,
—CONHCH,—), 7.55—7.57 (m, 12H, —CONHCH,—). *C NMR
(CDCl, 0): 16.72, 16.88, 17.73, 20.60, 29.31, 30.4S, 32.85, 33.91, 34.03,
37.35,37.60,37.92,46.86,49.31,49.87, 50.15, 52.67, 52.96, 53.52, 65.81,
6642, 68.37, 69.08, 120.80, 128.34, 128.65, 129.80, 135.91, 146.44,
148.62, 169.68, 170.41, 170.84, 171.33, 172.50. DSC results: Ty at 12 °C
upon second heating. SEC results: PDI = 1.18.

G1-g3-(COOBn)gg 17. "H NMR (CDCl,, 0): 1.41 (s, 9H, —CCH;-
(CH,0),—), 1.49—1.60 (m, poly, —CHj), 2.12—2.15 (br, 3H, —
CCH;(Ar);), 2.23—2.31 (m, 168H, —CH,CONH—), 2.34—2.44 (m,
192H, —CH,CO,Bn), 2.44—2.52 (m, 192H, —OCOCH,CH,CO—, —
CH,N(CH,),), 2.61—2.81 (m, 372H, —OCOCH,CH,CO—, —CH,N-
(CH,),), 3.13—3.33 (m, 180H, —CONHCH,—), 4.36—4.52 (m, 12H,
—CCH;(CH,0—),), 5.09 (s, 192H, —CH,Ph), 5.14—5.20 (m, poly, —
CH—), 6.92—6.98 (m, 54H, —CONHCH,—, Ar—), 7.04—7.06 (d, 6H,
Ar—), 7.18—7.20 (m, 24H, —CONHCH,—), 7.25—7.30 (m, 480H, —
CH,Ph), 7.50—7.55 (m, 12H, —CONHCH,—), 7.64—7.66 (m, 6H, —
CONHCH,—). *CNMR (CDCl;, 6): 16.83,17.01, 17.85,20.72, 29.38,
30.50, 32.96, 33.86, 37.47, 37.67, 37.98, 46.97, 49.42, 50.00, 50.18, 52.61,
53.05, 65.92, 66.52, 68.49, 69.19, 120.91, 128.45, 128.76, 129.92, 136.04,
146.56, 148.74, 169.79, 170.53, 170.95, 172.50, 172.61. DSC results: T
at —4 °C upon second heating. SEC results: PDI = 1.16.

Synthesis of G1-g1-(COOH),4 18 and General Procedure
for Deprotection of Benzyl Ester Terminal Groups. GlI-
gl-(COOBn),4 15 (0.5 g, 32.65 umol) was dissolved in 1S mL of TFA,
and the solution was cooled to 0 °C. 6.0 mL of methanesulfonic acid
(MsOH) and 1.5 mL of anisole were added slowly, and the resulting
solution was kept stirring at 0 °C for 2 h. Once the reaction was complete,
the polymer was precipitated in diethyl ether and dried in a vacuum oven.
The dried sample was redissolved in 10 mL of DMSO, and 0.5 mL of TEA
was added to neutralize the excess acid. The sample was then purified by
dialysis in DMSO using a dialysis tube with a molecular weight cutoff
(MWCO) of 6000 g/mol (regenerated cellulose dialysis tube from Fisher
Scientific). The final product was precipitated in diethyl ether and was
obtained as a slightly yellow solid 18 (0.34 g, yield: 79%). Similar procedures
were used to synthesize G1-g2-(COOH) 4 19 and G1-g3-(COOH) 20.

G1-gl-(COOH),, 18. 'H NMR (DMSO-ds, 0): 1.33 (s, 9H, —
CCH;(CH,0),—), 1.41—1.47 (m, poly, —CH,), 2.15—2.22 (m, 27H,
—CCH;(Ar)s, —CH,CONH—), 2.32—2.36 (m, 48H, —CH,CO,Bn),
2.48—2.52 (m, 48H, —OCOCH,CH,CO—, —CH,N(CH,),), 2.67—
2.76 (m, 84H, —OCOCH,CH,CO—, —CH,N(CH,),), 3.06—3.17 (m,
36H, —CONHCH,—), 4.32—4.43 (m, 12H, —CCH,(CH,0—),),
5.08—5.19 (m, poly, —~CH—), 7.03—7.10 (dd, 12H, Ar—), 7.69—7.97
(m, 18H, —CONHCH,—). *C NMR (DMSO-d, 0): 1645, 16.54,
16.89,20.32, 28.65, 29.67, 31.58, 32.96, 36.32, 36.82, 46.44, 48.81, 49.42,
51.93,52.06,65.71, 67.83,68.67, 120.99, 129.33, 146.22, 148.31, 169.19,
169.81, 170.30, 171.29, 171.86, 173.59. DSC results: Ty at 45 °C upon
second heating. SEC results: PDI = 1.10.

1503 dx.doi.org/10.1021/ma1021242 |[Macromolecules 2011, 44, 1500-1512



Macromolecules

Scheme 1. Synthesis of Carboxylic Acid-Functionalized G1-(COOH),’

“ Reagents and conditions: (a) DMAP, pyridine, CH,Cl,, 2 days.

G1-g2-(COOH) 45 19. 'H NMR (DMSO-ds, 6): 1.33 (s, 9H, —
CCH,(CH,0),—), 1.41—1.47 (m, poly, —CHj), 2.15—2.27 (m, 75H,
—CCHs(Ar)s, —CH,CONH—), 2.29—2.38 (s, 96H, —CH,CO,H),
2.45—2.52 (m, 96H, —OCOCH,CH,CO—, —CH,N(CH,),), 2.62—
2.78 (m, 180H, —OCOCH,CH,CO—, —CH,N(CH,),), 3.06—3.18
(m, 84H, —CONHCH, ), 4.32—4.43 (m, 12H, —CCH,(CH,0—),),
5.08—5.19 (m, poly, —CH—), 7.03—7.10 (dd, 12H, Ar—), 7.43—7.48
(m, 42H, —CONHCH,—). *C NMR (DMSO-d,, 0): 16.4S, 16.55,
16.89,20.32, 28.63, 29.65,31.57, 32.93, 36.27, 36.66, 36.81, 46.43, 48.84,
49.41, 49.46, 51.88, 51.98, 52.10, 65.71, 67.82, 68.66, 120.98, 129.33,
146.22, 14830, 169.18, 169.81, 170.31, 171.28, 171.86, 173.64. DSC
results: T, at 51 °C upon second heating. SEC results: PDI = 1.12.

