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ABSTRACT: A series of linear—dendritic copolymers were synthesized by conjugating BE block copoly-
mers (BgE4; and Bi¢E4,, B = 1,2-butylene oxide and E = ethylene oxide) with G1—3 PAMAM dendrimers
via carbamate bonds The critical micelle concentrations of the dendrimer conjugates were less than
0.11 mmol dm™>. Light scattering measurements indicated that “flowerlike” micelles were formed when
two B chains from each conjugate entered the micelle core. Further association of the micelles was found for
the conjugates containing more than two BE chains per dendrimer. Drug solubilization in micellar solutions
of the conjugates was mainly by the incorporation of drug molecules in micelle cores, with marginal
enhancement of solubility attributable to encapsulation in the dendritic micelle coronas. The solubility of
hydrophobic drugs in 1 wt % micellar solutions was increased up to 6-fold. Solubilization of ionic drugs was

unfavorable due to the limited penetration of ionized drug molecules into the micelle cores.

Introduction

Dendrimers are hyperbranched macromolecules with a well-
defined structure and accessible surface groups. Poly(amido-
amine) (PAMAM) dendrimers are the first complete dendrimer
family to be synthesized and extensively investigated.'® Full
generation PAMAM dendrimers are composed of an ethylene-
diamine (EDA) core, a number of amidoamine branches, and end
amino groups. PAMAM dendrimers have attracted considerable
interest for their potential applications in pharmaceutical fields
such as drug delivery, drug encapsulation, diagnostics, and gene
delivery.?

Their unique dendritic structure and multifunctional surface
makes dendrimers ideal drug carriers. Channels and cavities are
formed in the interior of the dendrimer molecules and provide a
domain for incorporation of hydrophobic guest molecules. Drug
molecules can also be attached to the surface of a dendrimer by
covalent blndlng or through electrostatic interaction or hydro-
gen bonding.’

Poly(ethylene glycol) (PEG) has been used to modify PAMAM
dendrimers to enhance their solubilizing ability. The hydrophilic
PEG shell also reduces their toxicity and improves their biocom-
patibility. Kojima and co-workers have reported the modification
of PAMAM dendrimers using MPEG chains with different molar
masses."> The surface of the modified dendrimer molecule was
saturated by PEG chains. Solubility studies showed that up to 6.5
adriamycin or 26 methotrexate molecules were incorporated into
each dendrimer. The release of methotrexate from the PEGylated
dendrimers was related to the ionic strength. Pan and co-workers
have examined the loading capacity and release characteristics of
PEGylated G3 PAMAM dendrimers using methotrexate as the
model drug.'* It was found that the degree of PEG substitution
had little effect on the loading capacity, which indicated that the
drug tended to be incorporated within the dendrimer. The degree
of substitution showed a negligible effect on the release of loaded
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drug molecules. The influence of PEG chain length on the drug
loading efficiency was investigated by Yang and co-workers.'> No
obvious relationship was found between the loading capacity and
PEG chain length. The PEG 2000 dendrimer conjugate exhibited
better loading efficiency than the PEG 750 and PEG 5000
conjugates.

Linear—dendritic block copolymers have emerged as an inter-
esting class of dendrimer derivatives for use in drug solubiliza-
tion. The majority of the linear—dendritic copolymers reported
have PEG as the hydrophilic block and a hydrophobic dendritic
block, usually a dendron. Gitsov and Fréchet have reported the
synthesis of diblock or triblock copolymers composed of a PEG
block and a hydrophobic dendritic poly(benzyl ether) block.'®!”
These amphiphilic copolymers form micelles with a dense nano-
porous aromatic polyether core and a loose PEG corona.'®
Complexes of the micelles with aromatic compounds showed
good stability in aqueous solution. PEG-based block copolymers
with dendritic poly(L-lysine),"® polycarbosilane,” and triazine®'
blocks have also been reported. All these copolymers were able to
micellize in aqueous solution and could be used for drug encapsu-
lation. Hydrophilic PAMAM-block-PEG-block-PAMAM  tri-
block copolymers were synthes1zed by Kim and co-workers and
investigated as gene carriers.”> Their highly water-soluble poly-
plexes with plasmid DNA had low cytotoxicity despite their poor
degradability. A series of dendritic—linear—dendritic triblock
copolymers consisting of PAMAM dendron and poly(gropylene
oxide) has been synthesized by Nguyen and Hammond. > Critical
micelle concentration (cmc) measurements indicated that these
copolymers could self-assemble in aqueous solution at very low
concentrations. High loading efficiencies for triclosan were
achieved in solubility studies.

In this study we prepared a novel class of linear—dendritic block
copolymers by attaching diblock copoly(oxyalkylene) chains to the
surfaces of full generation PAMAM dendrimers. Block copoly-
(oxyalkylene)s, comprising a hydrophilic poly(ethylene oxide) (E)
block and a hydrophobic block, for example, poly(propylene oxide)
(P), poly(1,2-butylene oxide) (B), or poly(styrene oxide) (S),

© 2009 American Chemical Society



Article

Table 1. Molecular Characteristics of the Copolymers”

copolymer M, /g mol ™! Wy MM, M,/g mol™!
BsEy4,” 2380 0.242 1.14 2710
Bi6E4 3070 0.384 1.12 3440

“wp = weight fraction of poly(oxybutylene). M, is calculated from
M, and My/M,,. ’ From ref 32.

