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Abstract: Reichardt’s dye, a highly solvatochromic dye, was encapsulated within poly (glycerol succinic
acid) ([Gn]-PGLSA -OH) dendrimers to investigate the interior environment of these dendritic macro-
molecules. The absorption maximum for the encapsulated Reichardt’s dye in water was indicative of a
relatively high dielectric constant present within the dye/dendrimer complex. 1H NMR of the encapsulated
complex showed the presence of aromatic protons from Reichardt’s dye along with the aliphatic protons of
the dendrimer. Additionally, there were substantial changes in T1 and T2 times of the encapsulated dye
when compared with the free dye, and 1H NOESY spectra for the complex showed a significant number of
intermolecular NOE cross-peaks. These data reveal the close through-space proximity of the dye to the
dendrimer and the restricted motion of the encapsulated dye. To demonstrate the potential use of these
macromolecules as drug delivery vehicles, the poorly water-soluble anticancer drug 10-hydroxycamptothecin
(10HCPT) was encapsulated within a carboxylated PGLSA dendrimer ([G4]-PGLSA -COONa). Cytotoxicity
assays with human breast cancer cells showed a significant reduction of cell viability, demonstrating that
10HCPT retains activity upon encapsulation.

Introduction

Dendrimers are highly branched, well-defined monodisperse
macromolecules composed of a focal point, interior region, and
numerous end groups.1-18 As the dendrimer generation in-
creases, the macromolecule adopts a globular shape, and the
end groups strongly influence the properties of the dendrimer.

When compared to similar conventional linear polymers,
dendrimers possess significantly different physical and chemical
properties including solubility, chemical reactivity, viscosity,
and glass-transition temperature.10-12,19 Moreover, the three-
dimensional structure and material properties of dendrimers can
be tailored through specific chemical alterations. Given these
unique characteristics, dendrimers are of interest for chemical
and biomedical applications. We are investigating dendrimers
composed of biocompatible monomers (e.g., glycerol, lactic
acid, and succinic acid), termed “biodendrimers.”20-23 Basic
studies with these macromolecules will provide new insights
and directions for the use of dendritic polymers in medicine.

Two current challenges in drug delivery are targeting specific
biological sites and administering hydrophobic drugs.24-26 The
latter is important because a large number of highly active
pharmaceuticals lack appreciable water solubility. Therefore,
these drugs are either not clinically used, delivered in large
volumes of aqueous solution, delivered in conjunction with
surfactants (e.g., Cremophore EL), or chemically derivatized
to afford soluble prodrugs: all of which can result in reduced
efficacy or harmful side effects. Approaches to delivering
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hydrophobic compounds using polymeric carriers, such as
dendrimers,27-33 are being explored in many laboratories. In
previous studies, rose bengal34 and acetylsalicylic acid35 were
noncovalently encapsulated within poly(propylene imine) and
poly(amido amine) dendrimers. In the case of rose bengal
encapsulated within Meijer’s dendritic box, the internalized dye
molecules were confined within the dendrimer as a consequence
of steric congestion at the dendrimer periphery.34 Pyrene was
encapsulated within both poly(propylene imine) dendrimers and
unimolecular micelles based on pegylated Fre´chet-type den-
drimers.36,37Additionally, fluorescent dyes such as phenol blue38

and 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyril)-
4H-pyrane (DCM),39 have been encapsulated. Fluorescence self-
quenching is reduced, as the dyes are isolated from one another.
A large internal pocket was also created in a porphyrin-based
dendrimer through cross-linking the peripheral end groups and
then hydrolyzing the ester bonds between the dendritic arms
and the internal porphyrin core. This dendrimer was subse-
quently capable of selectively binding a guest porphyrin
molecule.40 We report the encapsulation of a solvatochromic
dye within apoly(glycerol-succinicacid) (PGLSA) dendrimer
and the subsequent characterization of this supramolecular
assembly using UV-vis and various 1D and 2D NMR experi-
ments. Additionally, we encapsulated a hydrophobic anticancer
drug and demonstrated that cytotoxicity was retained in the
presence of human breast cancer cells.

