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Citric acid–γ-cyclodextrin crosslinked oligomers as
carriers for doxorubicin delivery†
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Two citric acid crosslinked γ-cyclodextrin oligomers (pγ-CyD) with a MW of 21–33 kDa and 10–15 γ-CyD
units per molecule were prepared by following green chemistry methods and were fully characterized.

The non-covalent association of doxorubicin (DOX) with these macromolecules was investigated in

neutral aqueous medium by means of circular dichroism (CD), UV-vis absorption and fluorescence. Global

analysis of multiwavelength spectroscopic CD and fluorescence titration data, taking into account the

DOX monomer–dimer equilibrium, evidenced the formation of 1 : 1 and 1 : 2 pγ-CyD unit–DOX com-

plexes. The binding constants are 1–2 orders of magnitude higher than those obtained for γ-CyD and

depend on the characteristics of the oligomer batch used. The concentration profiles of the species in

solution evidence the progressive monomerization of DOX with increasing oligomer concentration. Con-

focal fluorescence imaging and spectral imaging showed a similar drug distribution within the MCF-7 cell

line incubated with either DOX complexed to pγ-CyD or free DOX. In both cases DOX is taken up into the

cell nucleus without any degradation.

Introduction

Doxorubicin (DOX, Scheme 1) is one of the most powerful
anthracycline anticancer drugs, largely employed in the treat-
ment of leukaemia and various solid tumors, in spite of draw-
backs associated with poor water solubility, severe

cardiotoxicity and emerging multidrug resistance.1 A strategy
to face these problems has been to develop suitable carriers to
optimize the administration of the drug. In this frame a nano-
particle-based formulation of DOX (PEGylated liposomal
Doxil) has been successfully introduced in the market.2

Cyclodextrins (CyDs) are water soluble, biocompatible cyclic
polysaccharides made of α-D-glucopyranose units joined
together by α(1–4) linkages and possess hydrophobic cavities
that can easily include lipophilic molecules. The natural com-
pounds α-, β- and γ-CyD have six, seven, and eight sugar units,
respectively. They have received a lot of attention as pharma-
ceutical excipients for solubilisation, enhancement of stability
and bioavailability of drugs.3,4 CyD derivatives have been inves-
tigated as potential carriers for DOX from the 1990s to the
present. They are able to improve the activity of DOX on both
sensitive and multidrug-resistant cancer cell lines5 and to
promote DOX release in brain tissues.6 Saccharide-conjugated
CyDs7 and various CyD-containing nanoassemblies have
shown great potential to improve the pharmacological profile
of DOX.4,8

Crosslinked β-CyD polymers, spontaneously forming nano-
particles in aqueous solutions, have been recently prepared.9

Compared to the natural CyDs these systems dramatically
enhance the apparent solubility of several guests. An epichloro-
hydrin crosslinked β-CyD polymer (pβ-CyD) of high molecular
weight10 has been investigated as a DOX complexing agent.11

One of the goals of that study was to examine the ability of

Scheme 1 Structure of Doxorubicin (DOX).
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pβ-CyD to regulate the DOX self-association tendency in
aqueous medium. Indeed drug aggregation is clearly detrimen-
tal to the pharmacological action, because the DOX monomer
plays a major antitumoral role whereas DOX self-aggregated
species (dimers) have no efficacy as such.12 Although the
average binding constant of DOX to the β-CyD units of the
polymer was much lower than the drug dimerization con-
stant,13 the nanoparticle frame of the polymeric host proved to
be able to disrupt the free DOX dimers present in solution,
converting them into polymer-bound monomers. However, the
average stability of the DOX complexes within the pβ-CyD
nanoparticles is rather low, likely because the natural β-CyD
cavity is not large enough to effectively include the DOX mole-
cule. Among the natural CyDs, only γ-CyD (Scheme 2) forms
inclusion complexes of fair stability with DOX.14,15 We have
recently shown the formation of several complexes, with molar
ratios of 1 : 1, 2 : 1, 1 : 2 and 2 : 2 γ-CyD–DOX stoichiometry,
and have determined the stability constants and the absolute
CD, UV-vis absorption and fluorescence spectra of all of them.
It has also emerged that γ-CyD cannot disrupt the drug dimer
when this species is the predominant form of the drug in solu-
tion.13 Considering our results on the interaction of DOX with
pβ-CyD and γ-CyD we envisaged that a crosslinked γ-CyD
network might promote monomerization of DOX through its
3D spatial organization as well as effective binding of the drug
in the large cavity of the γ-CyD units. So, using green chemistry
methods, we synthesized and characterized water soluble citric
acid–γ-CyD crosslinked oligomers (pγ-CyD, see Scheme 2) with
an MW of 21–33 kDa and 10–15 γ-CyD units per molecule.
Polymeric citric acid–γ-CyD networks were first prepared in
water-insoluble form mostly grafted to textiles,16 and were con-
sidered for drug delivery in vascular prosthesis and bone
implants.17 Some publications reported that the solubility of
albendazol and doxycyclin was improved by inclusion in citric
acid–CyD-copolymers.18 A very recent study compared various
citric acid–CyD polymers with a molecular weight of
50–100 kDa with their corresponding monomers, showing that
the binding constants for nine selected drugs improved up to
5 times.19 The oligomers synthesized in this work are expected
to possess intermediate properties between the monomers
and the polymers and may have several advantages with
respect to their higher MW polymeric analogues. Besides
higher solubility and lower viscosity, they can be more easily
cleared from the body, after drug release, by renal excretion,
whereas polymers with a higher molecular weight need to
degrade before removal (the MW threshold for renal excretion

of polymeric drugs ranges from 30 to 50 kDa depending on
the polymer structure).20

