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The porphyrin-cyclodextrin conjugates were prepared and tested for selective and effective multi-
functional drug delivery and therapy. The porphyrin receptor system combines efficient binding of the
selected drug to the cyclodextrin cavity and photosensitizing properties of the porphyrin moiety with
high accumulation of the whole complex in cancer tissue. The combined effect of chemotherapy and
photodynamic therapy is demonstrated by in vitro and in vivo studies.

Introduction

Many therapeutic methods such as chemotherapy, radio-
therapy, photodynamic therapy (PDTa), and immunotherapy
are used for treatment of cancer.1Thesemethods can be used as
single therapy or in combination with other therapeutic ap-
proaches; the latter strategy is called combined therapy. The
advantage of the combined therapies is their higher therapeutic
effect compared to the single therapy approach. The most
favorable results are achieved when two or more different
modes of treatment are applied simultaneously. For instance,
Ladewig et al. have published a clinical study2 on the successful
combination of therapies utilizing parallel action of two drugs
employing principles of photodynamic therapy (drug verte-
porfin) and chemotherapy (bevacizumab, mAb against vascu-
lar endothelial growth factor VEGF-A) for the treatment of
neovasculature-related macular degeneration. Recently, sev-
eral synergic photosensitizers integrating PDTand chemother-
apy capabilities in one specifically designed agent have been
developed.3,4 Lunardi et al. have synthesized modified por-
phyrins producing theNO radical.3 He et al. have tested a por-
phyrin inducing cancer cell apoptosis via DNA alkylation.4

Cancer chemotherapy is the major component of the
modern oncologists’ armamentarium. However, these drugs
often show high toxicity for healthy tissues and low water
solubility. These problems can be handled by targeted trans-
port using a drug delivery system (DDS) such as cyclodextrins
(CDs), cyclodextrin embodied systems,5 and polymer conju-
gates.6,7 The advantage of the DDS approach consists, in
summary, of higher therapeutic effects of the delivered drug
and decrease of the toxicity of systemic chemotherapy.

One of the most exploited areas of supramolecular nano-
medicine in past decades has been the host-guest complexa-
tion of poorly soluble and orally administered drugs by

cyclodextrins, as they are themajor class ofmacrocyclic organic
host compounds. This is documented by more than 6000
published papers and approved patents. Incorporation of
cyclodextrins into a drug dosage form first affects the activity
of basic pharmaceutical ingredients by increasing their dissolu-
tion rate and bioavailability, and second, itmodifies the proper-
ties of the whole prepared drug formulation by enhancing its
stability, taste masking, binding, filling, channeling, osmogenic
action, etc. Nearly 40 marketed commercial drug products
currently benefited from such CD technology. Cyclodextrins,
cyclic oligoglucose compounds, bear a hydrophobic cavity and
a hydrophilic surface.8 There are four basic types of cyclodex-
trins (R, β, γ, δ) with different numbers of glucose units. The
ability of each cyclodextrin to form inclusion complexes with
specific guests depends on a proper fit of the guestmolecule into
the hydrophobic cyclodextrin cavity,9 which is given by steric
dispositions and noncovalent binding capabilities. The steric fit
depends on the relative size of the cyclodextrin with respect to
the size of the guest molecule. Therefore, R-cyclodextrin can
typically complex low molecular weight molecules or com-
pounds with aliphatic side chains, β-cyclodextrin can complex
aromatic and heterocyclic molecules, and γ-cyclodextrin can
accommodate even larger molecules such as macrocycles and
steroids. Cyclodextrins and cyclodextrin systems have been
tested for transport ofmany anticancer drugs10-12 with suitable
aromatic groups such as phenyl groups of paclitaxel. However,
the binding constants are rather low, making cyclodextrins far
from being an ideal vehicle for the drug transport; e.g., the Ks

values for the complexes of β-cyclodextrin with paclitaxel13 and
γ-cyclodextrin with doxorubicin14 (Figure 1) are 3 � 102 and
7� 102, respectively. The binding constant can be increased by
linking two cyclodextrin units together to form a cyclodextrin
dimer.15 The host-guest interaction of substrates occupying
both cavities is generally much stronger,16-18 and the geometry
of the resulting complex is better defined, since the substrate is
grasped at both ends and held across the linker that ties the
two cyclodextrins together.