are nonionic polymeric surfactants, which can self-associate in dilute
aqueous solution.”* The synthesis and micelle properties of block
copoly(oxyalkylene)s have been widely investigated and are well
understood.?* ¢ The micellar solutions of copoly(oxyalkylene)s
possess good thermodynamic stability as indicated by the low
values of their cmc. Recent solubilization studies indicated that
solubility enhancement for poorly water-soluble drugs can be
achieved in micellar solutions of block copolygoxyalkylene)s of
1 wt % concentration at ambient temperatures.>’ >’ In this work,
we chose diblock poly(butylene oxide)—poly(ethylene oxide)
(BE) copolymers for conjugation with PAMAM dendrimer
because oxybutylene units have much higher hydrophobicity
than oxypropylene units, and copolymers with relatively short
chains micellize well. S units (from styrene oxide) are even more
hydrophobic but are less readily synthesized. The sequence of
polymerization, butylene oxide followed by ethylene oxide,
ensured that the E block had a chemically active hydroxyl end
group available for attachment to the dendrimer. It was expected
that amphiphilic BE-PAMAM dendrimer conjugates would
self-associate to form micelles in aqueous solution with poly-
(butylene oxide)s in the core and PAMAM dendrimers in the
periphery. The combination of block copolymer micelles and
the dendritic architecture of PAMAM dendrimer could provide
multiple sites for drug encapsulation: the hydrophobic core,
the ethylene oxide branches, and the dendritic corona.

The specific objectives of this study were to synthesize and
characterize a series of BE-PAMAM dendrimer conjugates, to
use light scattering techniques to investigate the micellization
behavior of the conjugates in aqueous solution, and to determine
the solubilization capacities of the conjugates for poorly water-
soluble drugs under appropriate conditions by a convenient
UV assay.

Experimental Section

BE Block Copolymers. The copolymers were prepared by
sequential oxyanionic copolymerization of butylene oxide fol-
lowed by ethylene oxide. The preparation of copolymer BgE4;
has been described in detail previously.>° Copolymer B;¢E4, was
prepared using a similar method. The initiator was 2-butanol
partly converted to its potassium salt (ratio [OH]/[K™] ~ 9).
Freshly distilled butylene oxide was transferred under vacuum
into the ampule and heated at successively, 45 °C (5 days) and
65 °C (21 days). Then ethylene oxide was distilled into the
ampule and held at 65 °C for about 3 weeks until conversion
was complete. The copolymer was characterized by gel permea-
tion chromatography (GPC, tetrahydrofuran eluent, detected
by differential refractometer, calibrated with poly(oxyethylene)
standards) for determination of the ratio of weight-average to
number-average molar mass (polydispersity, M,,/M,) and by
13C NMR spectroscopy (Varian Unity 500 spectrometer) for
determination of the absolute value of M,, and confirmation of
the diblock architecture. Details of the methods have been
published.?!"* Values of the molecular characteristics are listed
in Table 1. The polydispersity is narrow and is acceptable for the
purpose of this study.

BE—PAMAM Dendrimer Conjugates. Materials. Genera-
tion 1-3 PAMAM dendrimers with ethylenediamine cores
(20% w/v in methanol) were purchased from Dendritech Inc.
(Midland, MI). 4-Nitrophenyl chloroformate (NPC) (97%),
tetrahydrofuran (THF), and dimethyl sulfoxide (DMSO) were
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Figure 1. Structures of (a) BE—NPC carbonate and (b) BE—dendrimer
conjugate.

Scheme 1. Synthesis of BE—Dendrimer Conjugates: (a) Activation of
BE Copolymer and (b) Conjugation with PAMAM Dendrimer

(2) o]

? THF Il
BE-OH + CI-CO- NO, —— BE-OCO- NO,

(b)
" 1}
BE-OCO- NO, + H;N-PAMAM — BE-OC-NH-PAMAM

purchased from Sigma-Aldrich (UK). Triethylamine (TEA)
(99%) was obtained from Lancaster Synthesis (UK). Hexane,
diethyl ether, and chloroform were GPR grade and used directly
without further purification. Whatman No. 1 filters were from
Whatman (Kent, UK). Samples of Visking tubing with molec-
ular weight cutoff (MWCO) 3500, 7000, and 12000—14 000 g
mol ™! were obtained from Medicell International, UK.

BE—PAMAM dendrimer conjugates were characterized by
"H and '*C NMR spectroscopy (Bruker Avance 300, Bruker,
Coventry, U.K.). NMR grade chloroform-d and methanol-d
were from Cambridge Isotope Laboratories. The assignment for
the peaks of PAMAM dendrimer in the 'H and '>C spectra was
made according to relevant references'*** and with the aid of 2D
COSY NMR.

Synthesis of BE—4-Nitrophenyl Carbonate. The hydroxyl
groups on the E ends of BE copolymers were activated by
reaction with 4-nitrophenyl chloroformate (Scheme 1a). Briefly,
BE copolymer (0.75 mmol) was completely dissolved in 40 mL
of anhydrous THF at room temperature. 4-Nitrophenyl chlor-
oformate (1.5 mmol) was added portion-wise to the solution.
Triethylamine (1.5 mmol) was added, and the mixture was
stirred at room temperature for 3 days. The salt in the reaction
mixture was filtered off, and the filtrate was evaporated under
reduced pressure. The crude product was purified by repeated
precipitation in diethyl ether—hexane (1:10) and dried under
vacuum. Yield: 77—84%. 'H NMR (CDCls): 0.80—1.00 (m,
CH;-), 1.28—1.71 (m, CH;CH,—), 3.22—3.91 (m, backbone
—CHO- and —CH,0—), 4.40 (t, —CH,0OCOO-), 7.38 (d, Ar),
8.36 (d, Ar). 3C NMR (CDClL): 9.6 (CH;CH,—), 19.0
(CH;CHO-), 24.6 (CH3CH,—), 29.0 (CH;CH(CH,CH3)0—),
68.2 (—CH,OCOO-), 69.0—82.0 (backbone —CHO— and
—CH,0-), 121.5, 125.7, 145.6, 152.8 (Ar), 155.1 (—OCOO-).

