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ABSTRACT

We prepared and characterized the inclusion complexes of daidzein with poly(amidoamine) (PAMAM)
and poly(propylene imine) (PPI) dendrimers. Aqueous solubility of daidzein was significantly enhanced
by both PAMAM and PPI (186- and 650-fold at 0.36 mM, respectively). Daidzein in G3 PAMAM solution
is more stable than that in G4 PPI. NMR studies reveal the encapsulation of daidzein within the interior
cavities of PPI through hydrophobic interactions. Daidzein exhibits a slower release behavior from PPI
than that from PAMAM. PPI/daidzein complex is much more toxic than PAMAM/daidzein complex on sev-

ﬁ%’:’gﬁs eral cell lines. PAMAM/daidzein complexes showed similar protective effect on oxidative stress-induced
Daidzein cytotoxicity as compared to free daidzein. These results suggest that the inclusion of daidzein with den-
Dendrimer drimer can effectively improve the solubility, prolong the delivery, and maintain the anti-oxidant activity
PAMAM of daidzein. This research provides new insights into dendrimer-based drug delivery systems and will be
PPI helpful for the design of novel dendrimer/drug formulations.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Isoflavones are a class of natural phenolic compounds abun-
dant in soybeans and other legumes (Reiter et al., 2009).
The chemical structures of isoflavones are similar to that of
human estrogen (Warri et al., 2008). As a result, isoflavones
can be used to block estrogen from binding to its receptors
on cell membrane, thus have several favorable health bene-
fits such as reducing the risk of estrogen-dependent cancers
including breast, ovarian, and endometrial cancers (Jiang et al.,
2010). In addition to their estrogenic properties, isoflavones
were reported to have antioxidant properties by enhancing
the activities of catalase, superoxide dismutase and glutathione
reductase (Barbosa et al., 2011). They can also be used to pre-
vent osteoporosis (Byun and Lee, 2010). Therefore, isoflavones
have attracted increasing attentions in clinical applications
(Reiter et al., 2009; Ward and Kuhnle, 2010; Zhang et al.,
2011).

However, isoflavones have poor lipophilicity and hydrophilic-
ity, which brings a major challenge in pharmaceutical applications

* Corresponding author. Tel.: +86 21 62232405.
** Corresponding author. Tel.: +86 21 54342935.
E-mail addresses: xyye@bio.ecnu.edu.cn (X. Ye), yycheng@mail.ustc.edu.cn (Y.
Cheng).

0378-5173/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2011.09.044

of these compounds (Zhang et al.,, 2011). Firstly, low aqueous
solubility prevents the administration of isoflavones by injec-
tions and other liquid forms. Secondly, oral administration of
these isoflavones with extremely low aqueous solubility faces low
bioavailability problems. Thirdly, isoflavones are rapidly metab-
olized in the livers and intestines, leading to low absorption of
these bioactive compounds (Lee et al., 2007). To enhance solu-
bility and bioavailability of isoflavones, cyclodextrins and their
derivates (Cannava et al., 2010; Lee et al., 2007; Stancanelli
et al.,, 2007; Xavier et al., 2010), cyclodextrin/hydrophilic poly-
mer mixtures (Borghetti et al., 2011), phospholipids (Gao et al.,
2008; Zhang et al., 2011), surfactants (Whaley et al., 2006), chi-
tosan microspheres (Ge et al., 2007), poly(L-lactide) (Sojitra et al.,
2010), hyperbranched polyester (Zou et al., 2005), and emulsions
(Shen et al.,, 2010) were used as potential carriers. The solu-
bility and bioavailability of isoflavones were improved in these
studies, but the increased solubility of isoflavones still cannot
meet the clinical need since the solubility was only increased
by an order of magnitude in the presence of cyclodextrins (Lee
et al., 2007; Stancanelli et al., 2007; Xavier et al., 2010). Though
the assembled aggregates such as phospholipid nanospheres can
improve the isoflavone solubility to a much higher extent, these
supramolecular capsules are not stable and may disassemble
into monomers followed by rapid release of encapsulated drugs
when they were administrated (Gao et al., 2008; Zhang et al.,
2011). Thus, there is an urgent demand for the development of
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Scheme 1. Molecular structures of isoflavones (a) daidzein and (b) genistein.
Daidzein structures are shown with proton labeling.

vehicles for isoflavones with stable structures and high drug pay-
load.

