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Abstract Polyamidoamine (PAMAM) dendrimers of dif-
ferent generations (G2 and G4) conjugated with f-cyclo-
dextrin (f-CD), PAMAM (G2, G4)-CD, were synthesized
using substitution reaction from mono-6-iodine-f-cyclo-
dextrin and PAMAM dendrimers. The resulting molecular
structures were characterized by NMR, IR. The molecular
interaction between various dendrimers and levofloxacin
lactate (LFL) were investigated by monitoring the fluores-
cence of LFL in the presence of dendrimers in buffer solution
(pH 7.4) at 25 °C. It was found that the PAMAM (G2, G4)-
CD possesses higher sensitizing ability than that of the cor-
responding parent dendrimers and natural f-CD, and
increases concomitantly with the increases of generation and
content of f-CD, suggesting that the PAMAM (G2, G4)-CD
possesses stronger inclusion ability with LFL. The possible
interaction mechanism between PAMAM-CD and LFL was
proposed by "H NMR analysis and theoretical calculation.
The results show that the LFL molecule is located at the
amine end of dendrimer molecule and along the side of
cyclodextrin cavities to form supramolecular complexes.
Furthermore, results indicate that the main driving force of
the complex could be attributed to the electrostatic interac-
tions and hydrogen bonding between LFL and PAMAM-CD,
as well as the synergistic effect of intermolecular forces.
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Abbreviation

p-CD p-Cyclodextrin

PAMAM Polyamidoamine

LFL Levofloxacin lactate

PAMAM-CD Conjugates of f-cyclodextrin with
polyamidoamine dendrimers

Introduction

Among many polymer materials, dendrimers have attracted
attention in many fields due to their unique structures
accompanied by specific properties [1-4]. Polyamidoamine
(PAMAM) dendrimers as hyperbranched polymers possess
well-defined structures, which allow precise control of size,
shape, and terminal group functionality. The PAMAM
dendrimer is stable and highly biocompatible and can
complex with small molecule drugs at the periphery or
interior; its terminal groups can also be conjugated with the
antibody genes and other biological active substances. The
PAMAM dendrimer has a high efficiency transferring
biological active agents [5—7], suggesting potential phar-
maceutical applications such as a drug delivery vessel.
Cyclodextrin (CD) and its derivatives have been widely
used in biomedical, pharmaceutical, environmental engi-
neering and many other fields. Cyclodextrin polymers not
only maintain the characteristics of the parent molecules,
but also show unique polymer effects, range of applications
in separation analysis technology, biomedicine engineering
and other fields [8-10]. Kihara [7] has demonstrated that
starburst PAMAM dendrimer (generation 2 or 3) conju-
gated with o-CD («-CDE conjugates) in a 1:1 molar ratio
can be utilized as a novel nonviral vector for gene and
siRNA delivery in vitro and in vivo. A large number of
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studies have shown that incorporation of CDs into PA-
MAM dendrimers provides a single polymer structure from
the combination of two types of molecular cavities. This
polymer is not only interesting for research in structure—
property relationships, but also may be used for important
applications.

In recent years, our research group has focused on
building multi-functional structures of the supramolecular
host—guest cyclodextrin polymers and studying their con-
trolled drug release rates [11-14]; however, more research
was needed to understand the effect of the composition of
cyclodextrin polymers on their ability to act as a drug
carrier.

In the present study, the dendrimers (G2, G4) conju-
gated with the f-CD were synthesized; products containing
different -CD content could be obtained by controlling the
reaction time (Scheme 1). The interaction of these conju-
gates with LFL was also determined by monitoring the
fluoresce spectra of LFL in aqueous solution.

Experiment section
Materials and instrument analyses

Beta-CD was obtained from Shan-Tou Chemical Factory in
China, and recrystallized from water twice before using.
All other reagents were of analytical grade made in China,
and were used as received without further purification.