We have studied the interaction of two different citric acid–
γ-CyD oligomers with DOX in neutral TRIS buffer solution, the
drug concentration ranging from 1 × 10−5 to 2 × 10−4 M. By
means of CD, UV-Vis absorption and fluorescence spec-
troscopy we have found that very stable 1 : 1 and 1 : 2 pγ-CyD_
unit–DOX complexes are promptly formed upon addition of
the oligomeric material at low concentration (<10−5 M) and a
progressive monomerization of the drug is produced on increas-
ing the oligomer concentration. We have determined the stabi-
lity constants and the individual spectroscopic properties of all
the complexes and compared them with the corresponding pro-
perties of the γ-CyD–DOX and pβ-CyD–DOX analogues. We have
also examined the uptake and biodistribution of DOX, incu-
bated with and without pγ-CyD, in the MCF-7 tumor cell line by
time-resolved confocal fluorescence microscopy. This study
highlights the potential of these water soluble citric acid–γ-CyD
oligomers as carriers for DOX delivery.

2. Experimental
2.1 Materials

Doxorubicin (DOX, Adriamycin), from ALEXIS Biochemicals,
was used as received. Water was purified by passage through a
Millipore MilliQ system. 0.01 M TRIS buffer at pH 7.4 was used.
Two pγ-CyD samples (named batch 1 and batch 2 in the follow-
ing) with different molecular weights and different γ-CyD con-
tents were used (see below for their synthesis and
characterization). Citric acid (≥99.5%) and sodium phosphate
monobasic dihydrate (≥99%) were from Sigma-Aldrich; γ-cyclo-
dextrin and partially acetylated γ-CyD were products of CycloLab.

2.2 Synthesis and characterization of pγ-CyD oligomers

The synthetic procedure of Martel et al. was adopted using
γ-CyD and citric acid in 1 : 3 and 1 : 5 molar ratios, respect-
ively.21 To the yellowish material obtained after heating at
140 °C for 30 min, distilled water was added leading to insolu-
ble gel-like structure immediately getting formed. The crude
was filtered to separate the insoluble fraction from the soluble
one. The water phase was neutralized and then dialyzed over-
night (12 kDa cellulosic membrane). The solution was finally
dried under reduced pressure to yield a slightly yellow powder.

The product was analysed by FTIR and NMR recorded in a
KBr disk using a Nicolet 205 FTIR and in D2O using a Varian

Scheme 2 Synthesis of citric acid–γ-CyD crosslinked oligomer (citric acid pγ-CyD) via the reaction of citric acid molecules with γ-CyD cyclic polysaccharides.
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VXR-600 at 400 or 600 MHz. Size-exclusion chromatography
(SEC), employing multiangle light scattering (MALS) and
refractive index (RI) detectors (SEC/MALS/RI, Wyatt Techno-
logy, Santa Barbara, USA), of pγ-CyD oligomers provided
weight average molecular weight values of ca. 21 000 (batch 2)
and ca. 33 250 g mol−1 (batch 1) (Ð = 1.4 and 1.6, respectively)
using dn/dc of dextran = 0.147 mL g−1 with TSK6000PW/
TSK2500PW columns, and ammonium acetate–acetic acid pH
4.5 as the eluent at a flow rate of 0.5 mL min−1.

2.3 Spectroscopic measurements

UV-Vis absorption spectra were recorded using a Perkin-Elmer
Lambda 650 spectrophotometer. Samples were measured in
quartz cuvettes with 0.2 cm path length, with the pure solvent
(TRIS buffer, 0.01 M, pH 7.4) as the reference. Circular dichro-
ism (CD) spectra were obtained using a Jasco J-715 dichro-
graph. The titration experiments were carried out at a constant
DOX concentration and varying pγ-CyD concentration. The
ellipticity signal was recorded for solutions in 0.2 cm quartz
cuvettes accumulating three scans with a speed of 50 nm
min−1. The signal of the medium (TRIS buffer 0.01 M, pH 7.4,
for DOX alone and pγ-CyD solutions of the suited concen-
tration for the mixtures) was subtracted. Steady state fluo-
rescence spectra of air-equilibrated solutions contained in a
cell with a triangular section were registered with excitation at
530 nm (isosbestic region) on a SPEX Fluorolog 111 spectro-
fluorimeter. The excitation beam was incident at 45° onto the
“diagonal” cell surface and the emission was collected at right
angle; suitable filters were used to cut the excitation light. The
fluorescence spectra have been corrected for the wavelength
dependent response of the detection system. Fluorescence
quantum yields were measured assuming a fluorescence
quantum yield of 0.039 for a 1 × 10−5 M DOX solution in
neutral buffer at 22 °C.13 Fluorescence lifetimes were
measured in air-equilibrated solutions with a time correlated
single photon counting system (IBH Consultants Ltd). A nano-
second LED source at 465 nm was used for excitation and the
emission was collected at right angle at 590 nm.