Dendrimers are a class of nanoscale macromolecules with well-
defined numbers of surface functional groups and interior pockets
(Caminade et al., 2005; Tomalia, 2005). The non-polar pockets of
dendrimers are responsive to encapsulation of guests with low
aqueous solubility (Shietal.,2010; Wangetal.,2011), while the sur-
face functionalities can bind guests through covalent conjugates or
non-covalent interactions such as ionic and hydrogen-bond inter-
actions (D’Emanuele and Attwood, 2005). Large numbers of surface
functionalities/interior pockets and large surface area endow den-
drimers with high drug loading capacities (Cheng et al., 2011). Also,
dendrimers are monomolecular micelles with excellent monodis-
persity and stability in physiological systems (Tomalia, 2005). As
a result, they have been widely used as delivery vehicles for dif-
ferent families of drugs in the past decade (Agarwal et al., 2008,
2009; Gupta et al., 2006; Jain et al., 2010; Jain and Gupta, 2008).
Isoflavones with phenolic groups and aromatic rings in their molec-
ular structures, indicating these compounds can be either bound on
the surface of cationic dendrimers via ionic interactions or encap-
sulated within the cavities through hydrophobic interactions.

In this study, we present an effective strategy to prepare
liquid formulations of isoflavones, characterized the structures
and physicochemical properties of the inclusion complexes of
isoflavone and dendrimer, and evaluated their stability, cytotoxic-
ity, and anti-oxidant activity. Isoflavones are present in multiple
forms such as daidzein, genistein, glycitein, and their glyco-
side forms (Scheme 1) and the most investigated and beneficial
isoflavones are daidzein and genistein. Here, daidzein was used as
a model drug of isoflavones. Commercially available dendrimers
poly(amidoamine) (PAMAM) and poly(propylene imine) (PPI) were
used as potential carriers.

2. Experimental
2.1. Materials
Generation 3 (G3) and G5 ethylenediamine (EDA)-cored

and amine-terminated PAMAM dendrimers were obtained from
Dendritech Inc. (Midland, MI). G4 diaminobutane (DAB)-cored

and amine-terminated PPl dendrimer was purchased from
Sigma-Aldrich (St. Louis, MO). Daidzein was a gift from school of life
science, East China Normal University. Dimethyl sulphoxide, acetic
anhydride, and triethylamine were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). G3 and G5 PAMAM
dendrimers were received in methanol solutions and the solvents
were distilled to obtain the dendrimers in white gels. All the other
chemicals were used as received without further purification.

2.2. Sample preparations

Fully acetylated G3 PAMAM (Ac-G3 PAMAM) and G4 PPI (Ac-
G4 PPI) dendrimers were prepared according to a well-established
method (Wang et al., 2011; Yang et al., 2008). Briefly, acetic anhy-
dride (200% ratio of primary amine numbers of a G3 PAMAM or
G4 PPl dendrimer with 32 surface amine groups) was slowly added
to a dendrimer/methanol solution in the presence of triethylamine
(1.25 molar equivalents of acetic anhydride). The mixtures were
stirred for 24 h at room temperature. Acetic acid and triethylamine
in thereaction solution were removed by extensive dialysis (MWCO
is 3500 Da for Ac-G3 PAMAM and 1000 Da for Ac-G4 PPI) against PBS
buffer and double-distilled water. Ac-G3 PAMAM and Ac-G4 PPI
were obtained in white powders after lyophilization. The samples
were stored in a dry place before further use. 'H NMR spectroscopy
was used to confirm the 100% acetylation ratio of the amine groups
on G3 PAMAM and G4 PPI dendrimers.

Stock solutions for G3 and G5 PAMAM, Ac-G3 PAMAM and Ac-
G4 PPI dendrimers were prepared at a concentration of 10 mg/mL
in distilled water, while that for G4 PPI dendrimer were 20 mg/mL.

2.3. Phase solubility tests

Aqueous solubilities of daidzein in the absence and presence
of PAMAM, PPI, and acetylated PAMAM and PPI dendrimers were
measured. Generally, 2 mg daidzein was added into 400 pL dis-
tilled water or dendrimer solution in a tube. The mixtures were
then shaken for 24h at room temperature to ensure daidzein
reach its saturated point in the solutions. Then the daidzein sus-
pensions were centrifuged twice, the supernatants were kept and
the daidzein concentrations in the supernatants were analyzed by
a high performance liquid chromatography (HPLC) method. The
dendrimer concentration in the solubility test ranges from 0 to
0.36 mM, and three repeats were conducted for each sample.