Results and Discussion

Dendrimers are synthesized through either a convergent
(periphery to core) or divergent (core to periphery) synthesis.
For experiments described herein, a generation four (G4)
PGLSA dendrimer (1) was synthesized in a divergent manner
by successive esterifications with 2-(cis-1,3-O-benzylidene-
glycerol)succinic acid mono ester and deprotections (hydro-
genolysis) with H2/Pd/C.21 The hydroxyl (OH) and carboxylate
(COONa) terminated dendrimers with molecular weights of
10 715 and 18 500, respectively, were fully characterized by
NMR, MALDI TOF mass spectrometry, SEC, and quasi-elastic
light scattering.

The strongly solvatochromic Reichardt’s dye (2,6-diphenyl-
4-(2,4,6-triphenylpyridinio)phenolate (3) Figures 1 and 3, Mw
) 552 g/mol) was encapsulated within the[G4]-PGLSA-OH
dendrimer. This solvatochromic dye has been used previously
to create the empirical ET(30) solvent polarity scale and was

also used to study micelle/solution interfaces, phospholipid
bilayers, microemulsions, and polymer mixtures.41 Encapsulation
of Reichardt’s dye within G3 and G4 PGLSA dendrimers was
investigated; the G2 dendrimer did not encapsulate the dye. This
observation is consistent with the globular structure required
for encapsulation by a dendrimer. The G3 dendrimer encapsu-
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Figure 1. [G4]-PGLSA biodendrimers and encapsulants.

Figure 2. UV-vis data for Reichardt’s dye in Acetone (green), MeOH
(blue), encapsulated in[G4]-PGLSA-OH (black), and 60:40 H2O:MeOH
(red).

Figure 3. Structure of Reichardt’s ET(30) dye with proton and ring
assignments.
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lated a maximum of∼1 dye molecule per dendrimer. Various
ratios of Reichardt’s dye ranging from 0.5 to 2.0 were
encapsulated within the G4 dendrimer.42 The maximum number
of dye molecules encapsulated within the G4 dendrimer was
approximately two,43 affording a concentration of 4.7 mM, a
2000-fold improvement of the dye solubility in water without
dendrimer (2.0µM). The same encapsulation procedure was
attempted with a generation 4.5 PAMAM carboxylate terminated
dendrimer, but no appreciable amount of Reichardt’s dye was
encapsulated. We suspect the poor encapsulation efficiency with
the PAMAM dendrimer is a consequence of the cationic
character of the dendrimer.

UV-vis experiments showed the expected solvatochromic shift
for Reichardt’s dye, with a blue shift in the absorbance
maximum as the solvent polarity increased (Figure 2 and Table
1). The UV-vis spectrum of[G4]-PGLSA-OH encapsulated
Reichardt’s dye shows aλmax at 503 nm, yielding an ET(30) of
56.8. This absorbance wavelength indicates the presence of an
apparent high dielectric constant in the interior of the dendrimer.
The ET(30) value for the encapsulated dye is between methanol
(55.3) and water (63.1), similar to the value for glycerol (57.0),
but significantly different from acetone (42.2), ethyl acetate
(38.1), and hexanes (31.0).44 The interior environment of the
dendrimer is less polar then water and approximates the polarity
of glycerol. As Reichardt’s dye is only slightly water soluble,
it has been used to measure the effective dielectric constant at
aqueous micellar interfaces. This interface is highly hydrated
in the anionic surfactant, sodium dodecanoate (SDDC), with
an ET(30) of 56.7.45 The relatively high ET(30) for the dendrimer
interior can also be rationalized by the penetration of water
molecules within this supramolecular assembly to afford a highly
hydrated state.