The best complexation model and the association constants
were determined by multivariate global analysis of multiwave-
length CD or fluorescence data, analyzing a set of spectra
corresponding to different host–guest mixtures and using the
program SPECFIT/32 (v. 3.0.40, TgK Scientific). The procedure
is based on singular value decomposition (SVD) and non-
linear regression modelling by the Levenberg–Marquardt
method. The analysis also afforded the individual CD spectra
of the complexes (see ESI† for more details).

For the pγ-CyD characterization, 1H, HSQC, DEPT NMR,
13C-NMR and APT spectra were recorded using a Varian
VXR-600 at 400 or 600 MHz. IR spectra were recorded in a KBr
disk using a Nicolet 205 FTIR.

2.4 Confocal fluorescence microscopy

Confocal fluorescence imaging was performed using an
inverted Nikon A1 laser scanning confocal microscope
equipped with a CW argon ion laser for excitation at 457, 488

and 514 nm (Melles Griot, 40 mW), and a diode laser for exci-
tation at 405 nm (LDH-D-C-405 of Picoquant GmbH Berlin,
Germany) operating both in continuous mode (50 mW) and
pulsed at 40 MHz (1.0 mW average power for pulse FWHM of
70 ps). Confocal fluorescence imaging was carried out on the
samples at room temperature. The images were collected using
a Nikon PLAN APO VC 60× oil immersion objective with NA
1.40. Images of 512 × 512 or 1024 × 1024 pixels have been
acquired applying a scan speed of 1 frame in 2–8 s and the
pixel dimension of the xy plane falls in the range of
0.1–0.4 μm. The hexagonal pinhole dimension was set to
0.8–1.0 au corresponding to 25–38 μm and an optical thick-
ness of 330–440 nm. Two dichroic mirrors reflecting 405, 488,
541 and 640 nm or 457 and 514 nm were used. Bandpass
filters in front of the PMT selected fluorescence in the ranges
425–475 nm, 500–550 nm and 570–620 nm. Spectral imaging
was done with a Nikon 32-PMT array detector with resolution
varying from 6 to 10 nm per channel and a 20/80 beam splitter
in the scan head instead of a dichroic mirror. For fluorescence
lifetime imaging a time-correlated single photon counting
(TCSPC) system of Picoquant GmbH Berlin was used exciting
at 405 nm. Photons were detected in time tagged time resolved
(TTTR) mode with two Single Photon Avalanche Diodes manu-
factured by Micro Photon Devices (MPD), Bolzano, Italy. Fluo-
rescence was filtered with the opportune fluorescence
SEMROCK bandpass filters 520/40 nm and 585/40 nm. The
PicoHarp 300 photon processor completes the TCSPC system.
SymPhoTime v. 5.1 analysis software was used for image pro-
cessing and lifetime fitting. A tail fit with multi-exponential
functions was performed to analyze fluorescence decays of the
selected region of interest (ROI). The system allowed measure-
ment of fluorescence lifetimes from 300 ps up to several
nanoseconds.

3. Results and discussion
3.1 Synthesis and characterization of pγ-CyD

Two batches of pγ-CyDs were synthesized according to the pro-
cedure shown in Scheme 2.21 The amount of the catalyst
(NaH2PO4·2H2O) was kept constant in both experiments while
the citric acid/γ-CyD molar ratio was set to 3 or 5 in order to
obtain oligomers with different cyclodextrin contents and
molecular weights; the work-up was performed in a similar
manner for both procedures. Batch 1 with a molar ratio of
5 has an average molecular weight of 33 kDa and a γ-CyD
content of 60% wt; batch 2 with a molar ratio of 3 has an
average molecular weight of 21 kDa and a γ-CyD content of
40% wt. Completely self-consistent results were obtained from
numerical analysis of titration experiments with both oligomer
batches when the host concentrations were expressed in terms
of the average concentration of γ-CyD units. In the following
the detailed spectroscopic characterization of batch 1 is
described.

3.1.1 pγ-CyD characterization with FT-IR spectroscopy. In
Fig. 1, the spectra of native γ-CyD, citric acid and pγ-CyDs are
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compared. An intensive absorption band appeared at
1736 cm−1 which was not present in the spectra of the starting
materials. Indeed the peak at 1736 cm−1 is a typical absorption
for the carbonyl stretching of an ester moiety. The absorption
bands of ester groups indicated that the hydroxyl groups of
γ-CyD had reacted with the carboxyl groups of citric acid and
thereby a three-dimensional network was formed.

3.1.2 pγ-CyD characterization with NMR spectroscopy. The
structure of both oligomers was analyzed by NMR spectro-
scopic techniques with DEPT and HSCQ experiments. A typical
1H-NMR spectrum of citric acid cross-linked γ-CyD oligomers
(see Fig. 2) shows two sets of signals between 3.25–5.5 ppm
and 2.5–3.00 ppm indicating the presence of the γ-CyD and
citric acid moieties, respectively, in the oligomer structure.