2.4. HPLC analysis

The concentration of daidzein was measured by an HPLC method
as described elsewhere (Shen et al., 2010). Generally, the HPLC
experiments were conducted on an HPLC instrument (Agilent1200,
U.S.A.) equipped with a C18 column (4.6 mm diameter, 150 mm
length, 5 wm particle size, ZORBAX Eclipse XDB, Agilent, U.S.A.).
The mobile phase was methanol and water at a volume ratio of
50:50 and a flow rate of 1.0 mL/min. 10 p.L daidzein solution was
injected and the drug was detected at 254 nm. The retention time of
daidzein is 6.9+ 0.1 min. To prepare a standard curve for daidzein,
the drug was dissolved in dimethyl sulphoxide at a concentration
of 1 mg/mL and the solution was diluted to the concentration range
of 0.5-75 pg/mL (R~ 0.9997).

2.5. Stability test

The stability of daidzein in the absence and presence of G3
PAMAM and G4 PPI dendrimers was analyzed in a period of 30d.
Daidzein was dissolved in an 8 mL solution of dimethyl sulphoxide
and distilled water (55:45, v/v) with or without 28.5 wM dendrimer.
Daidzein concentrations in the samples were analyzed every 2 d by
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an HPLC method. Three repeats were conducted for the stability of
daidzein in the presence of PAMAM and PPI dendrimers.

2.6. Nuclear magnetic resonance (NMR) analysis

TH NMR experiments on a Varian 699.804 MHz NMR spectrom-
eter at 298.2 + 0.1 K were conducted for G3 PAMAM/daidzein and
G4 PPI/daidzein complexes in D,0. Generally, 1 mg daidzein was
dissolved in 500 L dendrimer/D, 0O solutions containing 1.14 mM
PAMAM and PPI dendrimers. The solutions were sonicated for 2 h
before NMR studies.

COSY spectrum of daidzein was obtained by the standard
pulse program at Varian 699.804 MHz NMR spectrometer, with
1024 x 2048 data points. The relaxation delay was 1s. 16 scans
were averaged. A sine-bell squared window function and zero fill-
ing were applied to both dimensions. The TOCSY spectrum was
obtained using an 8.4 s, 90° pulse width, with a relaxation delay
of 1s. The mixing time was 80ms. A spin-lock pulse was applied
for the mixing period with a spin-lock field of 10 kHz with DIPSI-2
modulation. 8 scans were collected for each of the 512 increments
in the indirect dimension. Both dimensions were processed using
sine-bell window function and zero filling to a 1024 x 2048 matrix
before Fourier transformation.

The "H-'H two-dimensional nuclear Overhauser enhancement
spectroscopy (2D-NOESY) experiments for G3 PAMAM/daidzein
and G4 PPI/daidzein complexes were conducted on a Bruker
Advance 500.132MHz NMR instrument using standard pulse
sequences. 1s relaxation delay, 213 ms acquisition time, a 7.8 s
90° pulse width, and a 300 ms mixing time were chosen. 16 tran-
sients were averaged for 800 complex t; points. All the data were
processed with NMRpipe software on a Linux workstation.

2.7. Invitro release studies

The release rate of daidzein from G3 PAMAM or G4 PPI den-
drimer was measured by the following procedures. Generally,
PAMAM)/daidzein and PPI/daidzein complexes were prepared by
dissolving 150 g daidzeinin 1 mL PAMAM and PPl dendrimer solu-
tions (0.29 mM), and the samples were sonicated for 2 h before the
in vitro release studies. The dendrimer/daidzein complex solutions
were immediately transferred into a dialysis bag with a molecu-
lar weight cut off (MWCO) of 1000 Da, followed by immersion of
the dialysis bag into a container filled with 50 mL distilled water.
30 L solutions from the outer phase of the dialysis bag were with-
drawn at specific time intervals. The daidzein concentrations in
these solutions were analyzed by an HPLC method.