Synthesis of BE— Dendrimer Conjugates. The structure of BE—
dendrimer conjugate is shown in Figure 1. The activated copoly-
mers were attached to the surface amino groups of PAMAM
dendrimer (Scheme 1b). Briefly, PAMAM dendrimer (0.4 mmol)
was dried under vacuum and dissolved in 40 mL of anhydrous
dimethyl sulfoxide (DMSO) at room temperature. An appropri-
ate amount of BE 4-nitrophenyl carbonate (BE-NPC) previously
dissolved in 10 mL DMSO was added portion-wise to the
solution. The mixture was stirred at room temperature for
5 days. The solution was then diluted and dialyzed against
distilled water for 5 days using a dialysis tubing. The dilution
was filtered and lyophilized. The residue was dissolved in distilled
water and purified by extracting three times with chloroform.
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The solution was then dried under vacuum. Yield: 41—53%. 'H
NMR (MeOD): 0.80—1.00 (m, CHs—), 1.28—1.71 (m,
CH;CH,—), 2.31-2.45 (m, —CH,CONH—(¢)), 2.49—2.66 (m,
=NCH,CH,N=, ~NHCH,CH,N = (¢)), 2.69—2.92 (m, —NH-
CH,CH,NH,, =NCH>CH,CO—(d)), 3.18—3.90 (m, —CH,NH-
COO—(a), —CONHCH,CH,NH,, —CONHCH,CH,NH—(b),
—CONHCH,CH,N =(f), BE backbone —CHO— and —CH,O—
(h)), 4.15 (t, —~NHCOOCH,>—(g)). >*C NMR (MeOD): 10.3, 19.5,
25.8, 30.4 (side and head CH3;—, CH;CH,— of B block), 34.8
(—CH,CONH—(¢)), 39.0 (—CONHCH,CH,N =(f)),42.1 (—CO-
NHCH,CH,NH—(0)),42.6 (—CH,NHCOO—(a)), 51.6 (=NCH»-
CH,CO—(d)), 54.1 (—NHCH,CH,N=(¢)), 65.5 (—NHCOO-
CH,—(g)), 70.0—83.0 (backbone —CHO—, —CH,O0—(h)), 158.9
(=NHCOO-), 174.9, 175.3 (—CONH-).

Critical Micelle Concentration (cmc). The cmcs of the
BE—PAMAM dendrimer conjugates in aqueous solution were
measured at 25 °C using pyrene as the probe. Solutions were
prepared in aqueous phosphate buffer (0.067 M, pH 7.4) to control
the ionization of the dendrimer. Excess pyrene (20 mg, Sigma-
Aldrich) was added to 2 mL samples of micellar solutions ranging
in concentration from 0.005 to 1 wt %. The solutions were kept at
25 °C for 3 days and then filtered. The absorbance of the filtrate
was measured at 272 nm using a UV—vis spectrometer (Cecil
CE1021), and the cmcs of the BE—dendrimer conjugates were
determined from the dependence of absorbance on concentration.

Light Scattering. Static and dynamic light-scattering techni-
ques were used to determine micelle properties of the BE
copolymers and their dendrimer conjugates. The micellar solu-
tions of copolymer Bi¢E4 in the concentration range S5—
60 g dm > were prepared in distilled water, and the solutions
of the BE-PAMAM dendrimer conjugates with the concentra-
tion 2.5—30 g dm ™ were prepared in aqueous phosphate buffer
(0.067 M, pH7.4). The solutions were optically clear under the
conditions of measurement.

In an experiment, solutions were clarified by filtering through
Millipore Millex filters (0.22 um porosity) directly into scatter-
ing cells previously cleaned with condensing acetone vapor.
Static light scattering (SLS) intensities were measured at tem-
peratures in the range of 15—35 °C by means of a Brookhaven
BI200S instrument using vertically polarized incident light of
wavelength 488 nm supplied by an argon ion laser (Coherent
Innova 90) operated at 500 mW or less. The intensity scale was
calibrated against scattering from benzene, and the scattering
angle was 90° to the incident beam. Analysis of the SLS data was
based on the Debye equation,

K*c/(I—L) = 1/My+245¢... (1)

where I is intensity of light scattering from solution relative to
that from benzene, I is the corresponding quantity for the
solvent, ¢ is the concentration (in g dm ™), M,, is the weight-
average molar mass of the solute, 4, is the second virial
coefficient (higher coefficients being neglected), and K* is the
appropriate optical constant, which includes the specific refrac-
tive index increment, dn/dc. Values of dn/dc¢ were determined by
means of an Abbé 60/ED precision refractometer (Bellingham
and Stanley Ltd., UK.). Debye plots were used to obtain values
of the weight-average molar mass of the micelles (My mic) by
extrapolation to zero concentration and of the corresponding
thermodynamic radius (effective hard sphere) of the micelles.