PDT is a new treatment modality involving administration
of a tumor-localizing photosensitizing agent (PS) followed by
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activationof the agent by lightof a specificwavelength resulting
in a sequence of photochemical and photobiological processes
that cause irreversible photodamage to tumor tissues. The
successive cancer cell death is causedbyoxidative stress because
the photoactivation of PS results in the production of highly
unstable singlet oxygen, which generates free radicals, thereby
destroying the cell structures. In contrast to radiation therapy
and chemotherapy, PDT has fewer adverse side effects and
higher selectivity.19,20 One group of PSs with high therapeutic
potential is represented by porphyrins showing considerable
selectivity for cancer cells and light absorption in the long
visible region.21,22 In addition, the light absorption of these PSs
can be tuned up by expansion of the polyconjugated aromatic
system. Because of their large aromatic structure, porphyrins
have a tendency toaggregate.The formationof supramolecular
oligomers can be an advantage, leading to an enhanced per-
meation and retention (EPR) effect. At appropriate ionic
strength and/or acidity, porphyrins and their analogues can
formhighlyorderedH-and J-typeaggregates. InH-aggregates,
the molecular components are stacked one-dimensionally in a
“plane-to-plane” arrangement and a hypsochromic band ap-
pears in UV absorption spectra. In the case of J aggregates,
strongly coupled monomers are self-assembled in an “end-to-
end” manner to show a sharp peak at a red-shifted wavelength
compared with that of monomers.23,24 Because of a significant
hydrophobicity of the porphyrin core, the solubility is en-
hanced by substitution with hydrophilic groups, e.g., hydro-
xyl,25 sugar,26 sulfate,27 phosphonate,28 cyclodextrin,29,30

peptide,31 and PEG.32 The aggregation behavior of porphyrins
is strongly dependent on their substitution.33 Such modifica-
tions can also substantially influence the intracellular distribu-
tion of the PSs. For example, tetra(pentafluorophenyl)-
porphyrin derivative aggregation was shown to be based on
C-F 3 3 3H-C interactions between fluorophenyl groups of
one porphyrin to the pyrrole positions of a neighbor.33,34

In this work we have focused on the development of multi-
functional porphyrin building blocks capable of creating
molecular assemblies and accommodating various drug
molecules. Our synthetic strategy combines the capability
of CD to accommodate poorly soluble drugs and drugs
with aromatic groups with the ability of modified porphyrins
to function as efficient targeted drug delivery vehicles.

Inorder to achieve selective transfer of drugs into the cancer
cells, we have developed porphyrin-cyclodextrin conjugates
capable of noncovalent complexation of various cytostatic
agents.

Results and Discussion

In our strategy for targeted drug delivery, several current
and important issues were addressed simultaneously: drug
solubility, tissue selectivity, and multiple therapeutic actions.

For that purpose the drug delivery system consisting of
versatile and stable noncovalent inclusion complexes of a
delivery agent and a drug has been designed. The versatility
of the system is granted by the adjustability of cyclodextrin
cavity size allowing accommodation of cytostatic agents of
various sizes. Newmodes of transport for a variety of current
antineoplastics classified according to WHO as alkylating
agents, antimetabolites, taxanes, anthracycline antibiotics,
platinum compounds, and tyrosin kinase inhibitors have
been tested with main focus on model hydrophobic com-
pounds, paclitaxel, and docetaxel together with water-
soluble doxorubicin (Tables 1-3). Paclitaxel and doxo-
rubicin are the most used and studied drugs in the field of
DDS. Doxorubicin is a member of the anthracycline anti-
biotic family. It is a widely used cytostatic agent whose
mechanism of action is based onDNA intercalation resulting
in inhibition of the DNA/RNA synthesis. It also triggers
DNA cleavage by topoisomerase II leading to cell death.
Another selected drug from the taxane family is paclitaxel.
The mechanism of its action is based on hyperstabilization of
microtubules which leads to the arrest of cell division and
cancer cell death.

Themost efficient systems,where efficacyof the therapeutic
effect is consistent with effective drug binding, were tested in
vivo. Thus, we used porphyrin-β-cyclodextrin conjugates 1,
2, 4 for paclitaxel delivery and porphyrin-γ-cyclodextrin
conjugate 3 for doxorubicin transport (Figure 2A).

These very flexible systems exhibit high potential for the
employment inmultiple therapies in the targeted drugdelivery
(TDD) mode. Herewith, a porphyrin macrocycle is decorated
with functional groups not only improving water solubility
but also accommodating the drug in question. Moreover, the
polarity of an individual drug delivery systemwas balanced by
proper selection of the number of CD units attached cova-
lently to the porphyrin ring. Furthermore, the high accumula-
tion of porphyrins and expanded porphyrins in the malignant
tissue, which is a well-known phenomenon, supports the
selectivity of the system. Unlike many covalent systems
intended for TDD, which usually suffer from being very
rigid and unable to meet current requests for flexibility, our
supramolecular approach is based on specific and effective
binding of drugs by noncovalent interactions. Finally, the

Figure 1. In vivo tested drugs.

Table 1. Logarithm Values of Ks for the Complexes Porphyrin-CD-
Drug in Phosphate Buffer (1 mM) at pH 7.4 and 5.5

pH 7.34 pH 5.50

porphyrin-CD-
drug complex log(Ks)

complex

stoichiometry

carrier/drug log(Ks)

complex

stoichiometry

carrier/drug

2-paclitaxel 5.3 1:1 nd nd

2-docetaxel 6.3 1:1 5.1 1:1

14.0 2:1 8.8 2:1

2-imatinib 11.0 1:2 9.9 1:2

7.2 1:1 4.2 1:1

2-lapatinib 4.8 1:1 nd nd

2-lomustine 6.0 1:1 4.4 1:1

2-fluorouracil 4.5 1:1 3.2 1:1

9.6 2:1 6.5 2:1

2-aminopterin 4.8 1:1 nd nd

9.3 1:2 nd nd

2-methotrexate 10.1 1:2 nd nd

3-doxorubicin 11.0 1:2 5.8 1:1

3-sunitinib 9.0 1:2 nd nd

4-paclitaxel 13.0 1:2 12.5 1:2

4-imatinib 10.7 1:2 10.3 1:2
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stacking of the porphyrin photosensitizers yielding oligomers
under physiological conditions leads to a very significant
enhanced permeation and retention (EPR) effect, which
together with the known plasma protein binding of photo-
sensitizers further improves tumor localization and therapy
efficiency.