The broad signal from 4.8 to 5.2 ppm corresponding to the
CyD anomeric protons (8 protons per γ-CyD unit) in the
1H-NMR spectrum confirmed the loss of the macrocycle C8-
symmetry as a result of the partial acylation of it. Likewise, the
13C NMR spectrum shows a broad signal at 101.5 ppm
assigned to the anomeric carbons of a non-symmetrical γ-CyD
ring. The resonances of the citric acid methylene protons
appear as two broad signals between 2.5 and 3 ppm. As shown
by the HSQC spectrum (Fig. 3), such methylene protons corre-
late with a carbon signal at 43.2 ppm that corresponds to the
resonance of the citric acid methylene carbons, as was con-
firmed by DEPT experiments (Fig. 4). In addition to the unsub-
stituted CyD C-6 signal at 60.1 ppm, further methylene carbon
signals appear in the DEPT spectrum at 64–65 ppm which

were assigned to the ester-C-6. A comparison of the 13C NMR
spectra of the oligomers with the APT spectrum of a partially
acetylated γ-CyD (Fig. 5) (aware of the fact that the peak at
20 ppm belongs to the methyl moiety of the acetyl group) sup-
ports the assignment of the ester-C-6 at more downfield reson-
ance than that of the unsubstituted C-6. The NMR spectra
prove that the CD units in the polymer are mainly substituted
at the C-6 position.

The citric acid/γ-CyD molar ratio in the products could then
be estimated by integrating the peaks assigned to 4 protons of
the citric acid methylene group divided by 8 anomeric protons
of γ-CyD units (Fig. 2). The CyD content in both oligomer
samples was finally determined by dividing the molecular
weight of the γ-CyD by the molecular weight of the repeating
unit calculated according to the molar citric acid/γ-CyD ratio.
The values of 60% and 40% were obtained for batches 1 and 2,
respectively. The degree of substitution (DS) calculated from
these data is 4–5 and 10–11 for batches 1 and 2, respectively.

3.2 Association of DOX molecules with pγ-CyD

3.2.1 DOX–pγ-CyD association examined by means of
UV-Vis absorption and circular dichroism. The UV-visible
absorption spectra of 1.6 × 10−4 M DOX alone and in the pres-
ence of increasing concentration of pγ-CyD (batch1) in TRIS
buffer (0.01 M at pH 7.4) at 22 °C are shown in Fig. 6a. pγ-CyD
does not show any characteristic absorption band in the visible
region (grey dashed lines in Fig. 6a). The rather intense tail
observed at high oligomer concentrations (pγ-CyD > 10−3 M)

Fig. 1 IR spectra; (a) γ-CyD, (b) citric acid and (c) pγ-CyD powder.
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is likely to be due to a contribution of light scattering. The
absorption maximum of DOX (black solid line in Fig. 6a) at
480–500 nm has been assigned to the allowed 1A → 1Lb π−π*
transition polarized along the long axis; the peak at 288 nm
corresponds to the allowed 1A → 1La π−π* transition polarized
along the short axis, while the shoulder around 320–380 nm is
relevant to n−π* transitions of the three CvO groups in the
molecule, partially allowed by electric dipole.22,23 In aqueous
solution, self-aggregation of DOX affects the shape of the
absorption spectrum and, in particular, decreases the appar-
ent molar absorption coefficients of the visible band. At con-
centrations higher than ca. 5 × 10−3 M, DOX tends to form
high order aggregates. Below this limit a monomer–dimer
equilibrium applies reasonably well.24 We have previously
determined a dimerization constant with log (Kd/M

−1) =
4.8 ± 0.1 in buffer at pH 7.4 and 22 °C.13 At 1.6 × 10−4 M

concentration, DOX is ca. 81 mol% in dimeric form. Upon
addition of pγ-CyD (colored solid lines in Fig. 6a) at low con-
centration (<4.8 × 10−5 M) the absorption band at 480 nm
shows a decrease in intensity with a red shift in the maximum
(∼10 nm, orange and cyan curves). An increase in the oligomer
concentration causes a progressive increment of the absorp-
tion intensity accompanied by a blue shift of the whole band.
Further insight into the association of DOX with pγ-CyD was
gained from circular dichroism analysis (Fig. 6b). The intrinsic
chirality of the DOX molecule is due to several asymmetric
carbon centres. The ellipticity of a DOX solution (1.6 × 10−4 M)
in neutral TRIS buffer exhibits a negative band at 293 nm, a
positive band at 352 nm and a positive–negative splitting in
the visible band (positive component at ca. 460 nm and
weaker negative component in the 510–540 nm region). The
latter feature indicates the presence of dimers in solution.22

Fig. 2 1H-NMR spectrum of pγ-CyD. Red lines are for the integrals.

Fig. 3 Hetero Nuclear Single Quantum Coherence (HSCQ) NMR spectrum of pγ-CyD (300 MHz, 25 °C, D2O).
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Indeed no negative component in the visible region is present
at concentrations of DOX < 1.0 × 10−5 M, in agreement with
the predominance of the monomer. The ellipticity of the DOX
solution modifies upon titration with pγ-CyD in the range
from 6.1 × 10−6 M to 3.6 × 10−3 M (Fig. 6b). At low oligomer
concentration (orange and cyan curves) the spectral profile
appears to be very different from that of DOX alone in both the
UV and the visible region: the positive band at 460 nm
increases in intensity and shifts to the red of ca. 6 nm; below
380 nm a negative band with a minimum at 310 nm appears,
instead of the positive one at 352 nm observed in the absence
of the oligomer. At oligomer concentrations ≥ 4.8 × 10−5 M the
positive band in the visible region tends to decrease; further
shifting to the red and the dimer negative CD component at
510–540 nm tends to disappear; below 380 nm a reshaping of
the signal toward the initial profile occurs. Along the titration
two quasi-isoelliptic points are maintained at 493 nm and
365 nm. These features reasonably indicate the formation of
DOX multimolecular aggregates associated with pγ-CyD at low

oligomer concentration and the establishment of an equili-
brium of different DOX complexes (likely with lower stoichio-
metries), at higher oligomer concentrations (see below).