G1-g3-(COOH)gs 20. 'H NMR (DMSO-ds, 0): 1.33 (s, 9H, —
CCH,(CH,0),—), 1.41—1.57 (m, poly, —CHj), 2.15—2.29 (m, 171H,
—CCHj;(Ar);, —CH,CONH—), 2.32—2.40 (m, 192H, —CH,CO,Bn),
2.45—2.52 (m, 192H, —OCOCH,CH,CO—, —CH,N(CH,),), 2.64—
2.80 (m, 372H, —COCH,CH,CO—, —CH,N(CH,),), 3.04—3.21 (m,
180H, —CONHCH,—), 4.32—4.43 (m, 12H, —CCH;(CH,0—),),
5.13—5.23 (m, poly, —=CH—), 7.03—7.10 (dd, 12H, Ar—), 7.74—8.01
(m, 90H, —CONHCH,—). *C NMR (DMSO-dy, 0): 16.46, 16.57,
16.90,20.32, 28.63, 29.66,31.51, 32.81, 36.19, 36.58, 36.87, 46.44, 48.89,
49.39, 51.85, 52.09, 65.71, 67.84, 68.67, 121.00, 129.34, 146.23, 148.32,
169.20, 169.83, 170.36, 171.30, 171.88, 173.69. DSC results: T at 61 °C
upon second heating. SEC results: PDI = 1.13.

Synthesis of G1-g2-(TEG)4g 21. G1-g2-(COOH),5 19 (50 mg,
2.82 umol) and N-hydroxysulfosuccinimide (NHS, 47 mg, 408 yumol)
were dissolved in 1.0 mL of dry DMSO, and then 279 mg (1.35 mmol) of
N,N-dicyclohexylcarbodiimide (DCC) was added. The reaction solution
was left stirring at room temperature overnight and then filtered to
remove the white precipitate, N,N-dicyclohexylurea (DCU). Amine-
functionalized TEG (44 mg, 0.27 mmol) was added to the activated
solution and stirred at room temperature overnight. Once the reaction
was complete, DCU was removed by filtration. The crude product was
precipitated in diethyl ether, dried, redissolved in dichloromethane, and
finally precipitated in diethyl ether. The final product was obtained as a
yellowish solid 21 (64 mg, yield: 92%). "H NMR (DMSO-dg, 6): 1.33 (s,
9H, —CCH;3(CH,0),~), 1.41—1.47 (m, poly, —CHj3), 2.14—2.25 (m,
171H, —CCHj;(Ar);, —CH,CONH—), 2.35—2.43 (m, 96H, —
OCOCH,CH,CO—, —CH,N(CH,),), 2.58—2.70 (m, 180H, —
OCOCH,CH,CO—, —CH,N(CH,),), 3.02—3.13 (m, 84H,
CONHCH,—), 3.13—3.21 (m, 96H, —CONHCH,CH,0—), 3.23

(s, 144H, —CH,CH,OCH;), 3.37—3.44 (m, 192H, —CON-
HCH,CH,0—, —CH,CH,OCH,), 3.47—3.52 (m, 288H, —
CH,OCH,CH,0—), 432—4.43 (m, 12H, —CCH,(CH,0—),),
5.08—5.19 (m, poly, —CH—), 7.03—7.10 (dd, 12H, Ar—), 7.71—7.82
(m, 42H, —CONHCH,—), 7.82—7.93 (m, 48H, —CONHCH,—).
DSC results: T, at —8 °C upon second heating. SEC results: PDI =
1.27.

Synthesis of G1-g2-(NHBocC)4g 22. According to the above
procedure, G1-g2-(COOH) 45 19 (50 mg, 2.82 umol) was reacted with
N-Boc-ethylenediamine (44 mg, 0.27 mmol) to give the final product as
ayellowish solid (63 mg, yield: 91%). "H NMR (DMSO-dg, 6): 1.33 (s,
9H, —CCH;(CH,0),—), 1.37 (s, 432H, —C(CHj;)3), 1.41—1.47 (m,
poly, —CHj), 2.15—2.27 (m, 171H, —CCHj;(Ar);, —CH,CONH—),
235243 (m, 96H, —OCOCH,CH,CO—, —CH,N(CH,),), 2.58—
270 (m, 180H, —OCOCH,CH,CO—, —CH,N(CH,),), 2.90—3.06
(m, 96H, —CH,CH,NHBoc), 3.06—3.18 (m, 180H, —CONHCH,—,
—CH,CH,NHBoc), 4.32—4.43 (m, 12H, —CCH;(CH,0—),), 5.08—
5.19 (m, poly, —CH—), 6.70—6.78 (m, 48H, —CH,NHBoc), 7.03—
7.10 (dd, 12H, Ar—), 7.71—7.82 (m, 42H, —CONHCH,—), 7.82—7.93
(m, 48H, —CONHCH,—). DSC results: T, at 43 °C upon second
heating. SEC results: PDI = 1.21.

Synthesis of G1-g2-(NH;)4g 23. G1-g2-(NHBoc)45 22 (S0 mg,
2.04 umol) was dissolved in 1.0 mL of TFA and stirred at 0 °C for 3 h. TFA
was evaporated by using a rotary evaporator, and the solid was redissolved
in 1.0 mL of DMSO. TEA (25 mg) was added to neutralize the excess acid.
The sample was then purified by precipitation in diethyl ether twice. The
final product was obtained as a yellowish solid 23 (34 mg, yield: 85%). '"H
NMR (DMSO-dg, ): 1.33 (s, 9H, —CCH3(CH,0),—), 1.41—1.47 (m,
poly, —CHj3), 2.15—2.27 (m, 171H, —CCH;(Ar);, —CH,CONH-),
2.35—2.43 (m, 96H, —OCOCH,CH,CO—, —CH,N(CH,),), 2.58—2.70
(m, 180H, —OCOCH,CH,CO—, —CH,N(CH,),), 2.78—2.90 (m,
96H, —CH,CH,NH,), 3.06—3.18 (m, 180H, —CONHCH,—, —
CH,CH,NH,), 4.32—4.43 (m, 12H, —CCH;(CH,0—),), 5.08—5.19
(m, poly, —~CH—), 7.03—7.10 (dd, 12H, Ar—), 7.71—7.82 (m, 42H, —
CONHCH,—),7.82—7.93 (m, 48H, —CONHCH,—). DSC results: T,
at 46 °C upon second heating.

B RESULTS AND DISCUSSION

Synthesis of PLLA-Based DLSPs. The hexahydroxy-function-
alized ring-opening polymerization (ROP) initiator based on
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Scheme 2. Divergent Synthesis of Amine-Functionalized PAMAM Dendrons”
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“ Reagents and conditions: (a) (Boc),0, CH,Cl,, overnight; (b) methyl acrylate, MeOH, 2 days; (c) excess ethylenediamine, MeOH, § days; (d) benzyl

acrylate, 80 °C, 5 days; (e) TFA, CH,Cl,, overnight.