In our previous work29 we have found high selectivity of
porphyrin-CD conjugates used as photosensitizers and their
strong photodynamic effectivity for destruction of cancer
cells. Here, we have designed and prepared porphyrin-
monocyclodextrin, porphyrin-biscyclodextrin, porphyrin-
tetrakis-β-cyclodextrin, and porphyrin-bis-γ-cyclodextrin
conjugates 1-4 (Figure 2A) and tested them for applications
inDDS and combined therapy systems in vivo and in vitro. In
principle, cyclodextrin units are able to accommodate cyto-
static drugs and the porphyrinmoiety acts as a tumor selective
vehicle and at the same time as a powerful tool for photo-
dynamic therapy (Figure 2B).

The following aspects affecting the efficacy of the combined
therapy were studied: (a) number of CD units on the macro-
cycle periphery; (b) size of CD (β and γ); (c) complexation
efficacy for the drug in question; (d) influence of the aggrega-

tion behavior; (e) mechanism of drug release by competition
and by pH changes (pH controlled aggregation); (f) plasma
protein binding of the tested photosensitizers.

Binding Study. To evaluate the formation of the com-
plexes, wemeasured the binding constants for the drugs with
porphyrin conjugates 1-4; the values are summarized in
Table 1, and typical titration curves are shown in Figures 3
and 5. Evaluation of the binding efficacy is described in the
Experimental Section.

Here, we report in detail the results for two model drugs,
paclitaxel and doxorubicin, but the system is generally
applicable because many other drugs can form inclusion
complexes with β- and γ-CD. Our results demonstrate the
formation of strong inclusion complexes of the porphyrin
conjugates 1-4 with the tested drugs. The Ks values are
sufficient for successful application of the porphyrin-CD
conjugates as drug delivery systems.

In general, the binding might be mediated first by classi-
cal inclusion complexation and second by nonclassical
complexation, where the drug is bound to the narrow
opening of the CD cavity in cooperation with π-π stacking
of the aromatic drug with the macrocycle. The nonclassical

Table 2. Effect of Combined Treatment on the Induction of Cell Death Using Mouse Mammary Carcinoma Cells 4T1 in Vitro

cell mortality ( STD (%)