3.2.2 DOX–pγ-CyD association examined by means of fluo-
rescence. Fig. 7 shows the fluorescence spectra of 1 × 10−5 M
DOX in the absence and presence of different concentrations
of pγ-CyD oligomers (batch 2, from 3.03 × 10−6 M up to
9.3 × 10−4 M), with excitation at 530 nm. At this DOX concen-
tration, in the absence of the oligomer, 42% of DOX is present
in dimeric form. According to a recent study of the time
resolved fluorescence of DOX on the ps–fs time scale, the DOX
dimer has an ultrashort lifetime and a very low emission
quantum yield and does not practically contribute to the
steady state fluorescence intensity.25 Accordingly the fluo-
rescence spectrum shows the characteristic features of the
DOX monomer with vibronic bands at 560, 590 and 630 nm.26

Addition of pγ-CyD at the lowest concentration drastically
decreases the fluorescence intensity (Fig. 7a). This can be
explained by the formation of multimolecular aggregated
species of DOX associated with pγ-CyD. Further increase in the
pγ-CyD concentration leads to progressive increment of the
DOX fluorescence intensity, reasonably associated with mono-
merization of the drug with an increase of the overall emission
quantum yield. Inclusion in the pγ-CyD_unit and/or in the 3D
frame of the oligomer network can be hypothesized.

The decay of DOX fluorescence on the nanosecond time
scale was monitored at 590 nm with excitation at 465 nm. In a
DOX solution without oligomer the lifetime, assigned to the
DOX monomer, was found to be 1.02 ns ( χ2 = 1.03). Addition
of pγ-CyD at various concentrations tends to slow down a little
the decay rate but a monoexponential decay law still applies.
In the presence of 7 × 10−3 M pγ-CyD_unit the measured life-
time is τ = 1.3 ns ( χ2 = 1.0), assigned to the complexed
monomer (see Table 2).

3.2.3 DOX–pγ-CyD association examined by mathematical
global analysis of spectroscopic data. Global analysis based on
the SPECFIT/32 program was performed on CD titration data

Fig. 4 Distortionless Enhancement by Polarization Transfer (DEPT) spectrum of pγ-CyD (300 MHz, 25 °C, D2O).

Fig. 5 Attached-Proton-Test (APT) spectrum of partially acetylated-γ-CyD
(300 MHz, 25 °C, D2O).
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of Fig. 6b (see ESI† for more information). The pγ-CyD titrant
concentration was expressed in terms of average concentration
of γ-CyD unit (indicated in the following as “pγ-CyD_unit”); we
excluded from analysis the spectra with a molar excess of
pγ-CyD_unit vs. DOX below 4. We included the DOX dimeriza-
tion equilibrium with a fixed constant, log (Kd/M

−1) = 4.8, and
fixed the absolute CD spectra of the free DOX monomer and
dimer species, as determined in neutral aqueous buffer.13 The
best fit corresponds to a complexation model with 1 : 1 and
1 : 2 pγ-CyD_unit–DOX complexes in equilibrium with
DOX monomer, DOX dimer and pγ-CyD_unit. The optimized
association constants are log (K11/M

−1) = 3.3 ± 0.2 and log
(K12/M

−2) = 8.7 ± 0.3 (Durbin–Watson factor = 1.6). The individ-
ual CD spectra of the complexes are reported in Fig. 8a
together with the spectra of the free DOX components. The
concentration profiles of all the DOX species in solution are
reported in Fig. 8b. In Fig. 9a the agreement between calcu-
lated and experimental ellipticity at key wavelengths can be
appreciated.

A confirmation of the binding model was obtained from
global analysis of the fluorescence titration data in Fig. 7a. We
assumed that emission comes exclusively from monomeric
DOX, either free or complexed, and again included the DOX
dimerization equilibrium with a fixed constant log Kd = 4.8.13

In the explored concentration range the molar excess of pγ-Cy-
D_unit over DOX is >3. The optimized association constants
are log (K11/M

−1) = 4.4 ± 0.1 and log (K12/M
−2) = 11.1 ± 0.1 (DW

1.1). The corresponding individual emission amplitudes for
the free DOX monomer and the 1 : 1 pγ-CyD_unit–DOX
complex are shown in Fig. 7b. The quantitative discrepancy
between binding constants from CD and fluorescence data is
discussed in the following section. In Table 1 we collect the
association constants of DOX species with various CyD hosts,
from this work and the existing literature.

3.2.4 The DOX–pγ-CyD binding process and the spectro-
scopic properties of the complexes. With pγ-CyD_unit/DOX
molar ratios <4 we evidenced a massive association of the
hydrophobic drug with the oligomeric material to form

Fig. 7 Titration of a 1 × 10−5 M DOX solution in 0.01 M TRIS buffer, pH 7.4, with pγ-CyD in the concentration range 3 × 10−5 to 9.3 × 10−3 M (expressed in γ-CyD
units). (a) Corrected fluorescence spectra for excitation at 530 nm; (b) molar amplitude of emission for DOX monomeric species extracted by global analysis with log
(K11/M

−1) = 4.4, log (K12/M
−2) = 11.1; the 1 : 2 complex was assumed to be not emissive.