2,2-bis(hydroxymethyl)propionic acid (bis-MPA) and 1,1,1-tris-
(hydroxyphenyl)ethane (THPE) was prepared according to the
literature.>> Well-defined PLLA star polymer, G1-(OH)g, was
obtained by ROP of L-lactide from the initiator in bulk at
110 °C, using Sn(Oct), as the catalyst, and the targeted degree
of polymerization for each arm was 12. It was confirmed that the
polymerization had been initiated from all six hydroxyl groups in
the initiator by Sn(Oct),.>* The six hydroxyl end groups of
G1-(OH)4 were then functionalized with a large excess of succinic
anhydride in the presence of DMAP and pyridine to form
carboxylic acid-terminated G1-(COOH)g 1 (Scheme 1) with a
89% yield.

The PAMAM dendrons with different generations were
synthesized using a divergent method, i.e., the Michael addition
of monoprotected ethylenediamine with methyl acrylate, fol-
lowed by exhaustive amidation of the resulting esters with a large
excess of ethylenediamine to 6give an amine-terminated dendron
in a nearly quantitative yield.°”®" Boc anhydride was selected as
the protecting group for the starting ethylenediamine because it
could be easily deprotected by TFA to form free amine. The
Michael addition and amidation were allowed to repeat a couple
times in methanol to form amine-terminated dendrons with
various generations, denoted as gO—[Boc, (NH,),] 6, gl—[Boc,
(NH,),] 7, and g2-[Boc, (NH,)g] 8 (Scheme 2). The resulting
amine-terminated PAMAM dendrons were then reacted with
excess benzyl acrylate at 80 °C for 5 days, and the products were
isolated by column chromatography on fumed silica to give the
benzyl ester-terminated PAMAM dendrons, denoted as g1-[Boc,
(COOBn)4] 9, g2-[Boc, (COOBn)g] 10, and g3-[Boc,
(COOBn) 4] 11, respectively. Here, benzyl acrylate was selected
as the final Michael acceptor because it allowed formation of
carboxylic acid groups after deprotection. Compounds 9, 10, and
11 were thus orthogonally protected; the amine group at the root
was Boc-protected, and the carboxylic acid terminal groups were
protected by benzyl esters. These orthogonally protected PA-
MAM dendrons were then deprotected by TFA in dichloro-
methane at room temperature to provide amine-functionalized
PAMAM dendrons in excellent yields, denoted as gl-[NH,,
(COOBn),] 12 (90% yield), g2-[NH,, (COOBn)g] 13 (93%

yield), and g3-[NH,, (COOBn),s] 14 (95% yield). In this
deprotection, the Boc group was selectively removed by acid-
olysis with TFA without cleavage of the benzyl ester groups. The
reaction sequence is shown in Scheme 2.

These benzyl ester-protected PAMAM dendrons with a
primary amine at the root allowed for conjugation to the
carboxylic acid-functionalized PLLA core, G1-(COOH); 1, by
the amide coupling to provide amphiphilic benzyl ester-pro-
tected DLSPs, G1-g1-(COOBn),, 15, G1-g2-(COOBn),s 16,
and G1-g3-(COOBn)gg 17 in good yields (82% for 15, 89%
for 16, and 91% for 17). PyBOP was found more efficient in
the amidization reaction in organic solvents than 1-ethyl-
3-(3-(dimethylamino )propyl)carbodiimide (EDC), DCC, and
other commercially available peptide coupling reagents. To
obtain carboxylic acid-functionalized DLSP, the benzyl ester
groups were deprotected by acidolysis with TFA/MsOH/anisole
at 0 °C for a short period of time followed by precipitation in
diethyl ether (Scheme 3). Since the tertiary amines in the
PAMAM dendrons could be easily protonated by excess MsOH
or TFA to form salts, the precipitate was dissolved in a small
amount of DMSO and treated with excess TEA to neutralize the
protonated tertiary amines in the PAMAM dendrons. Finally, the
pure carboxylic acid-terminated DLSPs, G1-g1-(COOH),, 18,
G1-g2-(COOH) 5 19, and G1-g3-(COOH)g4 20 were obtained
by dialysis in DMSO and subsequent precipitation in diethyl
ether with good yields (79% for 18, 84% for 19, and 85% for 20).

The terminal carboxylic acid groups in the PAMAM dendrons
rendered us an opportunity to further functionalize the DLSP
surface with other groups, including TEG and primary amine.
Here, we chose G1-g2-(COOH),s as an example. First, G1-
g2-(COOH),s was activated in dry DMSO in the presence
of DCC and NHS. Excess DCC was used because GI-
g2-(COOH) 5 was hygroscopic and could contain some moist-
ure and excess DCC could scavenge possible moisture. This
activated compound then reacted with amine-functionalized
TEG or Boc-protected ethylenediamine in good yields, denoted
as G1-g2-(TEG)4s 21 and G1-g2-(NHBoc),g 22, respectively.
This amide coupling reaction was found to be much more
efficient than the alternative method, where PyBOP was used
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Scheme 3. Synthesis of Carboxylic Acid-Functionalized DLSPs”
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“ Reagents and conditions: (a) PyBOP, TEA, CH,Cl,, 24 h; (b) TFA/MsOH/anisole, 0 °C, 2 h.

Scheme 4. Synthesis of DLSPs with TEG and Amine Surface Groups®
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“ Reagents and conditions: (a) DCC, NHS, DMSO, 2 days; (b) TFA, overnight, and excess TEA.

as the coupling reagent, because of the lower steric hindrance of
DCC. The Boc-protected DLSP G1-g2-(NHBoc),s was further
deprotected by TFA at room temperature to provide the amine-
functionalized PAMAM dendrons in an excellent yield (85%),
denoted as G1-g2-(NH, )45 23 (Scheme 4). Again, the primary
and tertiary amines in the PAMAM dendrons could be easily
protonated by TFA to form salts. These protonated amines were
neutralized with excess TEA in DMSO to provide pure GI-
g2-(NH,) 45 23.

Molecular Characterization. The molecular structure of
each compound was confirmed by "H and *C NMR spectros-
copy in conjunction with SEC. Figures 1 and 2 show "H and >C
NMR spectra for G1-g2-(COOH),s 19 and its intermediates,
including g2-(NH,, (COOBn)g) 13, G1-(COOH); 1, and G1-
g2-(COOBn), 16. Figures 1A and 2A show 'H and '>C NMR
spectra for g2-(NH,, (COOBn)g) 13 with corresponding peak
assignments for the deprotected PAMAM dendron. No

resonance peak at 1.4 ppm, which was assigned to the Boc
protecting group, was observed (Figure 1A), indicating that the
Boc group was successfully removed after treatment with TFA.
This was also verified by '>C NMR result in Figure 2A, where the
Boc peaks at 28.6 and 156.3 ppm (data range not shown)
completely disappeared.