carrier-drug

drug or carrier-drug complex drug alone dark

effect 1:a drug alone/

carrier-drug in the dark PDT

effect 2:a drug alone/

carrier-drug subjected to PDT

2 (2.5 μM) 4.0 ( 1.9 25 ( 4.3

4 (5 μM) 6.5 ( 3.0 27 ( 4.7

docetaxel (2 μM) 9.3 ( 2.3

2-docetaxel 15.3 ( 3.6 A 61.1 ( 8.3 S

4-docetaxel 15.8 ( 5.6 A 62.4 ( 13.2 S

paclitaxel (1 μM) 10.9 ( 1.0

2-paclitaxel 15.6 ( 5.4 A 55.1 ( 8.1 S

4-paclitaxel 18.7 ( 1.5 A 57.5 ( 5.3 S

fluorouracil (5-10 μM) 8.9 ( 1.0

2-fluorouracil 12.7 ( 2.3 A 47.0 ( 4.4 S

4-fluorouracil 17.3 ( 6.6 A 64.7 ( 7.7 S

cisplatin (5-10 μM) 4.9 ( 0.3

2-cisplatin 7.4 ( 1.0 I 44.2 ( 12.5 S

4-cisplatin 7.0 ( 4.3 I 60.0 ( 12 S

lomustine (5 μM) 6.2 ( 2.3

2-lomustine 6.2 ( 1.8 I 48.0 ( 12.7 S

4-lomustine 7.5 ( 5.3 I 61.4 ( 17.2 S

methotrexate (0.5 μM) 22.9 ( 0.2

2-methotrexate 15.5 ( 4.2 I 53.5 ( 2 S

4-methotrexate 12.2 ( 1.9 I 67.1 ( 2.1 S

aminopterin (0.5 μM) 21.9 ( 1.9

2-aminopterin 22.0 ( 2.8 I 63.5 ( 2 S

4-aminopterin 18.7 ( 2.5 I 67.7 ( 5.9 S

imatinib (5-10 μM) 5.2 ( 2.4

2-imatinib 7.2 ( 2.2 A 21.3 ( 4.0 I

4-imatinib 10.1 ( 4.4 A 33.2 ( 4.7 A

lapatinib (5 μM) 6.6 ( 2.0

2-lapatinib 8.0 ( 2.5 I 48.3 ( 5.3 S

4-lapatinib 8.0 ( 0.8 I 45.5 ( 5.5 S

3 (5 μM) 4.5 ( 1.1 25.0 ( 3.3

sunitinib (5 μM) 4.9 ( 0.6

3-sunitinib 4.5 ( 1.9 I 13.5 ( 1.9 I

doxorubicin (1 μM) 11.6 ( 2.9

3-doxorubicin 8.5 ( 2.3 I 65.2 ( 5.7 S

thioguanine (5 μM) 4.6 ( 2.7

3-thioguanine 4.3 ( 0.5 I 39.3 ( 1.6 S
aTo distinguish the additive, synergic, or inhibitory effect, independent two-sample t-test was used to evaluate the mean values of six to nine

independent experiments as described by Zimmermann.42 S, synergic effect; A, additive effect; I, inhibitory effect.
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complexation was ruled out on the basis of our NMR study,
as we did not observe a significant shift to higher field for the
bound drug (for details see Supporting Information).

In order to obtain an efficient combined therapeutic effect,
PDT should be coupled with an effective release mechanism
of the drug in the targeted cells (tissue). This feature plays a
vital role in our proposed TDD system. Indeed, we observed
a strong dependence of the drug binding efficacy of our TDD
systems on pH (Figures 4 and 5, Table 6).

The study showed that the aggregation of the porphy-
rin-CDconjugates in aqueous solution is pHdependent and
different types of aggregates exist at neutral versus weakly
acidic conditions (Figure 4 and Supporting Information).
F 3 3 3H and F 3 3 3C noncovalent interactions among the
porphyrin-cyclodextrin conjugates at neutral pH (7.34),
pH corresponding to “normal” physiological conditions,
do not lead to the drug liberation from the CD cavity. On
the contrary, at acidic pH (5.5), environment typical for
cancer cells, the C6F5 group is inserted to the CD cavity,
which results in drug release from the complex.

The change of the aggregation behavior affects the
receptor ability for the drug complexation and the release
mechanism. For example, the value of Ks for the porphyrin
conjugate 2 is higher at neutral pH than acidic pH, where
Ks is too low to be determined. In the case of the com-
plex porphyrin-γ-CD2 with doxorubicin (3-doxorubicin),
the change of the complex stoichiometry was observed to
be 1:1 at acidic pH (Table 1). The above-described pheno-
menon is influenced by pH; the stability of this complex in
neutral pH is markedly higher than in acidic pH (Figure 5,
Table 6).

Further support for the effective release of the drug was
provided by in situ fluorescent microscopic studies demon-
strating intracellular localization of doxorubicin and carrier
3 (Figure 6) after 30 min of incubation with cells. Doxo-
rubicin alone displays nuclear localization as demonstra-
ted by colocalization with nuclear probe Hoechst 33342

(Figure 6, panel A), and carrier 3 is mainly localized in
lysosomes as shown by overlay with lysosomal probe Lyso-
Tracker Green (Figure 6, panel B). In contrast, at identical
conditions the red fluorescence of complexe 3-doxorubicin
is mainly lysosomal (Figure 6, panel C) and appears in the
nucleus after 1 h of incubation. The appearance of doxo-
rubicin in the nucleus after 1 h suggests its release from the
complex.

The change of aggregation, specifically for the bis deriva-
tive, as a function of pH is interpreted in this way: the
porphyrin-CD conjugates can be assembled via pentafluor-
ophenyl-pyrrole interactions (as described earlier33,34) or
via an inclusion complex of the porphyrin-CD derivatives,
where the assembling mode is via inclusion of the porphyrin
phenyl group to the CD cavity of the neighboring porphyrin
(such binding mode has been reported recently35). A sche-
matic representation is given in Supporting Information
(Figure S1).

For the bis derivatives we have found that the tested drugs
are bound with high binding affinity at pH 7, while a
dramatic decrease in affinity was observed at pH 5. In
contrast, tetrakis receptors could not self-aggregate via
pentafluorophenyl groups; therefore, the drug release me-
chanism depends solely on competitive inclusion formation
within the cell (amino acid, nucleobases, DNA, proteins,
tubuline). Therefore, in spite of our initial expectation that
the highly substituted derivative 4 would be a better system
than derivative 2, this was not proved.

Another mechanism of drug release relies on competition
with biological molecules. We have tested binding of aro-
matic amino acids (model Phe) to our receptors. Kass was
found in the range 200-300 for aromatic AA, which allows
the rationalization that the physiological concentration of
AA is another cause for the drug release (Supporting In-
formation).