NMRs measurements were conducted on a Varian Inova
400 spectrometer (Massachusetts) at room temperature
with D,O as a solvent. FT-IR spectroscopy experiments
were preformed on a Prestige-21 model fourier transform
infrared spectroscopy (Shimadzu, Japan). Fluorescence
spectra were recorded on a RF-5301PC fluorescence
spectrophotometer (Shimadzu, Japan). Dialysis experi-
ments were using a dialysis membrane with a MWCO of
<6000 (Daltons).

Scheme 1 Synthesis route to
p-cyclodextrin-conjugated
PAMAM dendrimer
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Experimental
Synthesis of PAMAM-CD

G4 PAMAM 025 g (1.76x107> mol) and 1.7 g (1.37x
1073 mol) -CD-6-1 dissolved in DMF, and stirred under
nitrogen at 75 °C. The mixture was then dialyzed at room
temperature for five days, exchanging the solvent twice a
day. PAMAM (G4)-CD was obtained after lyophilization.
A similar approach was used to PAMAM (G2)-CD. The
average molar ratios of f-CD and PAMAM in synthesized
conjugates were controlled by reaction time as shown in
Table 1. '"H NMR (D,0), PAMAM (G2, G4)-CD &: 4.97
(H1, p-CD), 3.95-3.62 (H3, HS5, H6, p-CD), 3.62-3.38
(H2, H4, p-CD), 3.38-3.09 (-CH,-, PAMAM), 2.99-2.60
(-CH,-, PAMAM), 2.60-2.48 (-CH,-, PAMAM), 2.48-2.20
(-CH,-, PAMAM); IR (KBr tablet), PAMAM (G2, G4)-CD
viem™', 3400, 2935, 1651, 1554, 1437, 1035. Compound
PAMAM and -CD-6-1 were prepared according to the
reported method [15, 16].

'"H NMR studies revealed that, on average, PAMAM
(G4) dendrimer (Fig. 7) was successfully conjugated
with -CD molecules. The successful conjugation of
PAMAM(G4)-CD dendrimer is indicated by the additional
peaks at the chemical shift 64.97-3.38, which confirmed
the attachment of f-CD to PAMAM (G4) dendrimer, and
the number amount of -CD was calculated by comparing

Table 1 Reaction time and average f-CD/PAMAM molar ratios

Sample Reaction time p-CD/PAMAM(G2, G4)
(h) (mol/mol)*
PAMAM(G2)-CD 20 6.2:1
PAMAM(G4)-CD-I 15 11.9:1
PAMAM(G4)-CD-11 20 19.7:1
PAMAM(G4)-CD-IIT 25 26.4:1

4 The average molar ratios of f-CD and PAMAM were calculated
from 'H NMR spectra of PAMAM (G2, G4)-CD
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Fig. 1 '3C NMR spectrum of
PAMAM (G4)-CD in D,0
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Fig. 2 The FT-IR spectra of f-CD-I, PAMAM (G2, G4) and
PAMAM (G2, G4)-CD

the peak integrations of the chemical shift of f-CD at §4.97
and of PAMAM dendrimer at 62.34. In addition, the sig-
nals from the four CH, protons in the interior of the den-
drimer shift downfield as compared with parent PAMAM
[17], at 02.34, 02.54, 62.73 and 63.26. This can be
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attributed conjugation of the PAMAM CH, protons with
B-CD molecules. Overlapping signals makes it difficult to
identify these protons; however, 13C NMR measurements
further confirm that PAMAM (G4) dendrimer (Fig. 1) was
successfully conjugated with 5-CD molecules. There is an
upfield chemical shift of NC=O (in and out) which in
PAMAM are conjugated with 5-CD as compared with the
original NC=0 (in and out).

The FT-IR spectra of -CD-I, PAMAM (G2, G4) and
PAMAM (G2, G4)-CD are shown in Fig. 2. The main
characteristic absorption peaks of two structural units were
1650, 1546 cm™" for C=0 and C-N stretching vibration
absorption of PAMAM, 1035 cm™' for C-O stretching
vibration absorption of CD. A strong broad band found at
3440 cm™! was observed for all samples, which can be
assigned as O—H and N-H stretching vibration in -CD and
in PAMAM.