2.8. Cell level studies

Cells were incubated in Dulbecoo’s modified Eagle’s medium
(DMEM, GIBCO Inc.) containing streptomycin (100 pwg/mL), peni-
cillin sulphate (100 units/mL), and 10% heat-inactivated fetal calf
serum (FCS, GIBCO Inc.). The cytotoxicities of G3 PAMAM and G4 PPI
dendrimers and their complexes with daidzein on MCF-7 and A549
cells (ATCC) were measured by a well-established MTT assay. The
cells were treated with dendrimers or dendrimer/daidzein com-
plexes for 48 h (G3 PAMAM, 14.5 and 58.0 wM, G4 PPI 14.2 uM, and
daidzein, 79 and 197 wM in the complexes), followed by the incuba-
tion of cells with MTT for 3 h. After that, the wells were added with
dimethyl sulphoxide to dissolve the yielding purple crystals by liv-
ing cells. The absorbance of the solution in each well was measured
at 570 nm by a microplate reader (MQX200R, BioTeK Inc.).

The anti-oxidant activities of daidzein and dendrimer/daidzein
complexes were conducted by evaluating the protective effect of
these compounds on H,0,-induced cytotoxicity in MCF-7 and A549
cells (Heo et al., 2005). Generally, the cells were treated for 2h
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Fig. 1. Solubilities of daidzein in different concentrations of G3 PAMAM, G4 PPI, and
acetylated G3 PAMAM and G4 PPI dendrimer solutions (a) and the comparison of
daidzein solubility in G3 and G5 PAMAM dendrimer solutions (b).

with various concentrations of daidzein (75 wM and 187.5 uM dis-
solved by dimethyl sulphoxide) and its complexes with dendrimers
(36.2 wM). The cells were then washed with PBS buffer and further
treated with 1 wM H,0; for 30 min. Viabilities of the cells treated
with and without daidzein compounds were then measured by an
MTT assay as described above. Six repeats were conducted for each
sample and the results were shown as mean + standard deviation.
The data were analyzed by two-tailed, unpaired Student’s t-tests.

3. Results and discussion
3.1. Daidzein loading by PAMAM and PPI dendrimers

As shown in Fig. 1a, the solubility of daidzein is extremely
low in distilled water (1.17 wg/mL), and its solubility is sig-
nificantly enhanced in the presence of both PAMAM and PPI
dendrimers. The daidzein solubility is enhanced by 186 times and
650 times in 0.36 mM G3 PAMAM and G4 PPI dendrimer solutions,
respectively, and the solubility increases linearly with dendrimer
concentration. Previous study has reported that the solubility of
daidzein was increased by 5.7-, 7.2-, and 9.4-fold by (-, methyl-
B-, and hydroxypropyl--cyclodextrin, respectively (Borghetti
et al,, 2011). The use of binary systems containing cyclodextrin
and hydrophilic polymers such as hydroxypropylmethylcellulose
(HPMC) and polyvinylpyrrolidone (PVP) can further increase the
solubility of daidzein (12.7-fold) (Borghetti et al., 2011). In sep-
arate studies, the solubility of daidzein was increased by 6-15
times depending on the cyclodextrin structure and concentration
(Lei et al., 2005; Stancanelli et al., 2007). It is obvious that the
increased solubility for daidzein still cannot meet the clinical need.
Amphiphilic hyperbranched polyester with a dendritic structure
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Fig. 2. 'H NMR spectra of G3 PAMAM and G4 PPI dendrimers in the absence and presence of daidzein molecules, (a) the high field regions for dendrimers and (b) low field

regions for daidzein.

improved the solubility of daidzein by 6-24 times at 5 mg/mL, indi-
cating much lower loading efficiency of the dendritic polyester as
compared to PAMAM (186-fold at 2.5 mg/mL) and PPI (650-fold
at 1.25 mg/mL) dendrimers in the present study (Zou et al., 2005).
The high solubilization behavior of PAMAM and PPI dendrimers
towards daidzein presents an effective strategy to prepare liquid
formulation of daidzein.

Both G3 PAMAM and G4 PPl dendrimers have 32 primary amine
groups on their surface, the higher daidzein loading ability of G4
PPI than G3 PAMAM (Fig. 1a) should be attributed to be their differ-
ences in the interior structures of the two dendrimers (Kannaiyan
and Imae, 2009). The interior pockets of PAMAM dendrimer are
consisted of alkyl chain (-CH,-CH,-), tertiary amine, and amido

groups (-CONH-), while the interior pockets of PPl dendrimer con-
sisted of alkyl chain (-CH,-CH;-CH,-) and tertiary amine group
are much more hydrophobic than that of PAMAM dendrimer.
The hydrophobic pockets of PPI dendrimer are involved in strong
hydrophobic interactions with the aromatic region of the daidzein
molecules (Richter-Egger et al., 2001). Therefore, G4 PPI encap-
sulates much more daidzein molecules than G3 PAMAM at the
same molar concentration. The encapsulation of more daidzein
molecules within PPI than that within PAMAM is further confirmed
in later NMR investigations.