Dynamic light scattering (DLS) measurements were made
with the same instrument, using a Brookhaven BI9000AT
digital correlator to acquire data. The correlation functions
from DLS were analyzed using the CONTIN program™ to
obtain intensity fraction distributions of the apparent diffusion
coefficient (D,pp) and hence of the apparent hydrodynamic
radius (rh app. radius of the hydrodynamically equivalent hard
sphere) via the Stokes—Einstein equation,

Th,app = KT/(67037 Dapyp) (2)
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where k is the Boltzmann constant and # is the viscosity of water
at temperature 7. Extrapolation of the values of 1/ ry, ,pp to zero
concentration gave true values of the hydrodynamic radius (ry,).

Drug Solubilization. The solubilization capacities for two
model drugs (carbamazepine and spironolactone, Sigma-Al-
drich Co.) in micellar solutions of the BE dendrimer conjugates
at 25 °C were investigated. For comparison, the solubilities of
the model drugs in micellar solutions of BgE,; and B;¢E4; and in
solutions of unmodified G1—3 PAMAM dendrimers were
measured under the same conditions. Stock 1 wt % micellar
solutions of the copolymers and conjugates were prepared in
phosphate buffer (pH 7.4, 0.067 M). The pH values of the
solutions were measured by a pH meter (Fisher Scientific
Accumet basic), and if needed, a few drops of HCI were added
to adjust the pH value to 7.4.

Saturated drug-loaded solutions were prepared in glass ves-
sels by mixing excess powdered drug (10 mg) with 2 mL of 1 wt
% micellar solution. The vessels were placed into a water bath
(Grant Instruments) at 25 °C and stirred for 3 days before being
filtered (0.45 um Millipore) to remove any unsolubilized drug.
Blank experiments (no polymer) gave the solubility of drug in
buffer solution. The amount of drug solubilized was determined
by UV assay. The filtrate was diluted 50 times with a mixed
solvent (acetonitrile/water/trifluoroacetic acid, 50/50/0.1), and
the UV absorbance was determined at optimum wavelength:
242 nm for spironolactone and 285 nm for carbamazepine.
Calibration with drug alone gave satisfactory Beer’s law plots.
All measurements were carried out in triplicate and the results
averaged. The stability of drugs during solubilization was
monitored by HPLC in a separate study: the evidence was that
spironolactone and carbamazepine were free from breakdown
products after 3 days equilibration.?

Results and Discussion

Synthesis and Characterization of BE Dendrimer Conju-
gates. As shown in Scheme 1, the hydroxyl group of BE
copolymer was activated by NPC via a carbonate bond.
Excess NPC and unreacted BE copolymers were sufficiently
removed by solvent extraction. Any residual BE copolymers
are not able to react with PAMAM dendrimer in the follow-
ing reaction and cannot disturb the conjugation. PAMAM
dendrimer is conjugated to BE copolymer via a nucleophilic
attack on the carbonyl group, and a carbamate bond is
formed. Most small molecules and unreacted polymers were
removed by dialysis against distilled water. However, the
process was slow as unreacted polymers could micellize in
aqueous solution and did not easily pass through the dialysis
membrane, although polymer and dendrimer molecule were
small enough to penetrate. However, residual 4-nitrophenol
and free BE polymers could be completely removed by
repetitive extraction with chloroform.

In the 'H and '*C NMR spectra, change in chemical shift
before and after conjugation of the end methylene group of
the BE copolymer (next to the hydroxyl end group) con-
firmed the formation of BE—NPC carbonate and of
BE—dendrimer conjugate. Although different NMR sol-
vents were used for characterization, comparison could be
made directly between the spectra of BE copolymer,
BE—NPC, and BE-PAMAM conjugates.

In the "H NMR spectrum of BE copolymer (Figure 2a),
the peak of the end CH, group overlaps with the peaks of
CH, in the E backbone. However, in the BCNMR spectrum,
the peak of the end CH, is at 61.4 ppm and well separated
from the other peaks.' After coupling with NPC, the
hydroxyl group was replaced by a carbonate link. A new
peak appeared in the 'H spectrum (Figure 2b) at 4.40 ppm,
which corresponds to the end CH, group, while the peaks
between 7.4 and 8.3 ppm are from the protons of phenyl
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Figure 2. 'H NMR spectra of (a) BE copolymer, (b) BE-NPC carbo-
nate, and (¢) BE—dendrimer conjugate.

group. In the '*C spectrum (Figure 3a), a shift of the peak of
the end CH, group from 61.4 to 68.2 ppm indicates the
formation of BE—NPC carbonate. When conjugating with
PAMAM dendrimer, a carbamate bond was formed. The
peak of the end CH, group shifted from 4.40 to 4.15 ppm in
the 'H spectrum (Figure 2¢) and from 68.2 to 65.5 ppm in the
13C NMR spectrum (Figure 3b). The absence of peaks above
7 ppm in the 'H spectrum of the BE—dendrimer conjuga-
tes suggests that the aromatic byproduct were completely
removed from the conjugates, while the absence of peaks at
61.4 and 68.2 ppm in the '>*C NMR spectrum indicated that
no free BE copolymers remained. In the '*C NMR spectrum,
the activation of BE copolymer by NPC was confirmed by
the appearance of a new carbonyl peak at 155.1 ppm.
Similarly, the formation of BE—dendrimer conjugates was
confirmed by a carbamate carbonyl peak at 158.9 ppm.
Five conjugates of BE copolymers with PAMAM dendri-
mers of different generations were prepared. Low generation
dendrimers (G1—G3) were preferred to reduce steric hin-
drance in the periphery of micelles. The molar ratios of B
block to dendrimer were carefully chosen to ensure the
formation of micelles while achieving appropriate hydro-
philicity. The average number of BE chains per PAMAM
dendrimer molecule was determined from the 'H NMR
spectrum (Figure 2c¢) by comparing the integrals of the
CH, end group of BE copolymer (peak g) and the CH,
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Figure 3. '3C NMR spectra of (a) BE-NPC carbonate and (b) BE—
dendrimer conjugate.