Fluorescence of levofloxacin lactate (LFL)
in the presence of conjugates PAMAM-CD

LFL was dissolved in the pH 7.4 phosphate buffer solution,
at a concentration of 5.02x10™® M. The fluorescence
spectra were measured at room temperature, the excita-
tion wavelength of 310 nm, emission wavelength of
400-550 nm, and slit width of 10 and 5 nm. The fluores-
cence of LFL were measured in the presence of -CD and
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various dendrimers (concentrations from 0.04 to 1.5x dendrimers PAMAM (G2, G4), PAMAM (G2)-CD and
10~*M) under the same conditions as described above. PAMAM (G4)-CD-I-II. Fluorescence intensity of LFL
strengthens with both increasing dendrimer generation and
increasing molar ratio of -CD in the conjugates. Fluo-
rescence of LFL was also measured with varying concen-

Results and di i
¢SS and discussion trations of conjugate PAMAM-CD. As shown in Fig. 5,

The fluorescence spectra of LFL in the presence
of various PAMAM-CD conjugates 300 -

LFL is the third-generation fluoroquinolone antibiotic drug gg;i:g 63

that inhibits bacterial DNA replication. LFL has been | e N I 5.02X107 M
widely used due to a broad antibacterial range and lower :

toxicity. Its molecular structure is shown in Fig. 3. 200
Figure 4 shows the fluorescence spectra of the LFL
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Fig. 5 The effect of LFL’s concentration on the fluorescence
Fig. 3 Molecular structure of levofloxacin lactate intensity of LFL
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Fig. 4 The effect of PAMAM(G2, G4) and PAMAM(G2, G4)-CD on fluorescence spectra of LFL in phosphate buffer solution (pH 7.4). Jex/
/em=310 nm/455 nm; CLFL=5.02x 10~° M; Cpendrimers from 0 to 1.5x 10™*M
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Fig. 6 AF/Fy-Cpendrimer profiles

changes in the intensity of LFL fluorescence were observed
at different concentrations, but the degree of change was
considerably smaller.

The synergistic interaction of PAMAM-CD and LFL

Figure 4 shows that dendrimers can increase the fluores-
cent intensity of LFL while Fig. 6 shows conjugates con-
taining dendrimers of different generations and contents of
B-CD affect the fluorescence of LFL to different extents. At
a host compound concentration of 3x107° M, samples
from greatest to least effect were PAMAM (G4)-CD-III
(1.49)>PAMAM (G4)-CD-II (1.17)>PAMAM (G4)-CD-1
(0.48)>PAMAM (G2)-CD (0.32)> PAMAM (G4) (0.06)>

Fig. 7 The optimized structures
of f-cyclodextrin/levofloxacin
lactate complex

€X10%/mol » L*

€X10°%/mol » L*

PAMAM (G2) (0.015)> p-CD (0.007), in which PAMAM
(G4)-CD-III is 4.67-fold greater than PAMAM (G2)-CD,
while PAMAM (G4)-CD-III is 24.8-fold and 212.9-fold
that of PAMAM (G4) and f-CD, respectively. That is, the
sensitizing rate of dendrimers conjugated with f-cyclo-
dextrin is larger than non-conjugated dendrimers or natural
cyclodextrin, and fluorescence is greatest in conjugates
containing higher generation dendrimers and greater
amounts of cyclodextrin.

The effect of PAMAM dendrimers on LFL fluorescence
suggests that in the pH 7.4 buffer solution, the interaction
of LFL molecule —-COO- with the protonated primary
amine of PAMAM lowers the degree of freedom of
molecular movement, preventing collision deactivation and
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therefore increasing quantum yield, increasing fluorescence
intensity accordingly. These results are consistent with the
interactions between PAMAM dendrimers and bovine
serum albumin reported by Patecz B. [18]. In addition, the
cyclodextrin-conjugated dendrimers affect fluorescence to
a greater extent then either material alone, indicating that
there are the synergistic intermolecular forces in these
supramolecular complexes.