The hydrodynamic radius (Rh) of the [G4]-PGLSA-OH
dendrimer in H2O was determined using quasi-elastic light
scattering (QELS). The average hydrodynamic radius of the
[G4]-PGLSA-OH dendrimer was found to be 7 nm. Upon
encapsulation of Reichardt’s dye, the hydrodynamic radius of
the dendrimer in H2O decreased to 4 nm. The reduction in
hydrodynamic radius suggests that the aliphatic dendrimer
collapsed around the dye. The hydrodynamic radius of the[G4]-
PGLSA-OH dendrimer was solvent dependent. In methanol,
theRh was 3 nm, whereas in 1:1 CH3CN:H2O, and THF theRh

was greater than 30 nm. The apparent large hydrodynamic radius
of the dendrimer indicates the likely formation of aggregates
in solution.

To gain further insight into the nature of the encapsulated
dye-dendrimer interaction, we performed a series of 1D and
2D NMR experiments. Full1H NMR assignments for free
Reichardt’s dye (in CD3OD) and encapsulated within[G4]-
PGLSA-OH (in D2O) were derived from COSY experiments
(Table 2).46 The 1H NMR spectrum of the[G4]-PGLSA-OH
encapsulated dye reveals significant chemical shifts, line shape
changes, and substantial line broadening of the aromatic protons
compared to free Reichardt’s dye (Figure 4). The singlet
resonances from rings I and II of the free dye resonate at 8.39
and 6.73 ppm and shift downfield to 8.60 and 7.18 ppm when
encapsulated within[G4]-PGLSA-OH. In the absence of
dendrimer, the ortho and meta protons of ring III correspond to
the multiplet (8 protons) at 7.20 ppm and the para protons
correspond to the multiplet (2 protons) at 7.10 ppm. When the
dye is encapsulated within the dendrimer, the meta protons shift
upfield to 7.10 ppm and the ortho protons overlap the signal
from the para protons at 7.40 ppm. In free Reichardt’s dye, the
7.51 ppm multiplet (4 protons) arises from the ortho protons of
ring IV and the meta and para protons correspond to the
multiplet (6 protons) at 7.43 ppm. These resonances merge into
a 10 proton multiplet near 7.53 ppm upon encapsulation. For
Reichardt’s dye in the absence of dendrimer, the ortho protons
of ring V resonate at 8.10 ppm (2 protons) and the multiplet at
7.64 ppm (3 protons) corresponds to the meta and para protons
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Table 1. Absorbance Maxima and ET(30) Values for Reichardt’s
Dye in Solvents of Varying Polarities.42 Sodium Dodecanoate
(SDDC)43

solvent absorbance (nm) ET(30)

water 453 63.1
glycerol 502 57.0
SDDC43 504 56.7
methanol 516 55.4
acetone 677 42.2
ethyl acetate 750 38.1

Table 2. 1H NMR Chemical Shifts (ppm), T1 and T2 Relaxation
Time Constants (sec) for Free Reichardt’s Dye (CD3OD) and
Reichardt’s Dye Encapsulated within [G4]-PGLSA -OH (D2O)a

ring protons
δTMS

(free)
T1

(free)
T2

(free)
δDSS

(encapsulated)
T1

(encapsulated)
T2

(encapsulated)

I meta 6.738(s) 1.81 1.44 7.184(s) 0.715 0.022
II meta 8.392(s) 1.62 1.28 8.603(s) 0.738 0.021
III ortho 7.206(m) 1.78 0.321 7.392(m) 0.674 0.022

meta 7.181(m) 1.70 0.505 7.113(m) 0.686 0.024
para 7.107(m) 1.97 0.8.03

IV ortho 7.513(m) 1.72 0.471 7.529(m) 0.679 0.018
meta 7.438(m) 1.60 0.264
para 7.430(m)

V ortho 8.103(m) 1.62 0.021 8.185(m) 0.750 0.012
meta 7.638(m) 1.85 0.027 7.724(m) 0.728 0.019
para 7.643(m) 7.759(m)

a Shifts in CD3OD were measured relative to an internal TMS standard
and shifts in D2O were measured relative to an internal DSS standard.

Figure 4. 1H NMR for (top) Reichardt’s dye in CD3OD and (bottom)[G4]-
PGLSA-OH encapsulated Reichardt’s dye in D2O.