To investigate the importance of dendrimer surface amines on
daidzein solubilization, we removed the surface amine groups of
PAMAM and PPl dendrimers by acetylation (Wang et al.,2011; Yang
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et al.,, 2008), and compared the solubilization behaviors of den-
drimers before and after acetylation. Surprisingly, Ac-G3 PAMAM
and Ac-G4 PPI dendrimers failed to load daidzein (Fig. 1a). As
demonstrated in previous studies, the surface amine groups are
proposed to be the predominant factor in the solubilization of
hydrophobic drugs by cationic dendrimers (Cheng et al., 2008).
Most of the surface amines of PAMAM and PPI should be protonated
in the solubility studies (pK,~10.5; D’Emanuele and Attwood,
2005), pH ranges from 7.2 to 8.9 for PAMAM, and (pK; ~9.75;
Kannaiyan and Imae, 2009), and from 7.6 to 8.5 for PPI and strong
ionic interactions between the phenolic groups of daidzein and the
protonated amine occur on the surface of both dendrimers. The
importance of surface ionic interaction on daidzein solubilization
is further confirmed by the comparison of daidzein solubility in G3
and G5 PAMAM solutions. Our previous study has demonstrated
that high generation dendrimer is more capable of encapsulation
(more hydrophobicinterior) and low generation dendrimer is much
easier for surface ionic binding (lower steric hindrance) (Cheng
et al., 2009). As shown in Fig. 1b, the daidzein solubilization ability
of G3 PAMAM is higher than that of G5 PAMAM at the same sur-
face amine concentration, indicating that surface ionic interaction
plays an important role in the formation of PAMAM/daidzein com-
plex. These results together suggest that the surface amine group
is essential in the solubilization process and the ionic interaction is
the first step of molecular encapsulation (Zhao et al., 2010).

3.2. NMR characterization of dendrimer/daidzein complex
structures

To characterize the inclusion structure of PAMAM-daidzein and
PPI-daidzein complexes, 'H NMR, COSY, TOCSY, and 2D-NOESY
techniques were employed. The proton chemical shift assignments
of daidzein were carried out on the basis of 'H NMR (Fig. 2),
a homonuclear COSY and TOCSY spectra (Fig. 3), and the refer-
ence data (Whaley et al., 2006; Wu et al., 2009). COSY spectrum
reveals J-coupled protons via cross-correlation peaks off the diag-
onal, while TOCSY spectrum creates correlations between all the
protons within a given spin system, not limited to geminal or vicinal
protons as in the COSY spectrum (Wu et al., 2009). In the molecu-
lar structure of daidzein (Scheme 1a), Hy, Hs, and Hg are adjacent
to Hs, H7, and Hg, respectively. As shown in Fig. 3, cross-peaks are
observed between Hs g/H7 g and H,/Hs3 for daidzein in the absence
and presence of PAMAM or PPl dendrimers, which allows a straight-
forward and unambiguous assignment of the chemical shifts for
daidzein molecules in free states and in complex states with both
dendrimers. An obvious change in the relationship between peaks
H; ;> and peak H; g was observed in Fig. 3a and b, which is attributed
to interactions between daidzein and dendrimers.

As shown in Fig. 2, significant downfield shifts of the dendrimer
protons located on the outermost layer (protons Hy and Hy for
PAMAM and protons Hc¢ for PPI) were observed after the addition
of daidzein molecules, indicating the ionic interactions between
the amine groups of both dendrimers and the phenolic groups of
daidzein (Hu et al., 2009). Also, obvious upfield shifts of protons
Hpa and Hp located in the interior of PPI dendrimer were observed
(Fig. 2a), which is an evidence of PPI/daidzein inclusion forma-
tion via hydrophobic interactions. The broad peaks for daidzein
molecules in the TH NMR spectrum of PPI/daidzein complex also
confirmed the encapsulation of more daidzein molecules in PPI
interior pockets (Fig. 2b). This result is in accordance with that
obtained in phase-solubility studies.