Table 2. Molecular Characteristics of BE-PAMAM Dendrimer
Conjugates”

molar ratio of BE/dendrimer M, (zgmol™') B (wt %)

B sEsn—G2 2.0 9400 245
BsEsr—G3a 1.5 11500 15.0
BsE;—G3b 3.0 16100 21.4
ByE4 —Gl 2.1 6500 18.7
BgEy —G2 1.8 7600 13.7

¢ Estimated uncertainties: MW, £5%; wt % B, +1%.

group next to the carbonyl group of PAMAM dendrimer
(peak ¢), and then the number-average molar mass and
B-content were calculated. The molecular characteristics of
the BE—dendrimer conjugates are listed in Table 2.

Critical Micelle Concentration. The aggregation behavior
of the BE copolymers and the BE-PAMAM dendrimer
conjugates in aqueous solution was investigated in this study.
Previous research shows that copolymer BgE4; can self-
associate in very dilute aqueous solution (0.1 g dm™>) and
is completely micellized in 1 wt % aqueous solution at room
temperature.®” The correlation of critical micelle concentra-
tions with B-block length? indicates that the cmc of copo-
lymer Bi¢E4, with long hydrophobic block length, is
sufficiently low under the conditions of the study.

The critical micelle concentrations of the BE dendrimer
conjugates were measured in aqueous phosphate buffer
solution (0.067 M, pH7.4) in order to control the ionization
of dendrimer. Those of the BE copolymers were measured in
the same buffer: compared with water the effect of buffer was
negligible because the ionic strength was low.

The plot of absorbance versus logarithm concentration
for copolymer BgE4; shown in Figure 4, is typical for the BE
block copolymers and the BE-PAMAM conjugates pre-
pared in this work. When the concentration increases
above a certain value, the absorbance rises from the baseline
and increases more rapidly as concentration is increased.
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Figure 4. Absorbance vs logarithm concentration (mol dm ) for
diblock copolymer BgEy4; at 25 °C.

Table 3. Cmc Data for the BE Copolymers and BE-PAMAM
Conjugates at 25 °C*

cme
(mmol dm_3) (g dm_3)
BgE4, 0.44 1.06
BicE4 0.10 0.31
BgE4i—Gl1 0.11 0.79
BgE4 —G2 0.089 0.67
Bi¢E4r—G2 0.040 0.37
Bi¢E4—G3a 0.020 0.23
Bi¢E4>—G3b 0.018 0.29

“Estimated error cmc £10%.

The commencement of curvature is used as an indication of
the start of the micellization process. The cmc values of the
BE copolymers and BE-PAMAM conjugates are listed in
Table 3. The cmc of BgE4; measured by surface tension was
reported to be 1.0 g dm™ at 26 °C.>*> Comparing with the
value measured by solubilization (1.06 g dm > at 25 °C), it is
concluded that the results from these two methods are in
good agreement.

It is shown in Table 3 that the cmcs of the BE-PAMAM
dendrimer conjugates are lower than those of their compo-
nent BE copolymers when considered in molar units due to
the conjugation of more than one polymer chain per den-
drimer molecule. The dendrimer molecule is hydrophilic
especially with the surface amino groups ionized, which
partially compensates the conjugates for the loss of hydro-
philicity. Similar to BE copolymers, the cmcs of the BE—
PAMAM conjugates are mainly determined by their core-
forming hydrophobic B blocks. The plot of cmc against
molar ratio of BE to dendrimer (Figure 5) indicates that
the cmcs of the BE-PAMAM conjugates are dependent on
the B-block length and are irrespective of the molar ratio and
the size of dendrimer.

Micelle Properties. Dynamic light scattering from buf-
fered solutions of the two BgE4;—dendrimer conjugates at
different concentrations and temperatures was analyzed by
the CONTIN program to obtain intensity fraction distribu-
tions of log(ry, app)- Distribution curves fora 10 g dm " buffer
solution of the BgE4; —G2 conjugate at several temperatures
are illustrated in Figure 6. The distributions are narrow and
single-peaked, which is taken as evidence of closed associa-
tion of the BgE4;—G?2 conjugate to form spherical micelles in
solution. It is also found that the width of the peak becomes
narrower with increasing temperature. Considering that the
cmc of the BgE4; —G2 conjugate is low (0.67 gdm > at 25°C),
most molecules should exist in the form of micelles in
solution at 25 °C or higher. The narrow distributions and
the shift to higher values of 1y, ,,, found for the solution of the
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Figure 5. Dependence of cmc on molar ratio of BE to dendrimer for
BE—PAMAM conjugates: (®) G1 conjugate, (M) G2 conjugates, and
(®) G3 conjugates.

35°C

25°C

15°C

Intensity fraction distribution

0.6 0.8 1.0 1.2 14
Iogw(rh,app/nm)

Figure 6. Intensity fraction distributions of logarithm apparent hydro-

dynamic radius of micelles in a 10 g dm ~ buffer solution of the

BgE4;—G2 conjugate in buffer at the temperatures indicated.