InVitro and inVivo Studies. In order to show the versatility
and efficacy of our “Lego type” multifunctional system, the

Table 3. Effect of Combined Treatment on the Induction of Cell Death Using Leukemic Cells K562 in Vitroa

cell mortality ( STD (%)

carrier-drug

drug or carrier-drug

complex drug alone dark

effect 1: drug alone/

carrier-drug in the dark PDT

effect 2: drug alone/

carrier-drug subjected to PDT

2 (2.5 μM) 4.9 ( 1.8 20.6 ( 2.8

4 (5 μM) 8.4 ( 2.8 25 ( 2.9

imatinib (5-10 μM) 8.9 ( 1.9

2-imatinib 12.5 ( 3.7 A 33.1 ( 11.3 A

4-imatinib 10.8 ( 2.3 I 35.1 ( 8.2 A

cisplatin (5-10 μM) 8.1 ( 3.8

2-cisplatin 4.8 ( 1.8 I 30.7 ( 15.2 A

4-cisplatin 10.1 ( 3.0 I 45.3 ( 10.7 S

methotrexate (5 μM) 7.7 ( 1.9

2-methotrexate 9.3 ( 5.4 A 49.6 ( 3.3 S

4-methotrexate 9.3 ( 0.3 I 46.2 ( 4.3 S

aminopterin (5 μM) 7.4 ( 1.6

2-aminopterin 6.2 ( 1.9 I 54.5 ( 10.9 S

4-aminopterin 7.0 ( 3.0 I 41.6 ( 9.5 S

3 (5 μM) 6.9 ( 1.8 19.0 ( 5.3

doxorubicin (1 μM) 11.6 ( 2.9

3-doxorubicin 11.7 ( 3.1 I 69.5 ( 10.7 S

sunitinib (5 μM) 4.9 ( 2.3

3-sunitinib 8.8 ( 1.9 I 8.7 ( 2.0 I

thioguanine (5 μM) 8.1 ( 0.4

3-thioguanine 7.8 ( 0.9 I 50.3 ( 5.8 S
aThe average of four independent experiments is presented. S, synergic effect; A, additive effect; I, inhibitory effect.
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drug alone or complexed with the porphyrin-CD was
combined with photodynamic therapy. As a proof of the
validity of the proposed principle, we first tested this system
on tumor cells in vitro. Because of low binding affinity of
monoderivative 1, analysis was focused on derivatives 2-4

and results are summarized in Tables 2 and 3. An important
requisite for valid treatment is efficient drug complexation.
The complexes of porphyrins 2-4with particular drugs were
formed during 1 h of incubation at room temperature and
then added to cell cultures of mouse mammary carcinoma

Figure 2. (A) Prepared and tested porphyrin-CD conjugates. (B) Schematic representation of formation of a supramolecular carrier-drug
complex with dual therapeutic function.
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cells, 4T1, or human chronic myelogenous leukemia cells,
K562. Next day, cells were washed and exposed to light 4 J/
cm2. The mortality of the cells was monitored on the follow-
ing day and evaluated as percentage of dead cells (Tables 2
and 3). The effect of unconjugated β-CD and γ-CD carriers
complexed with drug was assayed in parallel to porphyrin-
CD conjugates. The cell mortality of β-CD and γ-CD
carrier/drug complexes (data not shown) and porphyrin-
CD-drug complexes in the dark (without PDT) corre-
sponded in most cases to the mortality induced by free drug.
Only administration of complexes of porphyrin-β-CD con-
jugates with lipophilic drugs (taxanes) resulted in 5-8%
higher cell mortality in comparison to β-CD/drug, thus
indicating that porphyrins likely facilitate solubility and/or

uptake of these drugs into cells. The concentration of each
drug and PDT dose for porphyrin-CD conjugates was
titrated to cause not more than 30% mortality by itself. In
such conditions a synergistic effect of combined therapy was
detected for most cytostatic agents carried by porphy-
rin-CD complexes except those inhibiting kinase activation
(imatinib, sunitinib). As shown by our previous work, the
inhibition of kinases is in conflict with the induction of PDT-
mediated apoptosis.41 The consistency of results obtained in
4T1 cells (Table 2) was also verified for cytostatic drugs used
in clinics primarily against leukemic cells on K562 cells
(Table 3). From these experiments it can be concluded that
under in vitro conditions the combination of 2-4-media-
ted PDT together with the drug delivery was much more

Figure 3. Titration curve of porphyrin derivatives with drugs in DMSO/water (2:98 v/v): (A) 2 and paclitaxel; (B) 3 and doxorubicin.

Figure 5. (A) Stability of complex 3 (2.5 μM) with doxorubicin (2.5 μM) in 1 mM phosphate buffer (DMSO/water, 2:98) at pH 7.34. (B)
Stability of complex 3 (2.5 μM) with doxorubicin (2.5 μM) in 1 mM phosphate buffer (DMSO/water, 2:98) at pH 5.50.

Figure 4. Spectroscopic analyses of pH dependence of aggregation for 2: (A) absorption spectra of 2 (2.5 μM) measured in 1 mM phosphate
buffer (DMSO/water, 2:98 v/v) at pH 7.35 and at pH 5.5; (B) circular dichroism spectra of 2 (2.5 μM) in 1mMphosphate buffer (DMSO/water,
2:98 v/v) at pH 7.34 and at pH 5.5.
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efficient in cancer cell killing than application of drugs or
PDT alone.