Figures 1B and 2B show 'H and ">C NMR spectra for
the succinic anhydride-functionalized PLLA star polymer,
G1-(COOH)g 1. New peaks (g/g’) appeared around 2.7 ppm,
which could be assigned to the methylene proton from the
succinic acid chain ends. In the "*C NMR spectrum (Figure 2 B),
anew peak (a, b) was found at 28.7 ppm, which could be assigned
to the methylene carbons from succinic acid end groups. The
complete disappearance of the resonance at 66.6 ppm (data
range not shown), which is associated with the last methine
carbon in the polymer chain, suggested the complete functiona-
lization by succinic acid. SEC chromatograms in Figure 3 show
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Figure 1. 'H NMR spectra of (A) g2-[NH,, (COOBn),] 13, (B)
G1-(COOH); 1, (C) G1-g2-(COOBn), 16 in CDCl;, and (D) G1-
22-(COOH) 5 19 in DMSO-dg.

130 128 126 38 36 34 32 30 28
Chemical shift (ppm)

Figure 2. 3C NMR spectra of (A) g2-[NH,, (COOBn)g] 13, (B)
G1-(COOH); 1, (C) G1-g2-(COOBn),s 16 in CDCl;, and (D) Gl1-
g2-(COOH) 45 19 in DMSO-dg.

that the molecular weight and its distribution (PDI = 1.09) did
not change before and after functionalization of G1-(OH), with
succinic anhydride, indicating that no cross-link occurred during
the reaction. Note that there were small shoulder peaks at
27.9 mL retention volume for both G1-(OH)¢ and G1-(COOH)
in Figure 3. By using both UV (wavelength at 254 nm) and
differential refractive index (RI) detectors (see Figure S1A in the
Supporting Information), we determined that these small
shoulder peaks were attributed to the PLLA homopolymer
contamination initiated from a trace amount of adventitious
co-initiators present in the reaction system rather than the
hexahydroxyl co-initiator purposely added.®” These adventitious
co-initiators could include any hydroxyl-containing compounds
capable of forming —SnOR species from Sn(Oct), in the
carboxylate—alkoxide exchange reactions in solvent, monomer,
or even Sn(Oct), itself. Because the reaction kinetics for L-lactide
initiated from the adventitious co-initiators was much slower
than that for 1-lactide initiated from the added hexahydroxyl co-
initiator,”> the molecular weight of the PLLA homopolymer
contamination was lower than that of the G1-(OH)g star

polymer.

G1-g2-(COOH),,

G1-g2-(COOBnN),,

G1-(COOH),

Differential Rl intensity (a.u.)

G1-(OH),

20 22 24 26 28 30
Retention volume (mL)

Figure 3. SEC curves of G1-(OH)s, G1-(COOH); 1, G1-g2-(COOBn) 45
16, and G1-g2-(COOH)4 19.

The benzyl ester-protected DLSP was synthesized by the
amide coupling between the carboxylic acid-functionalized PLLA
core and amine-terminated PAMAM dendron. Both 'H and *C
NMR were used to investigate whether all six carboxylic acid
chain ends were reacted or not (Figures 1C and 2C). In the 'H
NMR (Figure 1C), the peak h' at 3.1 ppm, which is assigned to
the methylene protons adjacent to the amine group at the root
(see Figure 1A), shifted downfield and overlapped with peak h
after the coupling reaction. In the "*C NMR spectra (Figure 2C),
the peak at 28.7 ppm from succinic acid chain ends shifted
downfield and split into two peaks, a and b, where peak a was the
methylene carbon adjacent to ester group and peak b was the
methylene carbon adjacent to amide group. Meanwhile, peaks ¢
and d, which were assigned to the methylene carbons adjacent to
the amine and amide groups in g2-[NH,, (COOBn)g] 13 (see
Figure 1A), also shifted downfield. The SEC trace in Figure 3
shows that the overall molecular weight increased for the G1-
g2-(COOBn),5 16, but the molecular weight distribution was
still fairly narrow with PDI = 1.1S. The above results clearly
indicated that the carboxylic acid chain ends in G1-(COOH)4 1
was fully substituted by six benzyl ester-protected PAMAM
dendrons. The G1-g2-(COOBn),s 16 was soluble in most
organic solvents, such as chloroform, THF, and DMSO, but
not in hexane.

The deprotection of benzyl ester group was first attempted by
hydrogenolysis using Pd/C as the catalyst, and the complete
elimination of the benzyl ester protecting groups was not
achieved. Instead, TFA/MsOH/anisole was used as the catalyst
to remove the benzyl ester groups at 0 °C. "H and "*C NMR were
used to quantify the complete removal of the benzyl ester groups
(see Figures 1D and 2D). The peaks at 5.1 and 7.3 ppm in 'H
NMR spectra (Figure 1D) and the peaks at 128.3 and 128.6
ppm in °C NMR spectra (Figure 2D) from benzyl ester groups
disappeared after the deprotection reaction. The number-aver-
age molecular weight determined by "H NMR end-group
analysis and the molecular weight distribution measured by
SEC analysis (see Figure 3) were unaffected by the acidolysis,
indicating that no degradation occurred under the reaction
conditions. Ouchi also found that no degradation was observed
on PLLA after acidolytic deprotection at 0—5 °C using TFA/
MsOH/anisole.”® The carboxylic acid-functionalized DLSP was
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Figure 4. '"H NMR spectra of (A) G1-g3-(COOH)y4 20, (B) G1-
22-(COOH) 4 19, and (C) G1-g1-(COOH),, 18 in DMSO-d,.
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Figure 5. *C NMR spectra of (A) G1-g3-(COOH)s 20, (B) Gl1-
22-(COOH) 4 19, and (C) G1-gl-(COOH),, 18 in DMSO-ds.

soluble in DMSO, DMF, and DMAc, but not in most other
organic solvents. In aqueous solution, their solubilities were
around 10 mg/mL (below 10 mg/mL the solution was trans-
parent and above 10 mg/mL the solution showed some
turbidity). From SEC results in Figure 3, the small shoulder
peaks at a higher retention volume disappeared for both G1-
g2-(COOBn),5 16 and G1-g2-(COOH) 45 19. It was likely that
the linear PLLA—dendron conjugates had different solubilities in
methanol than the DLSP during repeated dissolution (in
dichloromethane) and precipitation (in methanol) purification
cycles. In other words, the linear PLLA—dendron conjugates
were successfully fractionated out in the final products.

"H and "*C NMR spectra of the carboxylic acid-functionalized
DLSPs with different generations of PAMAM dendrons are
shown in Figures 4 and S, respectively. Peak b from the PAMAM
dendron increased with an increase in generation after normal-
izing peak a, which is assigned to the methine proton from PLLA
in Figure 4. The significantly different chemical shifts from the
methylene carbons in PAMAM dendrons clearly reflected the
generation number in ">C NMR spectra in Figure 5. The
resonances from the methylene groups (a—1) were well sepa-
rated up to the second generation. In the third-generation DLSP,
the resonances from the first- and second-generation methylene
groups (b and ¢, f and g, j and k) became inseparable.