BgE4;—G2 conjugate between 25 and 35 °C are consistent
with full micellization of the molecules and the growth of
micelles with temperature. The BgE4;—G1 conjugate in
buffer solution behaves similarly to BgE4;—G?2. Single peaks
centered on log(ry 4pp) & 1 indicate the formation of spherical
micelles. The values of 1, at 25 °C obtained by plotting the
reciprocal of the intensity-average apparent hydrodynamic
radius against concentration are listed in Table 4.

The DLS study of the three B;¢E4,—dendrimer conjugates
showed a more complicated micellization behavior. A com-
parison of the intensity fraction distributions of log(i app) for
10 g dm ™ buffer solutions of the five BE—dendrimer con-
jugates at 25 °C is illustrated in Figure 7. The micelle size
distribution curves of B;gE4>,—G2 and BigE4,—G3a show two
well-defined peaks. The peak at ca. 12 nm is assigned to
spherical micelles while the large peak (> 30 nm) is probably
related to aggregates of spherical micelles. However, for the
conjugate B;sE4,—G3b, which has an average of three BE
chains per molecule, the plot of size distribution shows that a
continuous distribution of structures is formed and a very
broad peak is found between 8 and 40 nm, possibly because
there are steric constraints to forming even simple micellar
structures, which tends to cause formation of micelle network
and broadens the distribution. Although the intensity fraction
for the micelle aggregates is very high, the proportion of
molecules forming spherical micelles is dominant because
the intensity is dependent on the weight fraction and the molar
mass of micelles. As the molar mass of micelle aggregate is
higher than that of spherical micelle, the weight fraction and
hence the number proportion of micelle aggregate are small.
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Table 4. Micelle Properties of BE-PAMAM Dendrimer Conjugates
and BE Copolymers in Aqueous Buffer Solution”

T/°C MV\,_miC/IOngor1 Ny rynm rp/nm dn/de/mL/g

BsEy—Gl 15 2.3 36 6.5 0.147
25 2.65 41 70 87  0.144
35 3.2 49 75 0.139
BsEy—G2 15 1.32 17 59 0.165
25 25 33 80 100  0.161
35 2.95 39 8.6 0.158
BicEn—G2 25 8.2 87 0.156
35 8.5 90 0.152
BicE»—G3a 25 8.6 75 0.167
35 8.8 76 0.164
BisEs»—G3b 25 6.4 40 105 167 0.159
35 6.5 40 10.5 0.156
BgEa,” 25 1.4 52 57 93
35 1.8 66 63 9.0
BisE4> 15 5.05 164 9.1 109  0.136
25 5.45 177 9.2 108  0.134
35 5.7 185 93 108  0.132

“Estimated uncertainties: £1 in ry, and r, ; £10% in M, mic and Ny,
bValues from ref 32.
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B,E, -G2
/\ -
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Figure 7. Comparison of micelle size distributions of a 10 g dm >

solution of BE-PAMAM dendrimer conjugates (as indicated) in buffer
at 25 °C.

Debye plots were used to determine the average molar
masses, association numbers, and thermodynamic radii of
the micelles of the BE copolymers and BE-PAMAM den-
drimer conjugates. Examples of Debye plots are shown in
Figure 8. The curves were fitted based on scattering theory
for hard spheres using the Carnahan—Starling analysis.™
Values obtained for the weight-average molar mass of
the micelles, the weight-average association number of the
micelles, N, defined as M, i/ M., where M, is the weight-
average molar mass of the unassociated copolymer or con-
jugate molecules (unimers), and the corresponding average
micelle radii are listed in Table 4. Copolymer BgE4; was
reported to form spherical micelles in aqueous solution.*
The micelle properties of B;gE4; are similar to those of BgE41,
although the relatively large value of N, indicates that
the micelle size has almost reached the limit for spherical
micelles. The values of r, which essentially reflect the exclu-
ded volume of the fringe of the micelle, are more or less
independent of temperature. This could be explained as a
compensation between an increase in micelle molar mass and
a decrease in thermodynamic expansion factor.

As seen in Table 4, the association numbers and the
thermodynamic radii of the BgE4;—dendrimer conjugates
increase consistently with increasing temperature, which
corresponds to the growth of spherical micelles at higher
temperatures as illustrated in Figure 6. However, the micelle
properties of the BigE4,—dendrimer conjugates show less
dependence on temperature, which is consistent with values
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Figure 8. Debye plots for aqueous buffer solutions of the BgE4;—G2
conjugate at (M) 15, (O) 25, and (O) 35 °C.

of N, being near the limit for the core radius of spherical
micelles when the B-block length is Bys. Figure 7 illustrates
that micellar solutions of the B;¢E4,—dendrimer conjugates
contain a mixture of different species of micelles and the
hard-sphere model may not be strictly applicable for these
conjugates although an average value of the radius still can
be estimated if all the particles are treated as spherical.

Micelle Structure and Shape. As determined by '"H NMR,
most of the BE-PAMAM dendrimer conjugates have ap-
proximately two BE polymer chains attached to dendrimer.
A BE—dendrimer conjugate with two BE chains per mole-
cule is actually a BE—dendrimer—EB triblock copolymer,
i.e., a copolymer with a hydrophilic inner block and hydro-
phobic end blocks, similar to a B,E,,B,, triblock copolymer.
The association properties of BEB copolymers are well
understood.***® At high dilution the BEB chains loop to
form micelles with a B-block core and an E-block corona:
so-called “flowerlike” micelles. At higher concentrations a
proportion of copolymer chains extend to form bridges
between two micelles and at yet higher concentrations to
form small bridged networks. These are equilibrium struc-
tures, i.e., the bridges are dynamic in nature, and the bridged
structures contribute a broad second peak to the distribution
of particle radii.