Dendritic Molecular Capsules A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 50, 2003 15487



of ring V. When the dye is encapsulated, these signals shift to
8.18 and 7.74 ppm, respectively.46

The1H NMR spin-lattice relaxation time constants (T1) for
the protons of ring I and ring II for free Reichardt’s dye (in
CD3OD) decrease from 1.8 and 1.6 s to 0.71 and 0.74 s when
encapsulated within the[G4]-PGLSA-OH dendrimer (in D2O).
Spin-spin relaxation time measurements revealed that theT2

of these singlets also decreased from 1.44 and 1.28 s for the
free dye (in CD3OD) to 0.022 and 0.021 s, respectively, when
encapsulated within the dendrimer (in D2O). The large decrease
in T2, which affords the considerable increase in line widths,
indicates restricted motion of the dye upon encapsulation.
Assuming that intramolecular dipole-dipole relaxation is the
predominant relaxation mechanism, theT2/T1 ratio for free
Reichardt’s dye (in CD3OD) yields a correlation timeτ ) 4.6
× 10-10 s, consistent with the tumbling motions of a small
molecule in solution. TheT2/T1 ratio for the encapsulated dye
(in D2O) gave a correlation timeτ ) 2.05× 10-9 s, which is
consistent with the motions of the large dendrimer molecule.
These correlations times correspond to the two sides of theT1

minimum, which is expected to occur atτ ≈ 1.9 × 10-10 s at
500 MHz magnetic field strength.47 Additionally, when the dye
is encapsulated within the dendrimer, the succinic acid meth-
ylenes of[G4]-PGLSA-OH shifted upfield from 2.7 to 2.6 ppm
as a consequence of the ring current effects associated with the
aromatic rings of Reichardt’s dye. TheT1 relaxation time
constant of the succinic acid protons also decreases slightly from
0.60 to 0.55 s.

1H NOESY spectra were recorded to explore the molecu-
lar interactions between the dendrimer and the encapsulated
Reichardt’s dye. Expansions of the aromatic and aliphatic
regions are shown in Figures 5 and 6, respectively. Ring I shows
strong intramolecular NOEs to rings III and IV, while rings II
and V show weaker NOEs to the other aromatic rings. Moreover,
a large number of intermolecular NOEs are also observed
between the aromatic protons of Reichardt’s dye and the
methylenes of succinic acid and the methines and methylenes
of glycerol, demonstrating significant close range dipolar
interactions. Because the intramolecular distance between the

meta protons (3,5) in rings I and II of Reichardt’s dye is
approximately 3 Å, we estimate the intermolecular cross-peaks
to indicate distances of 5 Å or less between the dye and the
dendrimer. Furthermore, when the NOESY diagonal is phased
negatively, the off-diagonal NOE cross-peaks from the den-
drimer and encapsulated dye also phased negatively48 These data
indicate that the association between the dye and dendrimer is
sufficiently strong to observe dipolar through space NOE effects,
and that the NOEs are associated with time scales typical of a
large dendrimer macromolecule, confirming that the encapsu-
lated dye molecule tumbles on approximately the same time
scale as the dendrimer. The1H NOESY spectra obtained for
free Reichardt’s dye (in CD3OD) are typical for small mol-
ecules.49 When the NOE diagonal peaks are phased negative,
all the off-diagonal cross-peaks for the free dye (in CD3OD)
are positive, consistent with NOE behavior for a small mole-
cule.