Fig. 6 Titration of a 1.6 × 10−4 M DOX solution in 0.01 M TRIS buffer, pH 7.4, with pγ-CyD from 8.8 × 10−5 M to 5.3 × 10−2 M (concentration expressed in γ-CyD
units). Cell path length 0.2 cm, T = 295 K. (a) UV-Vis absorption spectra of pγ-CyD solutions (grey dashed lines), a DOX solution (black solid line) and DOX–pγ-CyD
mixtures (coloured solid lines); (b) CD spectra of a DOX solution (black solid line) and DOX–pγ-CyD mixtures (coloured solid lines, the same color code as in (a)). The
spectra of the mixtures were registered with the pγ-CyD solutions in TRIS buffer as the reference, whereas the spectra of the DOX alone and pγ-CyD alone samples
were taken with TRIS buffer as the reference.
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multimolecular, possibly non-specific, aggregates character-
ized by “distorted” CD spectra (Fig. 6b) and no or very weak
fluorescence (Fig. 7a). We did not include such data in our
global analysis, which was limited to a titration range corres-
ponding to higher pγ-CyD_unit/DOX molar ratios. A relatively

simple equilibrium model was found to apply fairly well, with
the formation of pγ-CyD_unit–DOX complexes of 1 : 1 and 1 : 2
stoichiometry, in equilibrium with free DOX monomer and
dimer. The concentration profiles of all DOX species in solu-
tion presented in Fig. 8b indicate that DOX associates very

Fig. 8 (a) CD absolute spectra of pγ-CyD_unit–DOX complexes corresponding to log (K11/M
−1) = 3.3 and log (K12/M

−2) = 8.7 and of free DOX species taken from
ref. 11, and (b) concentration profiles of DOX species in solution. Inset: zoom on the pγ-CyD_unit concentration range below 0.01 M.

Fig. 9 (a) Comparison of experimental (symbols) and calculated (line) data at representative wavelengths, corresponding to log (K11/M
−1) = 3.3 and log (K12/M

−2) =
8.7. (b) Comparison of spectra of pγ-CyD_unit : DOX complexes (this work) with spectra of γ-CyD : DOX complexes taken from ref. 13.

Table 1 Association constants of DOX–CyD complexes in aqueous media at pH 7.4, at 22 °C, determined by global analysis of titration spectroscopic data with the
Specfit/32 program, and relevant literature data

DOX complexes Log K Units Technique Note

DOX2 (DOX dimerization) 4.8 ± 0.1 M−1 Abs Ref. 13
pγ-CyD_unit–DOX 1 : 1 (3.3 and 3.4)a ± 0.2 M−1 CD This work

(4.0 and 4.4)a ± 0.1 FL
pγ-CyD_unit–DOX 1 : 2 (8.5 and 8.7)a ± 0.3 M−2 CD This work

(10.4 and 11.1)a ± 0.1 FL
pβ-CyD_unit–DOX 1 : 1 2.2 ± 0.1 M−1 CD Ref. 11
β-CD–DOX 1 : 1 2.1 ± 0.1 M−1 Abs Ref. 15

2.3 ± 0.1 FL
γ-CyD –DOX 1 : 1 2.7 ± 0.2 M−1 CD Ref. 13

2.3 ± 0.3 FL
γ-CyD–DOX 1 : 2 7.80 ± 0.04 M−2 CD Ref. 13
γ-CyD–DOX 2 : 1 4.4 ± 0.5 M−2 CD Ref. 13

4.9 ± 0.1 FL
4.9 ± 0.4 Abs

γ-CyD–DOX 2 : 2 10.48 ± 0.21 M−3 CD Ref. 13

a Values relevant to the two batches (1 and 2, respectively) of the pγ-CyD host material.
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efficiently with pγ-CyD both as monomer (1 : 1 complex) and
as dimer (1 : 2 complex). With increasing host concentrations,
a progressive decrease of the 1 : 2 complex concentration
occurs, the 1 : 1 complex becoming more and more favoured
and finally becoming largely dominant (ca. 71% of DOX is
associated as monomer and ca. 29% as dimer with pγ-CyD 3.6
× 10−3 M ([γ-CyD_unit] = 5.3 × 10−2 M)). The locally high
γ-CyD_unit concentration and the oligomer 3D organization
likely play a role in this effect, as already observed in the epi-
chlorohydrin crosslinked β-CyD polymer (pβ-CyD), where the
three-dimensional nanoparticle structure proved to be able to
disrupt the free DOX dimers present in solution converting
them into polymer-bound monomers. Note that of the natural
CyDs, only γ-CyD forms inclusion complexes of significant
stability with DOX. Consistently, a comparison of the associ-
ation constants of the two polymeric hosts for monomeric
DOX (Table 1) shows that the binding ability of pγ-CyD is
larger than that of the pβ-CyD polymer, reasonably due to the
inclusion of the bulky aglycone nucleus of DOX in the larger
cavity. Further, the electrostatic interactions between the posi-
tively charged DOX daunosamine moiety and the negatively
charged carboxyl groups of the citric acid crosslinker may
effectively contribute to the complex stability in pγ-CyD. An
informative comparison is also that with the association con-
stants of the DOX complexes with natural γ-CyD. Clearly, the
oligomeric structure considerably improves the binding ability
of the pγ-CyD_unit for both DOX monomer and dimer. Finally,
for the pγ-CyD system it is worth comparing the association
constants determined from CD and from fluorescence data.
For each batch the values obtained with the latter technique
are significantly higher. This result may be related to the lower
DOX concentration used in the fluorescence titration (10−5 M
vs. 1.6 × 10−4 M for CD experiments), resulting in a higher
monomer/dimer molar ratio in solution (19/81 in CD vs. 58/42
in fluorescence experiments). It may be reasonably hypoth-
esized that the initial formation of multimolecular oligomer–
DOX aggregates observed at low oligomer concentrations
makes the two experimental conditions not completely equi-
valent for the complexation equilibria to be further estab-
lished. Unfortunately, the 1.6 × 10−4 M DOX concentration
cannot be employed in fluorescence experiments because of
too high absorbance at the excitation wavelength.