TH-TH NOESY was further used to analyze the inclusion struc-
ture of the complexes (Figs. 4 and 5) (Zhao et al., 2010). Free
daidzein with a molecular weight of 254 Da shows positive NOE sig-
nals, while G3 PAMAM and G4 PPI dendrimers (6900 and 3513 Da,
respectively) exhibit negative NOE signals in a NOESY spectrum
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Fig. 3. Contour plots of the '"H-"H COSY spectra of daidzein in the absence (a) and
presence (b) of G3 PAMAM dendrimer.

(Zhao et al., 2010). If daidzein molecules were bound with den-
drimers, it develops a negative NOE signal for the bound-guests.
The negative NOE signals (black) for daidzein in Figs. 4b and 5b
indicate that most of the daidzein molecules were in bound-state.
Weak cross-peaks between protons (H4) of daidzein and protons
(Hap,) of G3 PAMAM dendrimer (Fig. 4a) and strong NOE cross-
peaks between protons (Hi_g) of daidzein and protons (Ha_¢c) of
G4 PPI dendrimer (Fig. 5a) were observed, proving the encapsula-
tion of daidzein molecules within the cavities of both dendrimers.
Obviously, the amount of daidzein molecules encapsulated within
G4 PPI is much more than that within G3 PAMAM due to the
more hydrophobic interior of PPl dendrimer. The weak cross-peaks
between PAMAM and daidzein protons in Fig. 4a and the significant
downfield shift of protons (Hy, and Hy ) in Fig. 2a suggests that most
ofthe daidzein molecules located on PAMAM surface viaionicinter-
actions (Scheme 2). In the molecular structure of daidzein, protons
H,,and Hs g are adjacent to protons Hz and Hy g, respectively, there-
fore NOE cross-peaks for H-H3, H5-Hg, and Hg-H> are observed
in Figs. 4b and 5b. However, cross-peaks for distant proton pairs
(>5A) such as Hy-Hy_g and H,-H;_g are also observed in Fig. 5b,
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Scheme 2. Proposed complex structures of daidzein with G3 PAMAM (a) and G4 PPI dendrimers (b).

indicating intermolecular NOE interactions for the daidzein
molecules bound within the cavities of PPl dendrimers. In addition,
the intensities of cross-peaks between protons H 4 of daidzein and
protons of dendrimers (H,_q of PAMAM and Ha_p of PPI) are much
stronger than that between H; 3 and dendrimer protons (Fig. 5a),
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providing insights into the average position and orientation of
isoflavones within the dendrimer cavities. The approach of pro-
tons Hj 4 to the hydrophobic scaffold of dendrimers is attributed to
fact that protons Hy 4 locate in the hydrophobic region of daidzein
molecules (Scheme 2). The high binding ability of daidzein in the
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cavities of G4 PPI dendrimer well explains the high solubility of
daidzein in PPI solutions.

3.3. Stability of daidzein in the presence of PAMAM and PPI
dendrimers

Drug stability is an important issue of a formulation, which
should be considered before clinical applications. Formulations
with physical and chemical stability can maintain the long-term
therapeutic efficacy of the drug. To investigate the stability of
daidzein in the inclusion complexes with G3 PAMAM and G4
PPl dendrimer, the degradation of daidzein molecules in the
absence and presence of both dendrimers were monitored by
HPLC for a month. As shown in Fig. 6a, 94% and 84% of added
daidzein molecules were recovered after 30 d in the presence of G3
PAMAM and G4 PPI dendrimers, respectively. Daidzein and other
isoflavones were reported to cause supramolecular aggregates of
phospholipid vesicles (Whaley et al., 2006). The decreased daidzein
in the dendrimer/daidzein complexes is probably due to the for-
mation of supramolecular aggregates, inclusions, or precipitates
between cationic dendrimers and daidzein with two negatively
charged groups (Hu et al., 2009; Zhao et al., 2009). G4 PPI den-
drimer has a more hydrophobic interior and a smaller size (2.3 nm
versus 3.0 nm) than G3 PAMAM, which makes the supramolecular
aggregate or inclusion of G4 PPI/daidzein not as soluble as that of G3
PAMAM)/daidzein. The comparison of the two dendrimer/daidzein
complexes in Fig. 6 clearly demonstrates that G3 PAMAM/daidzein
has better stability and can be stored for a longer period than G4
PPI/daidzein.