G1-g3-(COOH),

G1-g2-(COOH),,

Differential RI intensity (a.u.)

G1-g1-(COOH),,

20 22 24 26 28 30
Retention volume (mL)

Figure 6. SEC curves of G1-g3-(COOH)q4 20, G1-g2-(COOH) 45 19,
and G1-g1-(COOH),, 18.

8 7 6 5 4 3 2 1 0
Chemical shift (ppm)

Figure 7. '"H NMR spectra of (A) Gl-gl-(TEG)48 21, (B) Gl-
g2-(NHBoc)45 22, and (C) G1-g2-(NH,) 45 23 in DMSO-dg.

SEC curves of DLSPs with different generations of PAMAM
dendrons are shown in Figure 6, where narrow and nearly
symmetric peaks are shown [PDI = 1.10 for G1-g1-(COOH),,,
1.12 for G1-g2-(COOH),s, and 1.13 for G1-g3-(COOH)gg).
Meanwhile, the DLSP with a higher generation PAMAM dendrons
had a smaller elution volume reflecting a higher molecular weight.

The carboxylic acid-terminated DLSP allowed other types of
surface functionalization. As shown in Scheme 4, carboxylic acid
end groups have been successfully and quantitatively converted
to either TEG or primary amine groups. The chemical struc-
tures of G1-g2-(TEG),s 21, G1-g2-(NHBoc),s 22, and Gl-
g2-(NH,),s 23 were confirmed by '"H NMR (see Figure 7).
Four new peaks from TEG, denoted as e—h, were observed in
Figure 7A after coupling the G1-g2-(COOH) s 19 with amine-
terminated methoxy-TEG. Furthermore, peak d' originating
from G1-g2-(COOH) 4 19 shifted upfield and overlapped with
peak d after terminal amidization. The peak around 3.3
ppm originated from HOD in DMSO-ds. The coupling of Boc-
protected ethylenediamine was verified by the appearance of
peaks e and fin Figure 7B. After treating with TFA, peak f almost
disappeared and peak e shifted upfield, indicating the removal of
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G1-g2-(NH,),,

G1-g2-(NHBoc),,
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Figure 8. SEC curves of G1-g2-(TEG)4s 21, G1-g2-(NHBoc),s 22,
and G1-g2-(NH,),s 23.

Boc protection groups and the formation of primary amine
surface groups.

Figure 8 shows SEC curves for three DLSPs with different
surface groups. Apparently, no degradation or cross-linking
occurred during the synthesis of G1-g2-(TEG)s 21 and Gl-
g2-(NHBoc), 22. Comparing with the SEC result for Gl1-
g2-(COOH),s 19 in Figure 6, the retention volumes for G1-
22-(TEG) 45 21 and G1-g2-(NHBoc) 45 22 decreased from 26.0 mL
for G1-g2-(COOH)4s 19 to ca. 25.7 mL, indicating slight
increases in hydrodynamic volume and thus molecular weight.
After deprotecting the Boc groups in G1-g2-(NHBoc),s 22, a
broad peak at a higher retention volume was observed for G1-
g2-(NH,),5 23, although no obvious degradation was observed
based on 'H NMR end-group analysis. From the previous
discussion, we knew that TFA should not degrade the PLLA
backbone at 0 °C. Combining the above evidence, we speculated
that the terminal primary amine groups in G1-g2-(NH,),s 23
stuck onto the SEC columns and resulted in a broad peak at a
higher retention volume. To confirm this, SEC measurements
were performed for two PAMAM dendron samples, g2-[Boc,
(COOCHa;)s] 5 and g2-[Boc, (NH,)g] 8, to prove whether
primary amine-terminated samples would adsorb onto the
column or not. It was found that the primary amine-terminated
PAMAM dendron, g2-[Boc,(NH,)s] 8, eluted out at a much
higher retention volume than that of the ester-terminated
dendron, g2-[Boc, (COOCH;)g] S, even though the molecular
weight increased after amidation with ethylenediamine (see
Figure S1B in Supporting Information). Cao et al. also found
that the molecular weight and molecular weight distribution of
the primary amine-terminated PAMAM could not be determined
by SEC due to its strong absorption to the column.®* Therefore,
we concluded that the interaction between the primary amine-
terminated sample, G1-g2-(NH,)4s 8, and the column led to
the broadened SEC peak at a higher retention volume with a
broad distribution. Note that both G1-g2-(TEG)4s and Gl-
g2-(NH,) 45 DLSPs were readily soluble in organic solvents such
as chloroform, THF, DMSO, DMF, etc. In aqueous solution,
their solubilities were around 25 and 15 mg/mlL, respectively
(again, below these values the solutions appeared transparent
and above these values the solutions were slightly turbid).

Unimolecular Micelles and Aggregates in Aqueous Solu-
tions. The dilute aqueous solution properties of the above
amphiphilic DLSPs were studied by DLS. The dilute aqueous
solution at 0.05% was prepared by slow addition of doubly
distilled water, using a syringe pump, into a 0.05% DMF solution
of the corresponding DLSP, followed by dialysis with a dialysis
tube having a MWCO of 3000 g/mol (regenerated cellulose
dialysis tube from Fisher Scientific) to completely remove DMF.
The DLS results for G1-g2-(COOH),45 19, G1-g2-(TEG) 4 21,
and G1-g2-(NH,),s 23 are summarized in Figure 9; Figure 9A
shows the intensity distribution, and Figure 9B shows the volume
distribution. From the intensity distribution in Figure 9A, two
distinct peaks for the mean hydrodynamic diameter (Dy,) were
observed: (i) 28 and 205 nm for G1-g2-(COOH) 4 19, (ii) 15
and 295 nm for G1-g2-(TEG) 45 21, and (iii) 14 and 344 nm for
G1-g2-(NH,) 45 23. The smaller mean Dy, around 15 nm for G1-
g2-(TGE),s 21 and G1-g2-(NH,)4s 23 could be assigned to
unimolecular micelles, while the larger mean Dj, around 295—
344 nm should result from their aggregates in the aqueous
solution. We speculate that the hydrophilic dendron shell might
not be enough to fully cover the hydrophobic DLSP core, and the
interaction among the DLSP cores was the driving force for the
large aggregates. Note that the scattered light intensity from
the aggregates of G1-g2-(TEG) 45 21 was weaker than that from the
aggregates of G1-g2-(NH,) 5 23, suggesting less aggregation for
the G1-g2-(TEG) s 21 due to the repulsive TEG surface groups.
For G1-g2-(COOH) 45 19, the smaller mean Dy, was around 28
nm, almost twice the size of unimolecular micelles (~15 nm).
Meanwhile, different from the cases for G1-g2-(TEG),s 21 and
G1-g2-(NH,) 45 23, the smaller Dy, peak significantly overlapped
with the larger Dy, peak. We speculate that the strong hydrogen
bonding among the surface carboxylic acid groups in Gl-
g2-(COOH) 5 19 resulted in the formation of dimers or even
trimers of the unimolecular micelles. Judging from the highest
scattering light intensity for the aggregate at 295 nm for G1-
g2-(COOH) 45 19, the amount of aggregates was the highest
among three samples and might result from both hydrogen
bonding in the dendron shells and hydrophobic interaction
among the PLLA cores.