With similar block architecture, the BE—dendrimer con-
jugate is considered to show the same micellization behavior
as B,E,,,B,, triblock copolymer. Considering that the sizes of
low-generation dendrimers are much smaller than the chain
length of BE copolymer, then during micellization the two
polymer chains in the molecule of the conjugates tend to fold
back to form a loop with the two B ends attached together.
Consequently, the spherical micelle formed is a cluster of
loops with hydrophobic B blocks as the micelle core and
dendrimers as the periphery. The structure of spherical
micelle is illustrated schematically in Figure 9, which is an
idealized model since the chain length distribution in the B
block is not negligible.

The structure of micelle is confirmed to be reasonable by
the following calculations. Table 4 shows that the association
number of BgE4;—G2 at 35 °C is 39, which means there are
ca. 80 Bg blocks in a micelle core. The specific volume of
poly(oxybutylene) at 35 °C is 1.040 cm® g~ ',*° and so the
average core volume of micelles with Bg core blocks is
~80 nm° and, if spherical, the micelles would have a radius
of 2.7 nm. Given 0.363 nm per B unit,*’ the length of a Bg
block is only 2.9 nm, and so it is within the limit of a spherical
core size. Also, the thermodynamic radius of BgE4;—G?2 at
35°Cis 8.6 nm, and so the thermodynamic surface area and
volume of a micelle, if spherical, are 930 nm? and 2660 nm?,
respectively. The diameter of G2 PAMAM dendrimer is
3 nm, and thus the 40 G2 dendrimers on the surface of a
micelle only occupy 280 nm? surface area and 420 nm?®
volume. Hence, the dendrimer molecules are well scattered
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Figure 9. Schematicillustration of structure of spherical micelle formed
by BE-PAMAM conjugates.

on the surface of the micelles, and there is no significant steric
or electrostatic repulsion between the dendrimers on the
micelle surface.

The distributions from DLS indicate that large micelles
exist in solutions of BsE4>,—dendrimer conjugates in addi-
tion to spherical micelles. The number of BE chains per
dendrimer is an average value, which means that there is still
a small proportion of molecules with more than two chains in
the sample although those with two polymer chains are
dominant. It is not possible for all the chains to fold back
into the micelle core, especially for the conjugates with large
generation dendrimer, which will maximize the entropy.
Furthermore, it is also considered to be very difficult for
every BE chain in a conjugate molecule to enter the core of a
different micelle. This is because dendrimer molecules in the
fringe have a relatively rigid structure and bear positive
charges, and thus appreciable steric hindrance and electro-
static repulsion will be produced if the micelles get too close.
Hence, the additional BE chains will associate with each
other and lead to a further aggregation of spherical micelles
(Figure 10). The aggregation of micelles is more likely to
occur for the conjugates having longer BE chains (due to the
wide distribution of chain length) and smaller dendrimers in
order to minimize steric repulsion. If the conjugate molecules
are synthesized with more than two polymer chains, e.g.,
B1sE4>,—G3b, there is a tendency for the formation of a
network by cross-linking not only between the conjugate
molecules but also between the micelles. This explains why a
much broader distribution is found for B;¢E4>—G3b.

Drug Solubilization. The solubilization of drugs in micellar
solutions of the BE-PAMAM dendrimer conjugates was
investigated using spironolactone and carbamazepine (pK,
7.0) as model drugs (Figure 11). Phosphate buffer (0.067 M,
pH 7.4) was used to maintain the solutions at a constant
(physiological) pH. With a pK, of ca. 10, the amino groups of
PAMAM dendrimers were completely protonated in micel-
lar solution at pH 7.4, and the corona surface of micelles of
the dendrimer conjugates was positively charged. The pH
values of the saturated drug-loaded solutions were moni-
tored, and the results showed that the buffer provided good
pH control.

The solubilization capacity (Sy,,) was determlned as milli-
gram drug per gram of conjugate (mg g~ ). The solubility of
the drug in the solvent blank (Sy) was subtracted from the
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Figure 10. Schematic illustration of structure of micelle aggregate
formed by BE-PAMAM dendrimer conjugates.

Figure 11. Molecular structure of spironolactone (a) and carbamaze-
pine (b).

solubility (S) in micellar solutions to obtain the amount of
drug solubilized in the micelles, pr The quantity was
calculated from S — Sj in mg dL , equivalent to mg g~ '
for a 1 wt % solution. The solublhzation capacities for
spironolactone and carbamazepine in 1 wt % micellar solu-
tions at 25 °C are reported in Table 5. The enhancement of
solubility (S/Sp) to the solvent blank is also shown in the
table.

From the water solubility (Sy), spironolactone is more
hydrophobic than carbamazepine and thus more compatible
with the hydrophobic core-forming B-block. Carbamaze-
pine has a moderate solubility in buffer solution and is ~28%
ionized at pH 7.4. Compared to the enhancement of solubi-
lity for spironolactone where S/S, = 4—7, the solubility of
carbamazepine in solutions of the BE—dendrimer conjugates
is only doubled, and the penetration of this drug into the
micelle core is poor due to its polarity and ionization. The
ionized drug molecules are electrostatically repelled by the
positively charged surface-primary or interior-tertiary ami-
no groups of the dendrimer. Hence, it is also unfavorable for
this drug to be encapsulated in the micelle fringe of the
BE—dendrimer conjugates.