Next, the therapeutic efficiency of our targeted drug
transport together with PDT application was assayed on a
mouse cancer model in vivo. BALB/c mice bearing subcuta-
neously growing mammary carcinoma, 4T1, received the
respective photosensitizers 1-4 (5 mg/kg, iv) or their com-
plexes with the appropriate drug at equimolar concentra-
tions, and tumors in PDT-exposed groups were illuminated
(100 J/cm2) 6 h after their administration. The tumor size
was measured after one-shot therapy at regular intervals
(Figure 7). Here, we show that the most efficient tumor

growth reduction was observed in mice treated with 2 and 3

complexed with the drug and exposed to the light (Table 4).
In contrast, the treatment of the animals either with the
complexed drug without light engagement (chemotherapy)
or exposed to the porphyrin-mediated PDT without the pre-
sence of the drug was less efficient, albeit the efficiency of PDT
was higher than the efficiency of chemotherapy. Nevertheless,
even in the case of the combined one-shot therapy the mice
were not completely cured and tumor relapse occurred after
10 days. Therefore, we tested the potential of repeated therapy,
where mice were exposed to a second dose of the treatment
after 1 week. As demonstrated in Figure 8 and Table 5, the
repeated therapy had a higher therapeutic effect than one-shot
therapy. A very efficient and long-lasting effect of combined
therapy was also obtained using the nude mouse model with
human amelanotic melanoma C32 (Supporting Information,
Figure S19).

Additive or Synergic Effect of Combined Therapy in Vivo.

On the basis of statistical evaluation, the synergic effect was
confirmed for the repeated therapy using the combination of
porphyrin-bis-CD derivatives 2 and 3 with the correspond-
ing drug (paclitaxel and doxorubicin, respectively) (Table 5).
Statistical evaluation (based on t test) showed the required

Figure 6. Doxorubicin release from the complex with porphyrin 3. (A) Fluorescence images demonstrate colocalization of doxorubicin (red)
with nuclear probe Hoechst 33342 (blue). (B) Colocalization of derivative 3 (red) with lysosomal probe LysoTracker Green (green). The
corresponding images of their respective complex preformed in the tube and incubatedwithmammary carcinoma cells 4T1 for 30min (C) and 1
h (D). The abundant presence of doxorubicin in the nucleus after 1 h indicates its release from the complex.

Table 4. Tumor Volumes 25 Days after One-Shot Therapy

tumor volume (treated group/control group) (%)

carrier-drug complex PDT drug

carrier-drug

subjected to PDT

2-paclitaxel 30 44 24

3-doxorubicin 44 54 32

4-paclitaxel 48 47 54

Table 5. Tumor Volumes 30 Days after Repeated Therapy

tumor volume (treated group/control group) (%)

carrier-drug complex PDT drug

carrier-drug

subjected to PDT

1-paclitaxel 29 exitus 29

2-paclitaxel 32 55 7, P < 0.05

3-doxorubicin 19 90 4, P < 0.05

4-paclitaxel 18 100 17

Table 6. Time Required for 50% Release of the Drug

time (h)

carrier-drug complex pH 5.50 pH 7.34

2-paclitaxel 3 7

3-doxorubicin 1 13
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confidence level (P<0.05; Table 5 and Supporting Infor-
mation). However, for one-shot and for short-term therapies
as well as in the case of mono- and tetra-CD derivatives only
an additive effect was observed (Figures 7 and 8 andTables 4
and 5). Thus, the combined therapy of the porphyrin-
bis-CD derivatives 2 and 3 was clearly superior to the
individual separated therapies.

Interestingly, while the tetrasubstituted derivative 4 was
very efficient in combined therapy in vitro, its performance
in vivo was not as good as the performance of bis-derivatives
2 and 3. This difference is accountable to the drug release
from the complex by the competitive inclusion formation
with components present in the plasma before carrier/drug
complexes can reach the tumor area.

In summary, bis derivatives 2 and 3 displayed PDT
efficacy combined with potent drug complexation at
physiological pH conditions and efficient release mechanism
in cancer cells, thereby leading to more pronounced anti-
tumor effect. This is documented by the model binding
studies as well as by the outcome of in vitro application
(Tables 2 and 3) and repeated therapy in vivo (Table 5,
Figure 8).

Conclusions

In conclusion, we presented here a novel versatile supramo-
lecular “Lego system” suitable for the combined cancer ther-
apy, which is based on the effective drug binding as inclusion
complexes with porphyrin-CD carriers 1-4 and on known
tumor targeting by porphyrin macrocycles. The system allows
very efficient combination of PDT with selective tumor accu-
mulation and chemotherapy by cytostatic compounds. The
described experiments demonstrate high potential of the com-
bined therapy and justify further research in this direction
leading to the desirable complete elimination of the tumor.

Experimental Section

NMRspectrawere recordedonBruker 500andVarianGemini
300 HC (FT, 1H at 300 MHz, 13C at 75 MHz, 19F at 281 MHz)
instruments using TMS and CFCl3 as the internal standards.
Chemical shifts are quoted in ppm (δ scale; s, singlet; bs, broad
singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet), and
coupling constants J are in Hz. The solvent was DMSO. HPLC
was performed with the LC 5000 HPLC system (INGOS, Czech
Republic, by using CHROMuLAN program).