Note that light scattering intensity is not a linear function of
the concentration of different species in the solution, and large
aggregates have much higher scattering power than individual
molecules. Therefore, the intensity distribution in Figure 9A did
not represent the population distribution of unimolecular mi-
celles and their aggregates in the aqueous solution. Instead, the
information on the population distribution could be obtained
from the volume distribution results in Figure 9B. We can see
that the amount of the large aggregates for three DLSP samples
could nearly be ignored and most population was the un-
imolecular micelles of G1-g2-(TEG),s 21 and G1-g2-(NH,) s
23 and dimers of G1-g2-(COOH),s 19. The unimolecular
micelle morphology for G1-g2-(TEG)4s 21, G1-g2-(NH,)4s
23, and G1-g2-(COOH),s 19 was also studied by TEM, and
results are shown in Figure S2 of the Supporting Information.
From these TEM observations, the unimolecular micelles seen in
DLS were further confirmed in real space.

Thermal Properties of DLSPs with Different Surface
Groups. The nature of the surface groups played an important
role in both solution and bulk properties of the correspond-
ing DLSP. Figure 10A shows DSC thermograms for GI-
g2-(COOH) 5 19 and its intermediates. Although the precursor
PLLA star polymers, G1-(OH)s and G1-(COOH),, could
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Figure 9. Dynamic light scattering (DLS) (A) intensity and (B) volume distributions for G1-g2-(COOH), 19, G1-g2-(TEG)4s 21, and G1-

22-(NH,) 45 23.
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Figure 10. (A) Differential scanning calorimetry (DSC) thermograms of G1-g2-(COOH) 45 19 and its intermediates, G1-(OH)s, G1-(COOH)¢ 1, and
G1-g2-(COOBn) 4 16. (B) DSC thermograms of G1-g2-(TEG) 45 21, G1-g2-(NHBoc) 45 22, and G1-g2-(NH,) 45 23.

crystallize after precipitation into methanol (see crystal melting
peaks during the first heating process in Figure S3 of the
Supporting Information), most samples were completely
amorphous during the second heating process. Note that the
amorphous state might be more beneficial for drug loading,
delivery, and biodegradation than the crystalline state. It was
reported that the T, of dendritic polymers depended mainly on
the internal monomer units, number of end groups, and the
interaction between the main branch and end groups, such as
hydrogen bonding.%’és’66 This is also found in our DLSP
samples. For example, G1-(OH)s had a T, around 46 °C, while
G1-(COOH)s 1 had a T, of 54 °C, suggesting that hydrogen
bonding among the end COOH groups promoted the T,. After
conjugated with the PAMAM dendron, g2-[NH,, COOBn]
13, the T, for G1-g2-(COOBn),s 16 decreased to 12 °C,
indicating that the PAMAM dendron was miscible with the
PLLA core. Finally, after deprotection G1-g2-(COOH),s 19
exhibited a T, around S1 °C. Again, hydrogen bonding among
the terminal COOH groups increased the T,. Figure 10B
shows the DSC thermograms for G1-g2-(TEG).s 21, Gl-
g2-(NHBoc) 45 22, and G1-g2-(NH,),s 23. Apparently, attach-
ing TEG to the G1-g2-(COOH)s 19, the T, decreased to —

1510

8 °C, again indicating that TEG end groups were miscible with
the DLSP and decreased the T,. However, after converting the
COOH end groups to NHBoc and NH, groups, the T increased
to 43 °C for G1-g2-(NHBoc) 45 22 and 46 °C for G1-g2-(NH, )45
23. This was possibly due to the hydrogen bonding among the
terminal amide groups. Comparing the T, values for DLSP
samples with different end groups, the lower T, of GI-
g2-(NH,) 45 23 suggested that the hydrogen-bonding interaction
was weaker than that in G1-g2-(COOH),s 19. This was con-
sistent with the DLS results discussed before, where G1-
g2-(COOH) 5 19 formed dimers and G1-g2-(NH,),s 23 only
formed unimolecular micelles.

Hydrophobic Drug Encapsulation. Although it is well-
known that PLLA is hydrophobic and PAMAM is hydrophilic,
to unambiguously determine the amphiphilicity of these DLSPs, a
hydrophobic drug molecule, doxorubicin (DOX),% is encapsu-
lated into G1-g2-(TEG),s unimolecular micelles. Our result
showed that the maximum loading of DOX into the GI-
gZ—(TEG)48 21 was ca. 11.5 wt % without significant precipitation
for a prolonged preriod. Therefore, the solubility of DOX in
aqueous solution at pH 7.4 could increase from 0.0625 mg/mL
without DLSP encapsulation to as much as 0.272 mg/mL with
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DLSP encapsulation. Detailed drug encapsulation and an example
release profile of DOX from the G1-g2-(TEG),s DLSP at 37 °C
and pH = 74 are shown in Figure S5 of the Supporting
Information.

Il CONCLUSIONS

A novel amphiphilic DLSP was synthesized by amide coupling
between a carboxylic acid-functional PLLA star polymer and a
benzyl ester-terminated PAMAM dendron with a primary amine
at the root, using PyBOP as the catalyst. Deprotection of the
benzyl ester groups by TFA/MsOH/anisole successfully ren-
dered the corresponding carboxylic acid-terminated DLSP. By
varying the generation of the PAMAM dendron, the number of
surface functional groups was adjusted from 24 to 48 and finally
to 96. The carboxylic acid-terminated DLSP could be further
functionalized quantitatively with TEG and primary amine
groups. These DLSPs exhibited a bimodal size distribution in
aqueous solutions, as studied by DLS. The smaller size peaks in
DLS (14—28 nm) were attributed to unimolecular micelles for
TEG and amine-terminated DLSPs and dimers (and/or trimers)
for the carboxylic acid-terminated DLSP. The large size peaks
(205—344 nm) were attributed to the aggregates due to hydro-
gen-bonding and/or hydrophobic/hydrophilic interactions. Judg-
ing from the DLS volume distribution, most DLSPs existed as
unimolecular micelles or dimers instead of aggregates. All the
DLSPs were amorphous because of the low degree of polymer-
ization (12 for each PLLA arm) and attachment to large PAMAM
dendrons. The observation of the single T, for all DLSP samples
suggested that the PLLA core and PAMAM dendrons were
miscible. The T, values were largely dependent on the nature and
specific interactions among the end groups; by increasing the
hydrogen-bonding interactions among the surface functional
groups, the T increased. Experimental results showed that these
DLSPs had good solubility in aqueous solutions (ca. 10—25 mg/
mL) and could greatly enhance the water solubility of a hydro-
phobic drug, DOX, from 0.0625 up to 0.272 mg/mL. Therefore,
these amphiphilic DLSPs are promising candidates for controlled
hydrophobic drug delivery.