The CD spectra of the pγ-CyD–DOX complexes are com-
pared to those of the free species and the complexes with
natural γ-CyD13 in Fig. 8a and 9b, respectively. The CD of the
1 : 2 pγ-CyD_unit–DOX complex is qualitatively very similar to
that of the 1 : 2 γ-CyD–DOX complex in the visible region and
both exhibit common structure features at 265, 287 and
306 nm. The CD spectrum of the 1 : 1 pγ-CyD_unit–DOX
complex is somewhat different from that of the DOX monomer
in buffer and from that of the 1 : 1 γ-CyD–DOX complex,
whereas it is practically identical to the CD spectrum of the
2 : 1 γ-CyD–DOX complex. This suggests that DOX in the γ-CyD
oligomer is effectively protected from contact with bulk buffer,
similarly to the 2 : 1 γ-CyD–DOX species, which, on the basis of
Molecular Dynamics, was suggested to have both the aglycone

and the daunosamine moieties interacting with γ-CyD host
units.13 It can be reasonably concluded that the 3D organiz-
ation of the pγ-CyD oligomer provides a non-aqueous character
to the surroundings of most of the DOX units. The fluo-
rescence molar amplitudes (Fig. 7b) give direct information on
the environment experienced by DOX in the 1 : 1 complex. The
560 nm/595 nm intensity ratio probes the polarity of the
environment of the emitting state.27 The value decreases con-
siderably from buffer (0.62) to the 1 : 1 complex (0.44), indicat-
ing that the excited state of the drug in the oligomer frame
experiences a polarity similar to that of alcoholic media. As for
the γ-CyD–DOX 1 : 1 complex, the proximity of the dihydroxy-
anthraquinone chromophore to the hydroxyl groups of the
γ-CyD rim is inferred. As regards the emissive ability, the area
under the molar amplitude profiles in Fig. 7b is proportional
to the emission quantum yield of the free (Φf ) and complexed
(Φb) DOX monomer. Free monomer and 1 : 1 complex appear
to have quite similar emission quantum yields. Actually, using
the value of Φ = 0.039 for a 1 × 10−5 M DOX solution in neutral
buffer at 22 °C (see the Materials and methods) and consider-
ing (i) the fraction of excitation light absorbed by the
monomer and the dimer in buffer 13 and the negligible contri-
bution of the dimer to the steady state emission,25 we calcu-
lated a value Φf = 0.058 for the free DOX monomer and Φb =
0.054 for the 1 : 1 pγ-CyD_unit–DOX complex. In Table 2 the
photophysical parameters of DOX species in various CyD
media are summarized. We observe that neither kr nor knr sub-
stantially changes in any of the γ-CyD complexes when com-
pared to buffer (kr ≈ 3–4 × 107 s−1 and knr ≈ 7–10 × 108 s−1).

3.3 Uptake and distribution of the DOX–pγ-CyD conjugate
within tumour cells

Cancer cell uptake of DOX–pγ-CyD complexes has been
studied with time-resolved fluorescence confocal microscopy.
The autofluorescence of DOX was used for this scope. Fig. 10
shows an intensity-based image for the MCF-7 cell line incu-
bated for 1 hour with 10 μM DOX alone and with pγ-CyD
(1.4 mg mL−1, 98% DOX is associated with the oligomer) in
buffer. In the images obtained by collecting fluorescence
in the 500–550 nm range we can discern the entire cell, while
in the orange and red images we only observe the nucleus.
The confocal spectra (Fig. 10) obtained in correspondence to

Table 2 Photophysical parameters

Samples τf/10
−9 s Φf kr/10

7 s−1 knr/10
8 s−1 Note

1 × 10−5 M DOX in
neutral buffer

1.0a 0.039 3.9 9.6 Ref. 13

γ-CyD–DOX
1:1 complex

∼1.1a 0.032 ∼2.9 ∼8.8 Ref. 13

pβ-CyD_unit–DOX
1 : 1 complex

∼1.5b 0.13 ∼8.7 ∼5.8 Ref. 11

pγ-CyD_unit–DOX
1 : 1 complex

∼1.3a 0.054 ∼4.1 ∼7.3 This work

aMono-exponential decay. b Second lifetime component in a
biexponential decay.
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ROI located in the nucleus clearly evidence the presence of
DOX in the nucleus, while in the cytoplasm autofluorescence
mixes with DOX fluorescence. It can be concluded that under
both conditions DOX enters the cell nuclei, where the spectral

features of the drug emission are clearly recognizable (Fig. S1.
A†).26 This fact indicates preservation of the DOX molecular
structure during both the uptake and the monitoring pro-
cesses, irrespective of the incubation conditions.