3.4. Invitro release behaviors of daidzein from PAMAM and PPI
dendrimers

The in vitro release experiments were carried out to evalu-
ate the sustained release characteristic of the dendrimer/daidzein
complexes, which is of critical importance in the design and opti-
mization of drug delivery systems. Carriers with ideal sustained
release characteristics can improve bioavailability and decrease
side-effects of the administrated drug, and simplify the dosing
schedules (Cheng et al., 2011). As shown in Fig. 6b, the accumu-
lative percent of drugs released from PAMAM/daidzein complex
is 27.0% at 6 h and 33.4% at 12 h, while the corresponding values
are 9.3% and 15.6% for PPl/daidzein complex. The release rate of
daidzein from the dendrimer/daidzein complexes is much slower
than that from an amphiphilic hyperbranched polyester system,
in which more than 50% daidzein was released out of the den-
dritic polymer during a period of 10h (Zou et al., 2005). In the
case of daidzein/phospholipid complex (Zhang et al., 2011) and
daidzein/solid lipid nanoparticles (Gao et al., 2008), the accumu-
lative release of daidzein from the nanoparticles was about 60%
within 8 h (Zhang et al., 2011) and 45% within 12h (Gao et al,,
2008), respectively. Therefore, both PAMAM and PPI dendrimers
are better candidates in the design of sustained release systems for
isoflavones.

As demonstrated in phase-solubility and NMR studies, G4
PPI has higher solubilization ability towards daidzein than G3
PAMAM, indicating that G4 PPI has more binding sites for daidzein
molecules. More binding sites in a carrier can prevent the rapid
release of drugs from the dendrimer/drug complexes (Hu et al.,
2009). In addition, NOESY studies have proved that more daidzein
were encapsulated within the cavities of G4 PPI than that within G3
PAMAM. Strong hydrophobic interactions between the PPI scaffold
and the aromatic rings of daidzein further slow the release rate of
daidzein. Therefore, G4 PPI shows better sustained release behavior
than G3 PAMAM (Fig. 6b).

3.5. Cytotoxicities of dendrimer/daidzein complexes

The cytotoxicities of G3 PAMAM/daidzein and G4 PPI/daidzein
complexes were evaluated on MCF-7 and A549 cells by an MTT
assay. As shown in Fig. 7a and b, daidzein at 79-197 wM and G3
PAMAM dendrimer at 14.5 M are not toxic on both cells. How-
ever, 14.2 .M G4 PPI causes a 63% and 81.2% cell death on MCF and
A549 cells, respectively, suggesting high cytotoxicity of G4 PPl den-
drimer on both cells. Dendrimer surface charge was proposed to be
the predominant factor on the cytotoxicity of dendrimer (Duncan
and Izzo, 2005; Jain et al., 2010; Mishra et al., 2009, 2010). How-
ever, both G3 PAMAM and G4 PPI have 32 primary amine groups on
dendrimer surface. Therefore, the higher cytotoxicity of G4 PPI is
probably attributed to its more hydrophobic interior as compared
to G3 PAMAM. The hydrophobic interior of G4 PPl is able to encap-
sulate the hydrophobic region of phospholipid, which disturbs the
bilayer structure of the cell membrane (Smith et al., 2010). Also,
dendrimer with a more hydrophobic interior has higher penetra-
tion ability through the cell membrane, thus exhibiting a higher
cytotoxicity on the cells. Though the loading capacity of G4 PPI is
higher than that of G3 PAMAM (~3.5 fold), the cytotoxicity of G4 PPI
is much higher than that of G3 PAMAM, since G3 PAMAM at a high
concentration of 72.5 wM is non-toxic on MCF-7 and A549 cells,
while G4 PPI exhibits serious cytotoxicity on both cells at 14.2 M.
Besides, the G3 PAMAM/daidzein complex (14.5 wM/79 wM) is not
toxic on both cells, while G4 PPI/daidzein complex at a similar con-
centration killed most of cells, suggesting that G3 PAMAM/daidzein
complex is a safer choice than G4 PPI/daidzein complex in the deliv-
ery of daidzein.
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Fig. 7. Viability of MCF-7 (a) and A549 cells (b) incubated with G3 PAMAM, G4
PP, daidzein, and G3 PAMAM/daidzein and G4 PPl/daidzein complexes for 48 h,
a: 145uM PAMAM, b: 79 uM daidzein, c: 14.5 M PAMAM+79 uM daidzein,
d: 72.5uM PAMAM, e: 14.2 uM PP, f: 14.2 uM PPI+79 uM daidzein, g: 197 uM
daidzein, and h: 14.2 uM PPI+197 uM daidzein, **p <0.05, compared to the cell
viability of G3 PAMAM at 14.5 uM.