Il ASSOCIATED CONTENT

© Ssupporting Information. UV and RI SEC curves for
G1-(OH)g; RI SEC curves for g2-[Boc, (COOCHj;)g] S and
g2-[Boc, (NH,)s] 8; TEM micrographs for G1-g2-(COOH) 4
19, G1-g2-(TEG)4s 21, and Gl-g2-(NH,),s 23; DSC first
heating and cooling cycles for G1-g2-(COOH),45 19 and its
intermediates; DSC first heating and cooling cycles for G1-
g2-(TEG),5 21, G1-g2-(NHBoc) 45 22, and G1-g2-(NH,) 45 23;
hydrophobic drug (DOX) encapsulation and an example release
profile at 37 °C and pH = 7.4. This material is available free of
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Bl AUTHOR INFORMATION

Corresponding Author
*E-mail Ixz121@case.edu, Tel (216) 368-5861.

B ACKNOWLEDGMENT

This work was supported by NSF DMR-0705716. Helpful
discussions with Professor Yong Wang and assistance from Mr.
Alexander Mann at University of Connecticut (UConn) are

highly appreciated. We also thank Dr. Junfu Yu from the mass
spectroscopy facility in the Department of Chemistry at UConn
for helping with MS measurements.

B REFERENCES

(1) Andresen, T.L;Jensen, S.S.; Jorgensen, K. Prog. Lipid Res. 2005,
44, 68-97.

(2) Greenwald, R. B.; Choe, Y. H.; McGuire, J.; Conover, C. D. Adv.
Drug Delivery Rev. 2003, 5SS, 217-250.

(3) Kwon, G. S.; Kataoka, K. Adv. Drug Delivery Rev. 1995,
16, 295-309.

(4) Torchilin, V. P. J. Controlled Release 2001, 73, 137-172.

(5) Kim, S.Y; Shin, I. G; Lee, Y. M; Cho, C. S;; Sung, Y. K. J.
Controlled Release 1998, 51, 13-22.

(6) Kim, S. Y; Shin, L. G.; Lee, Y. M. J. Controlled Release 1998,
56, 197-208.

(7) Allen, C.; Yu, Y.; Maysinger, D.; Eisenberg, A. Bioconjugate Chem.
1998, 9, 564-572.

(8) Lijima, M.; Nagasaki, Y.; Okada, T.; Kato, M,; Kataoka, K.
Macromolecules 1999, 32, 1140-1146.

(9) Allen, C; Han, J; Yu, Y.; Maysinger, D.; Eisenberg, A. J.
Controlled Release 2000, 63, 275-286.

(10) Cheng,J.; Teply, B. A.; Sherifi, I; Sung, J.; Luther, G.; Gu, F. X;
Levy-Nissenbaum, E.; Radovic-Moreno, A. F.; Langer, R.; Farokhzad,
O. C. Biomaterials 2007, 28, 869-876.

(11) Avgoustakis, K. Curr. Drug Delivery 2004, 1, 321-33.

(12) Litzinger, D. C.; Buiting, A. M. J.; Vanrooijen, N.; Huang, L.
Biochim. Biophys. Acta, Biomembr. 1994, 1190, 99-107.

(13) Storm, G.; Belliot, S. O.; Daemen, T.; Lasic, D. D. Adv. Drug
Delivery Rev. 1995, 17, 31-48.

(14) Yuan, F.; Dellian, M.; Fukumura, D.; Leunig, M.; Berk, D. A;;
Torchilin, V. P; Jain, R. K. Cancer Res. 1995, 55, 3752-3756.

(15) Hobbs, S. K.; Monsky, W. L.; Yuan, F.; Roberts, W. G.; Griffith,
L,; Torchilin, V. P; Jain, R. K. Proc. Natl. Acad. Sci. US.A. 1998,
95, 4607-4612.

(16) Torchilin, V. P. Nat. Rev. Drug Discovery 2005, 4, 145-160.

(17) Buhleier, E; Wehner, W, Vogtle, F. Synthesis 1978,
1978, 155-158.

(18) Cloninger, M. J. Curr. Opin. Chem. Biol. 2002, 6, 742-748.

(19) Service, R. F. Science 1995, 267, 458-459.

(20) Liu, M.; Kono, K;; Frechet, J. M. J. J. Polym. Sci., Part A: Polym.
Chem. 1999, 37, 3492-3503.

(21) Kono, K; Liu, M.; Frechet, J. M. J. Bioconjugate Chem. 1999,
10, 1115-1121.

(22) Kukowska-Latallo, J. F.; Bielinska, A. U.; Johnson, J.; Spindler,
R; Tomalia, D. A; Baker, J. R. Proc. Natl. Acad. Sci. U.S.A. 1996,
93, 4897-4902.

(23) Qin, L;; Pahud, D. R; Ding, Y.; Bielinska, A. U.; Kukowska-
Latallo, J. F,; Baker, J. R;; Bromberg, J. S. Hum. Gene Ther. 1998,
9, 553-560.

(24) Bielinska, A. U; Yen, A;; Wu, H. L.; Zahos, K. M.; Sun, R;
Weiner, N. D.; Baker, J. R; Roessler, B. J. Biomaterials 2000,
21, 877-887.

(25) Wimmer, N.; Marano, R. J.; Kearns, P. S.; Rakoczy, E. P.; Toth,
L. Bioorg. Med. Chem. Lett. 2002, 12, 2635-2637.

(26) Grinstaff, M. W. Chem.—Eur. ]. 2002, 8, 2838-2846.

(27) Carnahan, M. A;; Middleton, C.; Kim, J.; Kim, T.; Grinstaff,
M. W. J. Am. Chem. Soc. 2002, 124, 5291-5293.

(28) Wathier, M,; Jung, P. J.; Camahan, M. A,; Kim, T.; Grinstaff,
M. W. J. Am. Chem. Soc. 2004, 126, 12744-12745.

(29) Knapen,].W.].; Vandermade, A. W.; Dewilde, J. C.; Vanleeuwen,
P.; Wijkens, P.; Grove, D. M.; Vankoten, G. Nature 1994, 372, 659-663.