As seen in Table 5, the G1—3 PAMAM dendrimers are
very poor solubilizers for hydrophobic drugs. The low-
generation PAMAM dendrimers have a relatively open
structure which water molecules can easily penetrate. The
hydrophilic environment is not favorable for incorporation
of hydrophobic drugs. The observation of much better
solubilization of spironolactone in solutions of copolymers
BgE4; and Bi¢E4, confirms that the hydrophobic core is the
domain for drug solubilization. Copolymer B4E4, has a
higher hydrophobic content than BgE4; and thus shows
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Table 5. Solubilization of Drugs in 1 wt % Micellar Solutions in
Phosphate Buffer at 25 °C of BE Copolymers, PAMAM Dendrimers,
and BE-PAMAM Dendrimer Conjugates

drug polymer S/mgdL™" /S, Spp"/mg g !
spironolactone BsE4 6.51 3.83 4.8
So = 1.7mgdL™! Bi6E4n 9.71 5.71 8.0
M, = 416.6 gmol™' Gl den 2.63 1.55 0.9
G2 den 2.86 1.68 1.2
G3 den 2.63 1.55 0.9
BgE4 —G1 8.68 5.11 7.0
BsE4 1 —G2 7.20 4.20 5.5
BisE4—G2 11.88 6.99 10.2
Bi¢E4»—G3a 9.37 5.51 7.7
BisE4»—G3b 10.17 5.98 8.5
carbamazepine BsE4, 18.9 1.60 7.1
So=11.8mgdL™"  BysEsm 21.8 1.85 10.0
M, = 2363 gmol ' Gl den 15.0 1.27 3.2
G2 den 15.4 1.31 3.6
G3 den 15.2 1.29 34
BgE4 —Gl 21.1 1.79 9.3
BgE4 —G2 19.5 1.65 7.7
Bi¢E4—G2 23.5 1.99 11.7
BisE4—G3a 21.0 1.78 9.2
Bi¢E4>—G3b 22.5 1.91 10.7

“Estimated uncertainty =1 mg g~ .

higher solubilization efficiency. A similar tendency is also
demonstrated for the BE—dendrimer conjugates.

When compared to values for their component BE copoly-
mers, the solubilization capacities recorded for the BE—
dendrimer conjugates show only a marginal increase, e.g.,
values of Sy, for BgE4;—G1 and BgE4;—G2 and spironolac-
tone are only 45% and 15% higher than Sy, for copolymer
BgE4;. The solubilization capacity expressed as mg g ' is
related to the hydrophobic content in the BE—dendrimer
conjugates. As the hydrophobic contents of BE copolymers
is reduced after conjugating with dendrimers, direct compar-
ison of these results is not entirely appropriate. The solubiliza-
tion capacities of BgEy4;, BgE41—G1, and BgE4—G2, in an
alternative representation as mole drug molecules per mole of
conjugate micelles, are 1.6, 4.5, and 3.3 mol mol !, respec-
tively, which indicate the number of drug molecules per
micelle. The micelles of BgE4;—dendrimer conjugates are able
to encapsulate two or three times the number of drug mole-
cules than BgE,4;. Considering that the micelles of BgE4; and its
dendrimer conjugates have a hydrophobic core of similar size,
it is concluded that the enhancement of solubilization partly
originates from the micelle corona which can entrap drug
molecules in the cavities between the poly(ethylene oxide) or
dendrimer branches.

For the B sE4,—dendrimer conjugates, the solubilization
results are subjected to the net effect of increased micelle size
(micelle aggregates) and decreased hydrophobic content.
When conjugated with larger generation dendrimers, the
micelle core growth of the BigE4>,—dendrimer conjugates is
more or less restricted by repulsion within the dendrimer
periphery;i.e., each micelle of B;¢E4,—G3a has an effective B
block of 112 on average compared to those of BigE4, with
177 B blocks per micelle core. Although with an equal or even
smaller hydrophobic core, the B4E4,—dendrimer conjugates
showed enhanced solubilization capacities compared to
BisE4>. Assuming that the solubilization capacity is propor-
tional to the core volume and that the efficiencies of drug
molecules penetrating into the micelle cores of the block
copolymers and into those of the dendrimer conjugates are
equal, it is concluded that reduced solubilization in the
smaller micelle cores is more than compensated by the
incorporation of drug molecules within the micelle coronas
or between the cavities of micelle aggregates.
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Conclusions

The synthesis and characterization of the conjugates of BE
copolymers and PAMAM dendrimers of different generations
are reported. Light scattering studies indicated that the amphi-
philic conjugates are able to self-associate in aqueous buffer
solution and form spherical “flowerlike” micelles which are
composed of a hydrophobic oxybutylene core and dendrimer
periphery. Further aggregation of spherical micelles was found in
the solutions of conjugates with long polymer chains and small
dendrimer molecules, which is attributed to the reduced steric or
electrostatic repulsion and the small proportion of molecules with
multiple BE chains. In a study of the solubilization of poorly
water-soluble drugs in micellar solutions of the BE—dendrimer
conjugates, it was shown that the solubilizing abilities of PA-
MAM dendrimers were considerably improved by conjugating
with BE copolymers and forming micelles. The micelle core
provides a dominant locus for incorporation of hydrophobic
drugs, and in addition, drug molecules are able to be encapsulated
in the cavities between the poly(ethylene oxide) or dendrimer
branches. Solubility enhancement of a partially ionized drug
carbamazepine was less pronounced due to the low partition
coefficient for this drug in the micelle core. The findings of this
work suggest a potential new approach to the development of
drug carriers in formulation design.
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