3.6. Anti-oxidant activities of daidzein and dendrimer/daidzein
complexes

Daidzein and other isoflavones were reported to have anti-
oxidant properties by enhancing the activities of catalase,
superoxide dismutase and glutathione reductase (Barbosa et al.,
2011; Kim et al., 2004; Valsecchi et al., 2011). To investigate
the anti-oxidant activity of daidzein in the formulations of den-
drimer/daidzein complexes, protective effect of these compounds
on H,0,-induced cytotoxicity in MCF-7 and A549 cells were evalu-
ated (Heo et al., 2005). Since G4 PPI/daidzein complexes showed
significant cytotoxicity on both MCF-7 and A549 cells, only the
anti-oxidant activities of G3 PAMAM)/daidzein complexes were
evaluated. Incubation of both cells with 1 M H;0, for 30 min
causes a significant decrease in cell viability (72.7 +0.3% on MCF-
7 cells and 76.2+0.7% on A549 cells, Fig. 8a and b), but the
presence of daidzein (187.5 wM) inhibited the H,0;-induced cyto-
toxicity on both cells (86.4+0.1% on MCF-7 cells and 89.1 +0.5%
on A549 cells). G3 PAMAM)/daidzein complexes showed similar
protective effects as free daidzein at the same molar concentra-
tions of the compound (84.9 + 0.3% on MCF-7 cells and 87.3 +0.2%
on A549 cells, Fig. 8a and b), suggesting that the complexation of
daidzein to G3 PAMAM dendrimer does not significantly influence
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Fig. 8. Protective effect of daidzein and daidzein/G3 PAMAM complexes on H,0,-
induced cytotoxicity in (a) MCF-7 and (b) A549 cells, a: untreated, b: 1 wM H,0;, c:
1M H;0; +75 wM daidzein/36.2 uM PAMAM complex, d: 1 wM H,0, +187.5 uM
daidzein/36.2 wM PAMAM complex, e: 1 wM H,0; +75 uM daidzein, and f: 1 puM
H,0; +187.5 pM daidzein, **p < 0.05, compared to the viability of 1 wM H,O; treated
cells.

the bioactivity of the compound. Pretreatment of the cells with
increasing concentrations of daidzein or dendrimer/daidzein com-
plexes showed improved protective effect. These results suggest
that dendrimer/daidzein complexes have potential applications as
anti-oxidant agents for therapeutic purpose and the bioactivities of
these formulations can be tailored by varying daidzein concentra-
tions.

4. Conclusions

In the present study, the inclusion complexes of daidzein and
two commercially available dendrimers were prepared and char-
acterized. Both PAMAM and PPI dendrimers remarkably improved
the aqueous solubility of daidzein. PPI shows a better drug load-
ing capacity than PAMAM due to its more hydrophobic interior.
The interaction mechanisms between both dendrimer and daidzein
were proposed based on the phase-solubility studies. NMR analysis
proved the inclusion structure of both dendrimer/daidzein com-
plexes and the encapsulation of more daidzein molecules within
the cavities of PPl dendrimer. Daidzein exhibits a slower release rate
from the PPI/daidzein complex than that from the PAMAM/daidzein
complex. However, PPl is much more toxic than PAMAM on MCF-7
and A549 cells. The stability of PAMAM/daidzein complex is better
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than that of PPI/daidzein complex. G3 PAMAM/daidzein complex
showed similar protective effect on H,0,-induced cytotoxicity on
MCF-7 and A549 cells as free daidzein. Therefore, the inclusion
of daidzein with dendrimer can effectively improve the solubil-
ity, prolong the delivery, and maintain the bioactivity of daidzein.
Though PAMAM showed a lower daidzein loading capacity com-
pared with PPI, it is a safer choice than PPl in the design of polymeric
delivery systems for daidzein. This research provides new insights
into dendrimer-based drug delivery systems and will be helpful for
the design of novel dendrimer/drug formulations.
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