(30) Lee,].]J.; Ford, W. T.; Moore, J. A.; Li, Y. Macromolecules 1994,
27, 4632-4634.

(31) Enomoto, M.; Aida, T. J. Am. Chem. Soc. 1999, 121, 874-875.

(32) Stewart, G. M; Fox, M. A. J. Am. Chem. Soc. 1996,
118, 4354-4360.

1511 dx.doi.org/10.1021/ma1021242 |[Macromolecules 2011, 44, 1500-1512



Macromolecules

(33) Devadoss, C.; Bharathi, P.; Moore, J. S. J. Am. Chem. Soc. 1996,
118, 9635-9644

(34) Peng, Z; Pan, Y,; Xu, B,; Zhang, J. . Am. Chem. Soc. 2000,
122, 6619-6623.

(35) Liu, H; Jiang, A; Guo, J.; Uhrich, K. E. J. Polym. Sci, Part A:
Polym. Chem. 1999, 37, 703-711.

(36) Liu, H. B,; Farrell, S.; Uhrich, K. J. Controlled Release 2000,
68, 167-174.

(37) Morgan, M. T.; Carnahan, M. A.; Immoos, C. E.; Ribeiro, A. A.;
Finkelstein, S.; Lee, S. J.; Grinstaff, M. W. J. Am. Chem. Soc. 2003,
125, 15485-15489.

(38) Morgan, M. T.; Carnahan, M. A.; Finkelstein, S.; Prata, C. A. H.;
Degoricija, L; Lee, S. J; Grinstaff, M. W. Chem. Commun.
2008, 4309-4311.

(39) Morgan, M. T.; Nakanishi, Y,; Kroll, D. J; Griset, A. P,
Carnahan, M. A.; Wathier, M.; Oberlies, N. H.; Manikumar, G.; Wani,
M. C.; Grinstaff, M. W. Cancer Res. 2006, 66, 11913-11921.

(40) Djordjevic, J.; Barch, M.; Uhrich, K. E. Pharm. Res. 2005,
22, 24-32.

(41) del Rosario, L. S.; Demirdirek, B.; Harmon, A,; Orban, D,;
Uhrich, K. E. Macromol. Biosci. 2010, 10, 415-423.

(42) Tomalia, D. A,; Baker, H,; Dewald, J.; Hall, M.; Kallos, G.;
Martin, S.; Roeck, J; Ryder, J; Smith, P. Macromolecules 1986,
19, 2466-2468

(43) de Brabander-van den Berg, E. M. M.; Meijer, E. W. Angew.
Chem,, Int. Ed. 1993, 32, 1308-1311.

(44) Hawker, C. J.; Frechet, J. M. J. J. Am. Chem. Soc. 1990,
112, 7638-7647.

(45) Jayaraman, M.; Frechet, J. M. J. . Am. Chem. Soc. 1998,
120, 12996-12997.

(46) Thre, H.; Hult, A; Frechet, J. M. J.; Gitsov, 1. Macromolecules
1998, 31, 4061-4068.

(47) Grayson, S. M.; Frechet, J. M. J. . Am. Chem. Soc. 2000,
122, 10335-10344.

(48) Newkome, G. R.; Moorefield, C. N.; Baker, G. R.; Saunders,
M. J.; Grossman, S. H. Angew. Chem., Int. Ed. 1991, 30, 1178-1180.

(49) Percec, V.; Cho, W. D; Ungar, G.; Yeardley, D. J. P. J. Am.
Chem. Soc. 2001, 123, 1302-1315

(50) Luman, N. R;; Smeds, K. A.; Grinstaff, M. W. Chem.—Eur. ].
2003, 9, 5618-5626.

(51) Luman, N. R; Grinstaff, M. W. Org. Lett. 2005, 7, 4863-4866.

(52) Seebach, D.; Herrmann, G. F.; Lengweiler, U. D.; Bachmann,
B. M.; Amrein, W. Angew. Chem., Int. Ed. 1996, 35, 2795-2797.

(53) Trollsas, M.; Claesson, H.; Atthoff, B.; Hedrick, J. L. Angew.
Chem,, Int. Ed. 1998, 37, 3132-3136.

(54) Trollsas, M.; Hedrick, J. L. J. Am. Chem. Soc. 1998,
120, 4644-4651.

(585) Trollsas, M.; Hedrick, J. L.; Mecerreyes, D.; Dubois, P.; Jerome,
R; Thre, H.; Hult, A. Macromolecules 1998, 31, 2756-2763.

(56) Trollsas, M.; Kelly, M. A; Claesson, H.; Siemens, R.; Hedrick,
J. L. Macromolecules 1999, 32, 4917-4924.

(57) Hedrick, J. L; Miller, R. D.; Hawker, C. J.; Carter, K. R;
Volksen, W.; Yoon, D.Y.; Trollsas, M. Adv. Mater. 1998, 10, 1049-1053.

(58) Hedrick, J. L.; Magbitang, T.; Connor, E. F.; Glauser, T.;
Volksen, W.; Hawker, C. J.; Lee, V. Y.; Miller, R. D. Chem.—Eur. J.
2002, 8, 3308-3319.

(59) Trollsas, M.; Atthoff, B.; Claesson, H.; Hedrick, J. L. J. Polym.
Sci., Part A: Polym. Chem. 2004, 42, 1174-1188.

(60) Tomalia, D. A,; Baker, H,; Dewald, J.; Hall, M.; Kallos, G.;
Martin, S.; Roeck, J.; Ryder, J.; Smith, P. Polym. J. 1985, 17, 117-132.

(61) Lee, J. W.; Kim, B. K;; Kim, H. J.; Han, S. C.; Shin, W. S.; Jin,
S. H. Macromolecules 2006, 39, 2418-2422.

(62) Kowalski, A,; Duda, A,; Penczek, S. Macromolecules 2000,
33, 7359-7370.

(63) Ouchi, T.; Miyazaki, H.; Arimura, H.; Tasaka, F.; Hamada, A;
Ohya, Y. J. Polym. Sci., Part A: Polym. Chem. 2002, 40, 1218-1225.

(64) Cao, L,; Yang, W.; Wang, C.; Fu, S. J. Macromol. Sci,, Part A:
Pure Appl. Chem. 2007, 44, 417-424.

(65) Wooley, K. L.; Hawker, C. J.; Pochan, J. M.; Frechet, J. M. J.

Macromolecules 1993, 26, 1514-1519.

(66) Stutz, H. J. Polym. Sci,, Part B: Polym. Phys. 1995, 33, 333-340.
(67) Torchilin, V. P. Nanoparticulates as Drug Carriers; Imperial

College Press: London, 2006.

1512

dx.doi.org/10.1021/ma1021242 |Macromolecules 2011, 44, 1500-1512