To investigate the potential drug delivery application with
these dendritic macromolecules, the drug 10-hydroxycampto-
thecin (10HCPT) (4), a topoisomerase I inhibitor, was encap-
sulated within PGLSA dendrimers.50 This poorly water soluble
(6 µM) anticancer drug (Figure 1) has a different molecular
weight (Mw ) 364 g/mol), shape, and electronic structure than
Reichardt’s dye. 10HCPT was encapsulated in the[G4]-
PGLSA-COONa dendrimer at a concentration of 200µM. Initial
attempts to encapsulate 10HCPT in[G4]-PGLSA-OH were not
successful, as a precipitate formed upon standing. Thus, we
encapsulated 10HCPT within the larger carboxylate terminated
dendrimer,[G4]-PGLSA-COONa, which is more water soluble.
The aromatic protons of the encapsulated 10HCPT are clearly
visible and distinct from the dendrimer protons in the1H NMR
spectrum (Figure 7). 1D difference NOE spectra, with selective
irradiation of the internal succinic acid protons (2.68 ppm),
reveals NOE dipolar interactions to four of the five aromatic
proton signals of 10HCPT (Figure 8). However, when the
peripheral succinic acid protons (2.55 ppm) were irradiated, no
selective NOEs were observed to the aromatic protons of
10HCPT. The NOEs to the internal succinic acid protons suggest
the internalization of 10HCPT within the dendrimer.
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Figure 5. Aromatic expansion of1H NMR NOESY of [G4]-PGLSA-OH
encapsulated Reichardt’s dye in D2O.

Figure 6. Aliphatic expansion of1H NMR NOESY of [G4]-PGLSA-OH
encapsulated Reichardt’s dye in D2O.
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The anticancer activity of the encapsulated 10HCPT was
evaluated using a standard NCI sulforhodamine B assay.
Varying concentrations of[G4]-PGLSA-COONa encapsulated
10HCPT were incubated for 0.5 to 2 h with MCF-7 human
breast cancer cells (5000 cells/well). Under these experimental
conditions, no cytotoxic effects were observed with the den-
drimer, whereas cell viability was significantly reduced in the
presence of the encapsulated 10HCPT (Figure 9). The apparent
lack of cytotoxicity with free 10HCPT is attributed to the high
concentration of cells relative to the 10HCPT concentration.

At similar drug concentration, but lower cell concentration,
cytotoxicity is observed with free 10HCPT (50% cell viability,
data not shown). Additional cell studies examining cell and
10HCPT concentration dependence as a function of incubation
time, as well as cell growth cycle, are ongoing and the results
will be reported in a future publication. The highest concentra-
tion of encapsulated 10HCPT (20µM) showed substantial
cytotoxicity with less than 5% of the cells remaining viable.
These in vitro results demonstrate that the anticancer activity
of 10HCPT is retained after encapsulation within the dendrimer
and that the dendrimer itself is a suitable delivery vehicle for
hydrophobic anticancer drugs.

Summary

The encapsulation of hydrophobic compounds within G4
dendrimers composed of succinic acid and glycerol is demon-
strated. NMR studies reveal strong NOEs between the encap-
sulant and the dendrimer. Reichardt’s dye and 10-hydroxy-
camptothecin, were successfully encapsulated suggesting that
the dendrimer is a host for a range of structurally and
electronically different hydrophobic molecules. The combined
spectroscopic data portray a physical description where the
dendrimer surrounds the encapsulant. The entrapment of a
hydrophobic compound within the aliphatic dendrimer can be
rationalized by the strong association between the encapsulant
and the dendrimer, and the poor water solubility of the
encapsulant. The solubility of the resultant dendrimer/encap-
sulant supramolecular assembly in water is attributed to the
peripheral hydroxyl (or carboxylate) groups and the penetration
of water molecules within the structure. The activity of the
encapsulated 10HCPT was retained, as demonstrated by its
cytotoxicity to human breast cancer cells. The results described
herein provide further incentive for basic studies of dendritic
macromolecules as well as the optimization of their macro-
molecular chemical and physical properties for specific medical
applications.
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Figure 7. 1H NMR spectrum of 10HCPT encapsulated within[G4]-
PGLSA-COONa (D2O, ppm from DSS). Insert: Expansion of aromatic
region, 1000-fold in vertical scale.

Figure 8. 1D 1H NOEs (A) between encapsulated 10HCPT (B) and interior
succinic acid protons of[G4]-PGLSA-COONa.

Figure 9. Cytotoxicity assay with human breast cancer, MCF-7, cells (5000
cells/well; n ) 8).
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