Synthetic Strategy for Porphyrin-CD Conjugates. The syn-
thetic strategy was based on nucleophilic substitution of

Figure 7. Influence of one-shot porphyrin-CD-drug mediated
therapy on the growth of subcutaneous mammary carcinoma.
Groups of mice (n = 8) received 2 and 3 or their complexes
with paclitaxel (A) and doxorubicin (B), respectively. Six hours
later, the tumor area of PDT-exposed groups was illuminated with
light dose 100 J/cm2. The control group included mice without
porphyrin and drug application. The effect of the delivered drug
without PDT exposure is demonstrated by 2-paclitaxel and
3-doxorubicin.

Figure 8. Influence of repeated porphyrin-CD-drug mediated
therapy on the growth of subcutaneous mammary carcinoma.
Groups of mice (n = 8) received 2 and 3 or their complexes with
paclitaxel (A) and doxorubicin (B), respectively. Six hours later, the
tumor area of PDT-exposed groups was illuminated with light dose
100 J/cm2. The treatment was repeated after 1 week. The control
group included mice without porphyrin and drug application. The
effect of the delivered drug without PDT exposure is demonstrated
by 2-paclitaxel and 3-doxorubicin.
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tetrakis(pentafluorphenyl)porphyrin with the sodium salt of
β- or γ-cyclodextrin. In the first step, cyclodextrinwas converted
into the corresponding sodium salt with sodium hydride;
sodium salt was formed on primary hydroxyl group of C6
carbon.36,37 Final nucleophilic attack to porphyrin provided a
mixture of derivatives, monosubstituted and bis-, tris-, and
tetra-substituted products. Substitution occurred in the para
position of pentafluorophenyl ring. The starting ratio between
porphyrin and cyclodextrin determined themajor product of the
corresponding nucleophilic substitution of the derivative. Thus,
for example, the bis derivative was preferred over the mono-,
tri-, and tetraderivative when the ratio between porphyrin and
cyclodextrin was 1:2. Bis derivatives can form two regioisomers.
In the case of a smaller substituent, the substituent can be
connected to the phenyl ring either in the 5,10 or the 5,15
position. The estimation can be done by 1H NMR. As is
described, in the region of β-pyrrole hydrogens of the 5,15-
isomer (ABAB system), only two different signals (two
doublets) appear.38 In case of the 5,10-isomer (AABB system),
the spectrum in this region ismuchmore complicated, providing
four different signals (two singlets and two doublets).39

In the case of large substituents such as cyclodextrins, bis
derivatives are predominantly formed as 5,15-isomers (ABAB
system).29 In our strategy we have used β- and γ-cyclodextrins.
In both cases we expected only isomer 5,15. The structure of
porphyrin-bis-CD was determined from 1H NMR spectrum.
Two signals in the region of β-pyrrole hydrogens were observed,
which is consistent with formation of the 5,15-isomer. This
observation is in agreement with literature data.38

Porphyrin-β-CD1 (1) and Porphyrin-β-CD2 (2). Com-
pounds 1 and 2 were prepared according to the procedure
reported previously.29,40

Porphyrin-γ-CD2, 5,15-Isomer (3).A flask was charged with
1 equiv of 5,10,15,20-tetrakis(perfluorophenyl)porphyrin (98
mg, 10 mmol) and 2 equiv of the sodium salt of γ-cyclodextrin
(270 mg, 20 mmol) and dimethylformamide (10 mL). The
mixture was heated under stirring at 50 �C for 12 h. Then the
solvent was evaporated and the reaction mixture after washing
by dichlormethanewas applied (divided into several portions) to
a 50mL Supelco column (reversed-phase C18). The column was
washed with methanol-water (gradient 5%, 20%, 50%, and
65%). Product 3 was eluted with water/methanol (25:75, v/v).
The total yield of product 3 (porphyrin-γ-CD2) was 34.7 mg
(10%). 1H NMR (DMSO) δ-3.2 (bs 2H, NH), 3.2-3.9 (m, H-
CD), 4.4-5.0 (m, H-CD), 5.5-6.0 (m, H-CD), 9.4 (splitted bs
into d, 8H, Ar-py). 19F NMR (DMSO) δ -135.0 (m), -137.5
(m), -149.5 (m),-152.0 (m),-158.5 (m). MALDI-TOF calcu-
lated, 3528; found, 3527.595. Anal. Calcd for C140H168F18-
N4O80 3 2H2O: C 47.17%, H 4.86%, N 1.57%; found C 47.12%,
H 4.92%, N 1.53%.

Solutions (200 μg mL-1) of the porphyrins were prepared in
distilled water, and an amount of 100 μLof samples was injected
onto the column. The column was equilibrated with 100 mL of
the mobile phase prior to analysis, and the separations were
performed in an air-conditioned room (26 �C). When the
column was not in use, the mobile phase was replaced with the
storage solvent recommended by the column supplier.

Separations were carried out on a Nucleosil C18 column (250
mm � 4.6 mm i.d., 5 μm particle), with eluant acetonitrile-
water (7:3) used as themobile phase. Themobile phase flow rate
was 0.5 mL min-1, and the wavelength was set to 400 nm.
Retention time was 8.9 min.