In order to understand the interaction mechanism of the
cyclodextrin-conjugated dendrimers with the LFL, the
molecular interaction behavior of the LFL and the natural
cyclodextrin has been investigated by spectroscopy and
theoretical calculation. Experiments show that although the
p-CD also has an effect on LFL, it’s so weak that we
measured the binding constant using fluorescence titration,
indicating the existence of weak intermolecular forces. In
order to confirm this result, the theoretical interactions
between f-CD and LFL have been investigated. The total
energy E and interaction energy AE, AE’ have been cal-
culated using Gaussian 03 calculation software. As the

Table 2 Calculated total energies E (in a.u.), zero-point energies
(ZPE, in kJ/mol), interaction energy AE, AE' (in kJ/mol) for the
ground state of f-CD/LFL complex

Species E ZPE AZPE AE AE'
LFL —0.26268173  959.7844  — - -
p-CD —2.28646782  3128.1087 - - -

1 —2.58192229  4069.8316  18.1 —86.0 —67.9
2 —2.58964664  4070.5238 174 —106.0 —88.6
3 —2.58736943  4077.8227 10.1 —100.3 —90.2
4 —2.59544624  4078.7578 9.1 —121.5 —1124
5 —2.58833280 4070.7139 17.2 —102.8 —85.6

Fig. 8 'H NMR spectra of
LFL, PAMAM(G4)-CD and
PAMAM(G4)-CD + LFL in
D,O

L.

system is too large, and the computer configuration is
limited, the quantitative calculation was completed using
the semi-empirical PM3. Five minima were obtained for
the ground state for -CD/LFL complex as well as the
structure and energy, as indicated by Fig. 7 and Table 2,
respectively. E is the total energy (atomic units), ZPE is
zero point energy, AE is the interaction energy, and AE’ is
the interaction energy corrected by zero-point energy. The
structural parameters indicate that this interaction is weak
intermolecular forces, which is consistent with the exper-
imental results.

NMR spectroscopy is a very useful technique to inves-
tigate the intermolecular interactions in solutions [17, 19].
In order to further understand the synergistic effect of
molecular interaction, we measured the '"H NMR spectra of
conjugates PAMAM-CD in D,0 in the presence of LFL
(Fig. 8). From the NMR spectrum of the mixed system
PAMAM-CD with the LFL (PAMAM-CD + LFL), the
chemical shifts of two segments PAMAM and cyclodextrin
can be clearly observed. The chemical shift of CH, protons
in PAMAM segment, the H3, H5 protons in the cavity of
p-CD and Hc of proton lactic acid segment are essentially
unchanged, while the chemical shifts of H2 and H4 in the
cavity of f-CD occurred to a greater degree (Ad = 0.19).
So, it is inferred that LFL did not enter into the interior of
PAMAM or -CD moiety of molecular chains, but sits in
between the amino group and side of cyclodextrin mole-
cules to form supramolecule as shown in Fig. 9. In addi-
tion, the chemical shift of LFL. HS, H8, Hd protons in this
system also occurred to varying degrees. Due to the car-
boxyl anion, the chemical shift of H5 and Hd protons
shifted upfield (Ad 0.12 and Ad 0.20), while the H8 shift
downfield (Ad 0.18) was attributed to effects of the
hydrogen bonds between F atoms and the cyclodextrin
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Fig. 9 Possible interaction mechanism between PAMAM-CD and
LFL in H,O

hydroxyl groups. Thus, the main driving force of the sys-
tem could be attributed to the electrostatic interaction of
LFL molecules in the carboxyl anion and protonated amine
as well as the hydrogen bond between the LFL and
PAMAM-CD.

These results suggest that the increase in LFL fluores-
cence with cyclodextrin-conjugated PAMAM dendrimers
is from a synergistic effect of molecular interactions
between dendrimers PAMAM-CD as a host and guest,
rather than the simple sum of two segments PAMAM and
cyclodextrin. The results of these experiments should
help our understanding of the host—guest supramolecule
behavior, and provide some guidance for the design of the
structure of host—guest supramolecule system in the func-
tional materials with a variety of functions.
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