Fig. 10 Confocal images of MCF-7 cells incubated for 1 h with (A) free DOX (10 μM) and (B) DOX (10 μM) + pγ-CyD (1.4 mg mL−1); (top left) overlay of the images
collecting fluorescence in the ranges 500–550, 570–620 and 665–735. (C) Fluorescence spectra of DOX and pγ-CyD loaded DOX in the MCF-7 cell line for ROI in the
nucleus and free DOX in water, resolution of 6 nm per channel, DC2 used reflecting 488 nm. (D) and (E) show 4-exponential fitted decay and frequency histograms
of the four lifetimes for the entire image in A and B.
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For the sake of comparison we registered the fluorescence
spectrum of a DOX aqueous solution on the confocal system.
Even though there seems to be a more pronounced vibrational
structure for DOX in the cellular context the differences are too
small to draw conclusions on the location of DOX in the
nucleus.

We also performed time-resolved fluorescence imaging
exciting the DOX and DOX/oligomer incubated cells at
405 nm, the only pulsed laser source available on the system.
We have to consider that under these conditions we cannot
avoid excitation of intrinsic cell fluorophores. Time-resolved
fluorescence detection was performed in the 565–605 nm
range corresponding to the DOX maximum intensity in the
fluorescence spectrum. Careful analysis started from the fit of
the fluorescence decay of a ROI located in the nucleus with a
biexponential function and yielded in all cases two lifetimes of
1.0 (25%) and 2.4 ns (75%) with good χ2 values of ca. 1.0. We
then calculated the histogram for the complete image and a
four-exponential function was necessary to fit the decay with
good chi-square values fixing the 1.0 and 2.4 ns lifetimes. Two
more lifetimes of less importance were found, one short of ca.
250 ps and one longer both with negligible weight in the
nucleus. The 1 ns lifetime is the same as that of DOX in water
and can be ascribed to DOX in aqueous environments,
whereas the longer lifetime of 2.4 ns is more difficult to
assign. The known mode of interaction of the anthracyclines
with DNA is intercalation of the dihydroxyanthraquinone
moiety between two base pairs, with location of the sugar
residue in the minor groove.28 This binding mode is associated
with a hypochromic effect,26 a decrease of the emission
ability29 and a drastic shortening of the emission lifetime to a
few ps.30 So the longer-lived emission component of 2.4 ns
cannot be attributed to DOX intercalated on DNA. We suggest
that it may pertain to the drug located in a hydrophobic
pocket of a nuclear protein, where the lifetime is expected to
be longer than in water, according to the data reported in
Table 2 for DOX incorporated into pβ-CyD nanoparticles. The
fluorescence confocal imaging experiments have given very
similar results for two types of DOX inoculation in the cancer
cells. This may suggest that DOX does no longer reside in the
oligomer once inside the cell. Not being fluorescent it is not
possible to ascertain whether the oligomer has entered the cell
and, if it has, where it localizes.

4. Conclusions

Self-association of DOX compromises its therapeutic activity
and thus represents an unfavourable factor in clinical appli-
cations. We recently reported on epichlorohydrin–β-CyD copo-
lymer based nanoparticles with 15 nm diameter promoting
DOX monomerization in aqueous solution. However, the
apparent association constants of DOX with this pβ-CyD
system were quite low. We thus oriented toward CyD networks
endowed with a suitable architecture for more efficient inter-
action with DOX and focused in particular on highly water

soluble and biodegradable citric acid–γ-CyD polymers
(pγ-CyDs), which were prepared according to a recently pub-
lished procedure. Two oligomers with an MW of 21–33 kDa
and 10–15 γ-CyD units per molecule were synthesized in a well
reproducible way and fully characterized by spectroscopic
methods. The CyD content was calculated from the NMR
signals. Compared to the pβ-CyD system the pγ-CyD oligomers
were able to associate DOX with much higher binding con-
stants, promoting monomerization of the drug as well. Likely,
due to the low molecular weight, the γ-CyD-based materials
did not form nanoparticles as the epichlorohydrin β-CyD co-
polymer. Nevertheless entrapment of DOX as monomer was
favoured by the 3D frame of the pγ-CyD macromolecule, where
the high local concentration of γ-CyD host units and the pres-
ence of nanocavities in the sponge-like crosslinked network,
surrounded by negatively charged carboxylate groups, may
concur to disrupt the DOX dicationic dimer.

Incubation with both uncomplexed and pγ-CyD-complexed
DOX resulted in effective DOX uptake in the nuclei of the
MCF-7 breast tumor cell line with complete preservation of the
drug. FLIM data indicate that in addition to DNA, also nuclear
proteins may provide suitable binding sites. The present
results suggest that γ-CyD-based oligomeric systems might
hold great potential in the delivery of anthracycline anticancer
drugs for enhanced therapeutic efficacy. In particular they may
have several advantages with respect to higher MW polymeric
systems in terms of higher solubility, lower viscosity and more
favourable pharmacokinetics.
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