Porphyrin-β-CD4 (4). A flask was charged with 1 equiv of
5,10,15,20-tetrakis(perfluorophenyl)porphyrin (98mg, 1mmol)
and 8 equiv of the sodium salt of β-cyclodextrin (908 mg,
6.7 mmol) and dimethylformamide (12 mL). The mixture was
heated with stirring at 90 �C for 6 h. Then the solvent was
evaporated and the reaction mixture after washing by dichlor-
methane was applied (divided into several portions) to a 50 mL
Supelco column (reversed-phase C18). The column was washed

with methanol-water (gradient 5%, 20%, 50%, and 65%).
Product 4 was eluted with water/methanol (25:75, v/v). The
total yield of product 4 (porhyrin-β-CD4) was 108 mg (20%).
1H NMR (DMSO) δ -3.1 (bs 2H, NH), 3.1-3.8 (m, H-CD),
4.4-4.9 (m, H-CD), 5.5-5.8 (m, H-CD), 9.2 (bs, 8H, Ar-py).
19F NMR (DMSO) δ -142.0 (m), -156.7 (m). MALDI-TOF
calcd, 5431; found, 5436.842 (M þ Na - H2O), 5417.859 (M þ
Na - 2H2O). Anal. Calcd for C212H286F16N4O140 3 2H2O: C
46.55%, H 5.34%, N 1.02%; found C 46.61%, H 5.37%, N
0.99%. HPLC analysis: Nucleosil C18 column (250 mm � 4.6
mm i.d., 5μmparticle); mobile phase,methanol (1:9) with (0.1%
TEAA), pH 4; retention time was 7.9 min.

Determination of the Binding Constants of the Drugs with the

Porphyrin-Cyclodextrin Conjugates. The association of the
porphyrins (1-4) with the drugs was studied using UV-vis
spectroscopy in water with 2% DMSO. Binding constants (Ks)
were calculated from absorbance changes of the porphyrins
using Soret band maximum (ΔA) by nonlinear regression with
the program Letagroup Spefo 2005. Concentration of the used
porphyrins was 5� 10-6 mol/L, and concentration of the drugs
varied from 10-6 to 10-4 mol/L. Hydrophobic drugs were
dissolved in a small volume of DMSO and added into water.

The influence of pH on theKs value was studied in phosphate
buffer (1 mM, water/DMSO, 98:2 v/v) at pH 7.34 and pH 5.5.
Concentration of the porphyrins 2-4was 2.5� 10-6mol/L, and
concentration of the drugs varied from 10-6 to 10-4 mol/L.
Hydrophobic drugs were dissolved in a small volume of DMSO
and added into buffer.

Preparation of the Complexes of the Porphyrins Carriers with

the Drugs (Figure 1).An amount of 11 μL of a 28.6 mMDMSO
solution of the respective drugs was added to 1 mL of 0.21 mM
porphyrin (1-4) solution (water/DMSO, 98:2, v/v). The pre-
pared solutions were vigorously stirred for 10 min, and then
after 1 h of incubation at room temperature they were immedi-
ately used for subsequent experiments.

Cell Cultures and inVitroExperiments. 4T1 (mousemammary
carcinoma) and K562 (human chronic myelogenous leukemia)
cells were kept at exponential growth in RPMI 1640 medium
with 10% fetal calf serumas described before.27 For experiments
(2-3) � 105 cells were seeded in 35 mm dishes and incubated
overnight with the porphyrin-CD conjugates (2-4) (2.5-5
μM), with particular cytostatics (0.5-10 μM), or with their
respective complexes. After incubation, cells were rinsed with
PBS, suppliedwith freshmediumwithout phenol red for 1 h, and
then illuminated with a 75 W halogen lamp with a band-pass
filter (Andover, Salem, NH) with resulting wavelength 500-520
nm. The fluence rate at the level of the cell monolayer was 0.7
mW/cm2, and total light dose was 4 J/cm2. Following irradia-
tion, the viability of post-PDT cultures was determined the next
day by the Trypan blue exclusion method. Control “dark”
experiments (without illumination) were performed in parallel.

In Vivo Experiments. BALB/c mice were subcutaneously
transplanted with 4T1 mammary carcinoma cells as described
previously.29 When the tumor mass reached a volume of
200-300 mm3 (about 7-10 days after transplantation), mice
were injected with the porphyrin conjugates (1-4) (5 mg kg-1,
iv) in a volume of 0.1 mL per 20 g mice, and 6 h later the tumor
area (2 cm2) was irradiated with a 500-700 nm xenon lamp
ONL051 (maximumat 635 nm, PreciosaCrytur, Turnov, Czech
Republic) with a total impact energy of 100 J cm-2 and fluence
rate of 200 mW cm-2. The control group represented mice
exposed to the light without drug application. Each experimen-
tal group consisted of eight mice. All aspects of the animal
experiment and husbandry were carried out in compliance with
national and European regulations and were approved by the
institutional committee.
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